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Understanding weather and climate extremes
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1 Understanding weather and climate

Weather and climate affect nearly all socioeconomic activities. Humans have been studying stars, moon, the sun,
and other celestial bodies with their immediate environment from time immemorial. In fact, the importance of weather
studies has made the assertion “what is weather worth” an underestimation. Nowadays, nobody asks such a question
about the value of weather to human, his activities and life (Alexander, Zhang, Hegerl, & Seneviratne, 2016; Aremu,
2008). While environments have placed limitations on human activities, people have also changed their environment
more productive for themselves by studying its atmospheric conditions. The atmosphere, the laboratory of studying
weather covers mankind and all living things (Wallace & Hobbs, 1977). All atmospheric processes directly or indirectly
influence humans and the entire environment. Weather influences humans, and living beings also influence weather
through their actions, works, and lives (Ayoade, 1988; Daramola, Eresanya, & Erhabor, 2017). Thus, the knowledge of
weather and climate to humans is a necessity to better live with it, by it, and in it (Mauder, 1970).

In any field of study, it is useful from time to time to reexamine the meanings attached to apparently simple words
frequently used by both specialists and the public (Gibbs, 1987). A lot of blunders are usually committed by people in
their level of understanding of words like weather and climate. The importance of weather and climate in human life is
quite great. In fact, the study of weather occupies a central and important position within the broad field of environ-
mental science (Aremu, 2008; Ayoade, 1988). The word “weather” (along with climate) has been misdefined by various
authors. For example, the essential difference between the two terms is that weather only relates to the state of the
atmosphere during one and only one specific period. For climate, it relates to the statistical likelihood of occurrence
of various states of the atmosphere over a longer period. In the past, climate is defined as “average weather” and also
the synthesis of weather of a given location over a period of at least 30 to 35 years. This definition may not necessarily be
right in that a lot of ambiguity has developed with respect to the notion of weather and climate.

This problem of real definitions for weather and climate persist long until when World Climate Conference (1979)
adopted the following definitions: Weather is associated with the complete state of the atmosphere at a particular
instant in time and with the evolution of this state through the generation, growth, and decay of individual distur-
bances. On the other hand, Climate is the synthesis of weather events over the whole of a period statistically long

Climate Impacts on Extreme Weather 1 Copyright © 2022 Elsevier Inc. All rights reserved.
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enough to establish its statistical ensemble properties and largely independent of any instantaneous state (Huang,
Zhang, Gao, & Sun, 2018; Masson, 1979; Luo, Tang, Zhong, Bian, & Heilman, 2013). Climate, therefore, refers to
the characteristics condition of the atmosphere deduced from repeated observations over a long period. Climate
includes more than the average weather conditions over a given area. It includes considerations of departures from
average (i.e., variabilities), extreme conditions, and the probabilities of frequencies of occurrences of given weather
conditions. Thus, climate represents a generalization, whereas weather deals with specific events.

1.1 The earth system

The term “Earth system” refers to the earth’s interacting physical, chemical, and biological processes. The system
consists of the land (lithosphere), water (hydrosphere), air (atmosphere) and living organisms (biosphere) (Kump etal.,
2004). The first three of these spheres are abiotic while the last sphere is biotic. Abiotic describes substances that are
made from nonliving materials. Biotic relates to living things like bacteria, birds, mammals, insects, and plants. The
earth system includes the planet’s natural cycles—the carbon, hydrological, nitrogen, sulfur, phosphorus and other
cycles, and deep earth processes.

1.1.1 Atmosphere

The earth’s atmosphere is the gaseous layer that envelopes the world. The commons term for the atmosphere is
“air.” This study is centered on the atmosphere as it houses all the elements of weather and climate. The earth’s atmo-
sphere has five main layers and a sixth layer, the ionosphere that overlaps the mesosphere, thermosphere, and exo-
sphere. The bottom layer, which is the layer closest to the earth, is the densest of the five layers. This layer is known as
the troposphere. This is the layer of the earth’s atmosphere that humans live and breathe in. The troposphere starts at
ground level and extends to 10km in altitude. This layer mostly contains a mixture of mostly nitrogen (78%), oxygen
(21%), and argon (0.9%) (Kump et al., 2004). At this level, water vapor, dust particles, contaminants, and pollen are also
incorporated into the atmosphere. The higher the altitude, the thinner the atmosphere is. The next layer is the strato-
sphere. This layer is the layer that contains the earth’s ozone layer. Unlike the troposphere, the stratosphere has no
turbulence. Unlike the air in the troposphere, the air in the stratosphere gets warmer higher up in this layer. Above
the stratosphere is the mesosphere. This layer in the Earth’s atmosphere is the highest layer in which the gases are still
mixed up rather than layered. The uppermost layer of the earth’s atmosphere is the exosphere. The atmosphere is
extremely thin in this layer with gases like hydrogen and helium.

1.1.2 Hydrosphere

All the water on earth is known collectively as the earth’s hydrosphere. This includes surface water (such as rivers,
lakes, and oceans), groundwater, ice and snow, and water in the atmosphere in the form of water vapor. Water is found
in all three states on earth which are gas, liquid and solid. As gas, water is found as water vapor in the atmosphere. In
liquid form, water is found in streams, rivers, lakes, ponds, and oceans along with mist in the air and as dew on the
surface of the ground. Water is found in solid form as ice and snow.

1.1.3 Lithosphere

The lithosphere contains the elements of the earth’s crust and part of the upper mantle that moves consistently over
the weaker, convecting asthenosphere. This is the hard and rigid outer layer of the earth. The term is taken from the
Greek word lithos meaning “rocky.” This part of the earth includes soil. The lithosphere is divided into two main types:
continental and oceanic lithosphere.

1.1.4 Biosphere

The biosphere covers all living organisms on earth. There are an estimated 20 million to 100 million different species
in the world organized into the 100 phyla that make up the five kingdoms of life forms. These organisms can be found
in almost all parts of the geosphere. The geosphere is the collective name for the earth’s atmosphere, lithosphere,
hydrosphere, and cryosphere. There are organisms in the air, soil, and water on earth.

1.2 Earth energy balance

The term “Earth Energy Budget” refers to the balance between the energy received from the sun and the energy that
the earth radiates to space after passing through the components of the climate system. As a result, the earth’s climate is
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highly dependent on the earth’s energy budget, and any change in the earth’s energy budget would alter the climate
system. Energy from the sun reaches the earth’s surface through a series of complex interactions with the atmosphere,
ocean, and land surface, including scattering, absorption, transmission, and emission. According to the first law of
thermodynamics, energy cannot be created or destroyed but must be converted from one form to another; in other
words, energy is conserved. This means that the energy input into the earth is roughly balanced by the energy emitted
on an annual basis. This pseudo-radiative equilibrium is in charge of keeping the earth’s temperature relatively con-
stant over time. The spherical shape of the Earth causes differential heating between the equator and the high latitudes.
On the equator, more energy is incident, while at higher latitudes, less energy is incident. Several mechanisms are used
to balance the amount of energy within the earth, including convection, wind motion, and ocean current/circulation,
all of which are driven by differential heating and help to transport heat from the equator to the poles. Heat also drives
evaporation of ocean water and the water cycle, and light energy is a major component in the process of photosyn-
thesis, some of which is converted to electrical energy to power devices and machines. Other factors influencing energy
balance within the earth include albedo (reflectivity), aerosols, greenhouse gases, cloud cover, vegetation, surface
properties, and land use.

1.3 Hydrological cycle

There are numerous cycles in nature, including the carbon cycle, nitrogen cycle, and other biogeochemical cycles.
Certain studies contend that the hydrological cycle is the most important of these cycles due to its impact on the earth’s
ecosystem, climate, energy budget, and socioeconomic system. The hydrological cycle is the continuous circulation of
water through the earth’s land, ocean, and atmosphere. Water’s ability to exist in three states; liquid, solid (ice), and
gas, facilitates this interaction (vapor). The cycle has no beginning nor the end because it is a continuous exchange of
mass, matter, and energy within the earth system. Water makes up approximately 70% of the earth’s surface, making it
one of the most abundant elements on the planet. Furthermore, the quantity of water on the planet has remained con-
stant as it moves from one storage to another, including lakes, streams, ocean, aquifers, glaciers, ice-caps, and the atmo-
sphere. However, the quantity of water in these storages varies depending on seasonal variability. This movement
between water storage renews the water supply to various parts of the earth for use by living organisms as well as
to maintain balance; however, changes in this cycle may result in hydrological extremes mainly drought and flood,
on a local or regional scale. The earth contains approximately 1,386,000,000 km? of water, with the ocean being the
largest reservoir, containing approximately 97% (1,338,000,000 km®) of the earth’s water as saline water. Of the remain-
ing 3% fresh water, 78% is stored in ice in Antarctica and Greenland, 21% is stored in aquifers or groundwater, less than
1% is stored in rivers, streams, and lakes combined, and 0.001% is stored in the atmosphere. The hydrological cycle is a
simple complex recharge and discharge process that connects the atmosphere and the two major water storages, the
ocean and the lithosphere.

2 Introduction to weather and climate extremes

As discussed in Section 1, weather and climate are part of the biophysical environment and can be exploited by
living beings to satisfy their wants and improve their welfare. Weather and climate, to an extent, are resources. Climate
can be a resource when and where its beneficial effects such as rain, sunshine, wind and radiation occur in the proper
amount or intensity, while it can also be a resistance (hazard) when and where these same elements occur in the wrong
amount or intensity giving rise to floods, droughts, heat and cold waves, hurricane winds, etc. In this regard, a climatic
hazard is also referred to as climate extreme. According to Seneviratne et al. (2012), extreme weather or climate event is
generally defined as the occurrence of a value of a weather or climate variable above or below a threshold value near
the upper or lower ends (tails) of the range of observed values of the variable. Climate extremes may be the result of an
accumulation of weather or climate events that are, individually, not extreme themselves (though their accumulation is
extreme).

According to the Intergovernmental Panel on Climate Change (IPCC), climate and its extremes are changing (IPCC,
2013). A changing climate leads to changes in the frequency, intensity, duration, spatial extent and timing of weather
and climate extremes, and can lead to unprecedented extremes (CRED, 2019). Likewise, weather or climate events,
even if not extreme in a statistical sense, can still lead to extreme conditions or impacts, either by crossing a critical
threshold in a social, physical, or ecological system or by occurring simultaneously with other events. However,
not all extremes necessarily result to serious impacts but a weather system such as a tropical cyclone can have an
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extreme impact, depending on where and when it approaches landfall, even if the specific cyclone is not extreme rel-
ative to other tropical cyclones (Seneviratne et al., 2012). Hence, reliable predictions of extremes are needed on short
and long time scales to reduce potential risks and damages that result from weather and climate extremes (Chen,
Moufouma-okia, Zhai, & Pirani, 2018; IPCC, 2013; Seneviratne et al., 2012).

Understanding weather and climate extremes is recognized as a major area necessitating further studies in climate
research and has thus been selected as one of the World Climate Research Program (WCRP) Grand Challenges, which
is hereafter referred to as the Extremes Grand Challenge (Alexander, Zhang, Hegerl, & Seneviratne, 2016; Chen et al.,
2018; Sillmann et al., 2017; Zhang et al., 2013). This will further provide academics, decision-makers, international
development agencies, nongovernmental organizations, and civil society the necessary information for monitoring
and giving early warning to prevent or minimize the risks associated with weather-related hazards. It is worth noting
that many weather and climate extremes are the results of natural climate variability (including phenomena such as El
Nifo-Southern Oscillation (ENSQO)), and natural decadal or multidecadal variations in the climate provide the back-
ground for anthropogenic climate changes. Studies show that even if there were no anthropogenic changes in climate,
a wide variety of natural weather and climate extremes would still occur (Chatzopoulos, Pérez, Zampieri, & Toreti,
2019; Seneviratne et al., 2012).

The changes in the weather and climate extremes vary across regions and for different types of extremes depending
on a weather variable of interest. Consequently, the demand for information is often at its greatest in an event’s imme-
diate aftermath, requiring a quick response from scholars. But apparently conflicting views can confuse the public, for
example, that all weather events are affected by climate change (Daramola et al., 2017; Stott et al., 2016; Trenberth,
2011), or that it is not possible to ascribe an extreme weather event to climate change (Stott et al., 2016). The danger
is that such potential confusion could subvert the credibility of the science of climate change. Consequently, there is a
need for climate science to better inform decision-makers, keenly aware of the need to protect life and property from
the impacts of extreme weather and climate. The purpose of this work, therefore, is to provide an overview for a wider
audience of the society on the current state of weather and climate extremes and the potential ways forward based on
the expert discussions.

2.1 Physical processes of climate extremes, timing, and types of extremes

The concept of climate change and its extremes has to be understood first in order to understand its physical pro-
cesses. Climate change is a statistically significant variation in either the mean state of the climate or in its variability,
persisting for an extended period (Huber & Gulledge, 2011). These changes influence the frequency and intensity of
extreme conditions. However, all climate and weather conditions regardless of their severity can still have extreme
impacts if a certain threshold is crossed or with persistent occurrence (IPCC, 2012; Richard, 2015).

On the other hand, climate extreme does not have a concise definition, extreme is ambiguous, it is relative in time
and location (e.g., a hot day in the tropics would be different from a hot day in the mid-latitude). More so, it can be used
to describe the property of a climate variable or its impact (Zwiers et al., 2013). However, climate extremes could refer
to the values of a climate variable above or below a threshold near the tail of the variable distribution, which generally
rarely occurs (Alexander et al., 2016; Chen et al., 2018; IPCC, 2012; Karoly, 2014; Sillmann et al., 2017; Zhang et al,,
2013). The climate extremes are also regionally dependent and vary from one region to another. For instance, some
areas may warm significantly more than others, some will receive more rainfall, while others will be subjected to more
frequent climate hazards with different impacts on people and ecosystems.

Generally, climate extremes are climate events that rarely occur within a defined climate system with the inclusion
of cyclones (Zwiers et al., 2013). More so, certain climate extremes such as droughts and floods, result from the accu-
mulation of individual climate events that may not in themselves be extreme, although their accumulation is extreme
(IPCC, 2012). Many other climate extremes are a result of natural climate variability (phenomenon such as ENSO and
Monsoon) that occur on decadal times scales, this means that even without anthropogenically induced climate change,
climate extremes would still occur naturally (IPCC, 2012). There are various kinds of climate extremes, having varying
physical and environmental impacts and occurring at different space and times scales. These extremes can range from
continental-scale drought to widespread heat waves lasting several days to weeks as well as short-term events such as
flash floods and tornadoes due to short-lived storms (Zhang et al., 2013).

Furthermore, the relationship between the kinds of climate extremes is arbitrary, as not all climate extreme events
lead to environmental impact if there is no exposure to vulnerability. More so, the impact of any event would depend
on the season, duration, intensity, vulnerability and simultaneous occurrence of climate extremes such as drought and
heat waves.
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Understanding the systems of climate extremes has received a lot of public attention in recent decades because of its
social-economic importance and impacts Huber & Gulledge, 2011; Miiller & Kaspar, 2014). The adverse effects that
stem from extreme climate events have affected many societies, this consequently has led to several studies. The
impacts of climate extremes are more devastating in developing countries than in the developed countries (Chen
etal., 2018; Huber & Gulledge, 2011; Richard, 2015). Low-income nations are the most vulnerable to climate variability
and change because of multiple existing stresses and low adaptive capacity. Awareness of climate extremes are on the
increase in recent years. The sustainability of the socioeconomic environment and its development depends on our
understanding of climate extremes (Albert et al., 2009; Richard, 2015). In the 21st century, climate extreme is expected
to be more frequent and intense (IPCC, 2007), some studies have attributed the observed increase in climate extreme
events to global warming (Nicholls et al., 2012; Swain, Singh, Touma, & Diffenbaugh, 2020).

2.2 Measuring climate extremes

Generally, there is no unified definition for climate extremes or the extremeness of climate events. Miiller and
Kaspar (2014) reported that climate extremes are generally easy to recognize but difficult to define, due to the level
of variability observed in climate extremes, which vary in duration, spatiotemporal coverage and socioeconomic
impact. Climate extreme can be defined based on (a) rarity (b) intensity (c) severity (in terms of socioeconomic damage
and number of casualties).

Some literatures, in their quest to define climate extreme, make use of extreme indices obtained from the probability
of occurrence of a given factor or the extent to which it exceeds a given threshold (Chen et al., 2018; Zwiers et al., 2013).
Zwiers et al. (2013) defined extreme indices based on the number of days with maximum or minimum temperature or
precipitation, below the 1st, 5th, or 10th percentile or above the 90th, 95th, or 99th percentile, for a given time frame
(days, month, year or season) relative to a reference period (Fig. 1.1). Several other definitions are based on duration
above a given threshold or persistence of climate extreme. The major advantage of using climate extreme indices is the
possibility of comparison across regions and across climate models (Chen et al., 2018).

2.3 Extreme weather climate variable

2.3.1 Temperature extremes

Temperature is associated with several kinds of climate extremes, ranging from heat waves to cold spells. These
extremes have variety of impacts on the environment, human health and natural ecosystem. For accurate analysis
of temperature extremes, they are usually estimated on daily time scales (daily or more) as they occur on weather time
scales. Many studies have been conducted regarding temperature extremes, especially heat waves. Heat waves occur
as a result of atmospheric blocking or quasi-stationary anticyclonic circulation anomalies (IPCC, 2012). There is a high
probability that since 1950, there has been a global scale decrease in the number of cold days and nights and an increase
in the number of warm days and nights, however with varying levels of confidence across continents (Chen
et al., 2018).

Studies have shown that the current increase in warm spells is most likely a result of anthropogenic activities
(Zwiers et al., 2013). Models projection has also shown that there would be an increase in the intensity, frequency
and magnitude of hot extremes and a decrease in cold extremes over the course of the 21st century globally. Based
on this projection, the frequency and magnitude of warm spell and heat waves are bound to increase with more warm
days (and nights) and less cold nights (and days) (Eresanya, Ajayi, Daramola, & Balogun, 2018; IPCC, 2012).

Based on observation carried out, recent studies have categorized the hot days and night into three, daytime events
(hot day—normal night), nighttime events (normal day—hot night), and complex events (hot day—hot night). More so,
recent studies have discovered a new concept known as marine heat wave, which has had a devastating impact on the
marine ecosystem. However, very few studies exist on the subject, making it difficult to assign a concrete definition
(Chen et al., 2018). Aside from heat waves, certain parts of the world (eastern China, North America and Central Eur-
asia) have experienced increase cold waves during their winter season. Nonetheless, there are still opposing views on
the cause of such cold waves. A consensus is yet to be established due to a lack of compelling evidence, thus making
attribution and projections impossible (Chen et al., 2018).

2.3.2 Precipitation extremes

Precipitation refers to all forms of hydrometeor, in general, there are many kinds but the most significant is rain and
snow. This section deals with the variation observed in daily precipitation or precipitation extremes. Precipitation
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FIG. 1.1 Representation of the distribution of daily temperature, indicating regions of extreme temperature and precipitation. (This figure was
adopted from Zwiers, F.W., Lisa V.A., Gabriele C.H., Thomas R.K. , James P.K., Phillippe N., et al. (2013). Climate extremes: Challenges in estimating and under-
standing recent changes in the frequency and intensity of extreme climate and weather events. In G. Asrar, |. Hurrell (Eds.), Climate science for serving society.
Springer Dordrecht. https://doi.org/10.1007/978-94-007-6692-1_13. - License No. 5150550526257.)

extreme has the characteristic of being linked to different weather patterns and climate variations (El Nino and Mon-
soon), which usually defines their duration, intensity and trend (Chen et al., 2018). This variation in climate systems of
different parts of the world makes it difficult to define precipitation extreme. Generally, studies make use of absolute
threshold (50.8 mm/day in the United States or 100 mm/day in China) or relative threshold (the 95th percentile) (IPCC,
2012). Generally, results from precipitation extremes mostly have a medium confidence level due to the uncertainties
arising from an inaccurate understanding of the underlining climate variations.
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Statistically, current observation shows that it is more likely that precipitation extremes (heavy precipitation) has
increased in more parts (regions) of the world than has decreased; however, there are certain regional, subregional, and
seasonal variation in the trend (Karl & Easterling, 1999). Similarly, there is also a medium confidence level concerning
attribution studies, claiming that the global increase in extreme precipitation is linked to anthropogenic activities
(Durowoju, Olusola, & Anibaba, 2017; Zwiers et al., 2013). Projections from models indicate the frequency and inten-
sity of precipitation extremes (heavy precipitation) is set to increase over the course of the 21st century in many parts of
the world especially (tropics, northern mid-latitudes in winter season and high latitude), whereas with a decrease in
total precipitation (Durowoju et al., 2017; IPCC, 2012; Zwiers et al., 2013).

2.3.3 Wind extreme

Winds, unlike temperature and precipitation, are most times considered in their extreme state, in the form of tropical
and extratropical cyclones, tornadoes, and thunderstorms. Extreme winds speed can have a very severe impact on
infrastructure, the maritime and aviation sector as wells as influence water availability by increasing evaporation rate
which can lead to drought. Wind on water bodies can influence the coastal sea level, coastline stability and wave
motion. Wind processes can also influence the formation and growth of arid and semiarid biomes, which defines
the kinds of soil, and vegetation that emerges. The motion and position of forest fires are defined by the wind motion
and in certain cases can lead to the formation of tornado genesis (IPCC, 2012; Osinowo, Okogbue, Eresanya, et al.,
2017). Wind extreme may be defined based on parameters such as high percentile, maxima over a particular timescale
(daily or yearly), wind gust (measure of highest wind in a short time interval, usually less than 20s), or storm-related
highest. Wind extreme variability is mostly affected by changes in local convective activity, movement of large-scale
circulation patterns or associated phenomena. Observation of wind trend is rather uncertain due to shortcomings asso-
ciated with anemometer readings and reanalysis data. Typically, because there are very few studies on the relationship
between wind speed trend and extreme wind trend there is low confidence on the projection of extreme wind except
for changes associated with tropical cyclones. More so, low confidence in the projection of small-scale phenomena such
as tornadoes arises from competing physical processes as well as the inability of models to simulate such phenomena
(IPCC, 2012).

2.4 Climate phenomenon that influences the occurrence of extremes

2.4.1 Modes of variability

There exists much uncertainty as regards climate change in monsoon regions especially regarding circulation and
precipitation, however with few exceptions to some monsoon regions. The conclusions are drawn from very few stud-
ies, as there is no consensus between the model representation of monsoon and its process creating a high level of
uncertainty (low confidence) in the projection of monsoon change. However, there is a high possibility of precipitation
increase in monsoon regions (not all monsoon regions) which may not be a result of changes in the monsoon charac-
teristics (IPCC, 2012).

The El Nino-Southern Oscillation (ENSO) is a natural climate variability caused by equatorial ocean-atmosphere
interaction in the tropical Pacific Ocean. The resulting oscillation is associated with variation in the sea surface tem-
perature (SST) in the eastern equatorial pacific. The El-Nino phase is usually associated with warm SST in the eastern
equatorial pacific while the La-Nina is associated with cool SST in the same region. The variation between the Ocean
and atmosphere as a result of the El Nifio and La-Nina is known as the ENSO and is usually associated with spatial
patterns of weather extremes (heavy precipitation, extreme temperature, flood and drought). Invariably, monitoring
and predicting ENSO using early warning system can lead to disaster risk reduction (IPCC, 2012).

Based on recent trends, there exists medium confidence toward more frequent El-Nino episodes in the central
equatorial pacific, but too little evidence to make any deduction as regards ENSO. There is low confidence as regards
projection of ENSO events because of inconsistencies in models that link its variability to increase in greenhouse
gases. However, most global climate models project with medium confidence an increase in events within the central
equatorial pacific which exhibits different patterns of climate variations than the classic eastern pacific (IPCC, 2012).
There are several other climate variabilities that influence climate extremes aside from the monsoon and ENSO, they
include; North Atlantic Oscillation (NAO), the Southern Annular Mode (SAM), and the Indian Ocean Dipole (IOD).
There is low confidence in the ability of models to project changes in this circulation (NOA, SAM, and IOD). The
uncertainty arises from the inability of models to attribute the variability to stratospheric ozone or greenhouse gases.
However, it is likely that there has been anthropogenic influence on SAM (due to trends in stratospheric ozone rather
than greenhouse gases), while there is uncertainty regarding the influence of anthropogenic activities on NAO
(IPCC, 2012).



8 1. Understanding weather and climate extremes

2.4.2 Storms

Storms are powerful cyclonic activities, usually driven by latent heat release that occurs in the atmosphere. Storms
can occur on a range of scales from tornadoes to mesoscale convective complexes to tropical and extra-tropical
cyclones. They cause severe damage that primarily results from high wind speed and heavy precipitation, addition-
ally, damages could be compounded by flying debris, storm surges, high waves, drifting snow, wind-driven ice move-
ments and many more (Zwiers et al., 2013).

2.4.3 Tropical cyclones

Tropical cyclones are the most common of extremes associated with wind speed, they occur over Tropical Ocean
and pose major threat to population and infrastructure close to the coast, including offshore and shipping activities
(IPCC, 2012). Since the inception of geostationary satellite, there remains, a constant number of 90 tropical cyclones
observed annually. However, there is variability in the frequency and location of their tracks within individual ocean
basin (IPCC, 2012; Zwiers et al., 2013).

Tropical cyclones cause more damage through storm surge and freshwater flooding than through heavy wind.
However, the intensity of a tropical cyclone is measured based on its near surface wind speed usually on the
Saffir-Simpsons scale, with the most dangerous wind in the category of (3, 4, and 5), although they do not occur often.
Aside from the intensity, the impact of tropical cyclones is dependent on the structure and the areal extent of the wind
field, especially in the case of storm surge. Other relevant measure includes the frequency, duration, precipitation and
track of the cyclone. When tropical cyclone tracks poleward, they can become extra-tropical cyclones (IPCC, 2012;
Zwiers et al., 2013).

There is low confidence as regards attributing changes in tropical cyclone activity to anthropogenic influences; this
is because there are still lapses in understanding as regards the relationship between tropical cyclone and climate
change, uncertainties in historical records of tropical cyclones, and the degree of tropical cyclone variability. Similarly,
confidence remains low as regards the projection of the changes in tropical cyclone genesis, track, location, duration
and area of impact. However, most models show that warming induced by greenhouse effect would likely increase the
rainfall rate associated with tropical cyclones. It is also likely that the frequency of tropical cyclones would decrease or
remain unchanged globally; similarly, it is likely that some tropical region would experience an increase in the max-
imum wind speed of tropical cyclones, more so it is likely that the intensity of severe storms would also increase in
some ocean basin (IPCC, 2012).

2.4.4 Extra-tropical cyclones

Extratropical cyclones (synoptic-scale low-pressure systems) that occur within the mid-latitude in both hemisphere
and are associated with extreme precipitation, storm surges, extreme winds, sea level and wave build up. They usually
form over ocean basin within the proximity of upper tropospheric jets streams, through conversion from tropical to
extra-tropical cyclones or as a result of flow over mountains. They majorly serve to convey heat and moisture from the
tropics toward the poles and have a major impact on regional temperature and precipitation (Zwiers et al., 2013). Extra-
tropical cyclones are formed and grow because of latent heat release from phase change of water and atmospheric
instabilities (disturbance) along a zone of high-temperature contrast (baroclinic instability). Such zones of baroclinic
instability are rich in potential energy that can be converted to kinetic energy associated with extra-tropical cyclones.
Detecting changes in extratropical cyclones is, however, a major challenge because of inhomogeneity introduced
through changes in the observing system. Observation indicates that over the last 50 years there exist the likelihood
of a poleward shift in extratropical storms for both the north and Southern Hemisphere. Generally, there is medium
confidence as regards the influence of anthropogenic activity on the changes to intensity, frequency and track of extra-
tropical cyclones. Projection of extratropical cyclones is still quite uncertain because, differences in study techniques,
different (threshold, physical quantities, storm track, and vertical level) of cyclone activity results in different projec-
tions (IPCC, 2012).

2.4.5 Tornadoes

Other kinds of small-scale severe weather associated with wind are tornadoes and small-scale storms. Tornadoes
are extreme events that result from high local vorticity produced within a thunderstorm resulting from the conver-
gence of angular momentum produced by rapid vertical motion. Although our understanding of the phenomena
has greatly improved over time there is however very limited research as regards the frequency and intensity of tor-
nadoes globally. The limitation stems from inhomogeneity in report method, time and observatory platforms. The
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projection of future changes in the frequency and intensity of tornadoes remains uncertain because the influence of
climate forcing such as greenhouse warming on tornadoes occurrence is not properly understood.

2.4.6 Hydrological extremes

The primary hydrological extremes discussed here are flood and droughts, which affect numerous people every
year. Drought is of major significance because it can occur over a continental scale with duration lasting years or longer
(Orimoloye, Belle, Olusola, Busayo, & Ololade, 2021). However, some kinds of floods are localized and occur over a
short duration while others can affect as large as a whole basin lasting for a month. These hydrological events although
opposing in nature are not very mutually exclusive as they can occur simultaneously (Zwiers et al., 2013).

2.4.7 Flood

The overflow of water beyond the bounds of a water body or the gathering of water in locations where it is not
normally present is referred to as a flood. Fluvial floods, flash floods, urban floods, pluvial floods, sewer floods, coastal
floods, and glacial lake outburst floods are all examples of floods. Intense, frequent, and long-lasting precipitation,
snowmelt, dam failure, and local storms are the most common causes of floods. Soil qualities, drainage basin condi-
tions, the presence of snow and ice, urbanization, and the presence of dams, dike, and reservoirs are all elements that
impact flood occurrence (Durowoju et al., 2017; IPCC, 2012).

Floods have gotten more regular and frequent in a number of countries (White, 2013), since the 2000s, the number of
floods in the world has nearly doubled when compared to 1990s’ figures (Guha-Sapir, Hargitt, & Hoyois, 2004). They
are a serious threat with a large number of victims, floods harmed 50% of those affected by natural disasters in 2018
(CRED, 2019). Floods often have serious economic and material impacts (Kundzewicz et al., 2014). The increase in
floods can be elucidated by various factors, including climate change (Hua et al., 2020), which causes changes in pre-
cipitation regimes and intensity (Bates, Kundzewicz, Wu, & Palutikof, 2008), and often manifests in heavy rains. In
small river basins and rivers, heavy rains can create flooding (Kundzewicz et al., 2014). Extreme events in Africa
(Kadomura, 2005), Europe (Marchi, Borga, Preciso, & Gaume, 2010), and Asia (Herring, Hoerling, Peterson, &
Stott, 2014) are instances of climate change’s role in increased floods.

2.4.8 Drought

Drought has no universal definition because drought definitions are region specific, reflecting differences in climatic
characteristics as well as incorporating different variables such as physical, biological, and socioeconomic. Therefore, it
is usually difficult to adopt definitions derived for one region. For example, come of the commonly used definitions
are: (i) The World Meteorological Organization (World Meteorological Organization (WMO), 1975) defined drought as
a sustained, extended deficiency in precipitation. (ii) Linsely., Kohler, and Paulhus (1959) defined drought as a sus-
tained period of time without significant rainfall. (iii) The UN Convention to Combat Drought and Desertification
(UN Secretariat General, 1994) defined drought as the naturally occurring phenomenon that exists when precipitation
has been significantly below normal recorded levels, causing serious hydrological imbalances that adversely affect
land resource production systems. (iv) Gumbel (1963) defined drought as the smallest annual value of daily stream-
flow. (v) Palmer (1965) described drought as a significant deviation from the normal hydrologic conditions of an area
while the Food and Agriculture Organization (FAO, 1983) of the United Nations defines a drought hazard as the per-
centage of years when crops fail from the lack of moisture.

Wilhite and Glantz (1985) classified the definitions into four different categories; meteorological, agricultural,
hydrological and socioeconomic drought. Meteorological drought is defined as a lack of precipitation over a region
for a period of time. Precipitation has been commonly used for meteorological drought analysis (Chang, 1991; Eltahir,
1992; Estrela, Penarrocha, & Millan, 2000; Mishra & Singh, 2010). Hydrological drought is related to a period with
inadequate surface and subsurface water resources for established water uses of a given water resources management
system (Clausen & Pearson, 1995; Mishra & Singh, 2010). Agricultural drought is a period with declining soil moisture
and consequent crop failure without any reference to surface water resources. A decline of soil moisture depends on
several factors which affect meteorological and hydrological droughts along with differences between actual evapo-
transpiration and potential evapotranspiration while socioeconomic drought is associated with failure of water
resources systems to meet water demands and thus associating droughts with supply of and demand for an economic
good (water) (American Meteorological Society (AMS), 2004; Ayugi, Eresanya, & Onyango, 2022)

However, it is noteworthy to distinguish aridity from drought. Unlike drought or dryness, aridity is the character-
istic of a preexisting climate condition (e.g., desert). Numerous studies have engaged the use of drought indices (prox-
ies) to monitor and study changes in drought conditions as there are few direct observations of drought, such indices
include but not limited to Palmer Drought Severity Index (PDSI, Palmer, 1965), Standardized Precipitation Index (SPI,
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McKee, Doesken, & Kleist, 1993, 1995), National Rainfall Index (NRI, Gommes & Petrassi, 1994), Rainfall Anomaly
Index (RAI, Van Rooy, 1965), Deciles (Gibbs & Maher, 1967), Crop Moisture Index (CMI, Palmer, 1968), and Bhalme
and Mooley Drought Index (BMDI, Bhalme & Mooley, 1980), while Shafer and Dezman (1982) introduced Surface
Water Supply Index (SWSI) and the Standardized Precipitation Evapotranspiration Index (SPEI) (IPCC, 2012;
Zwiers et al., 2013). The WMO proposed the commonly used drought indicators/indices that are being used across
drought-prone regions with the goal of advancing monitoring, early warning, and information delivery systems in
support of risk-based drought management policies and preparedness plans (Svoboda, Fuchs, Poulsen, &
Nothwehr, 2015). Feedback land-atmosphere interaction, drought has the potential to affect extremes of other weather
and climate elements such as precipitation, temperature, and other variables. Based on the impact of anthropogenic
activities on temperature and precipitation, there is medium confidence concerning the impact of anthropogenic activ-
ities on observed changes in drought conditions. Similarly, there is medium confidence that drought has become more
severe in some parts of the world (South Europe and West Africa) and less severe in other parts of the world (North
America and Northwest Australia).

Inconsistency in data and evidence makes it difficult to attribute observed changes in drought conditions on a
regional scale. There is low to medium confidence as regards the projected increase in the duration and intensity
of drought in some parts of the world. Observation challenge for drought arises because of definitional uncertainty
and lack of data, while projection challenges arise from the same issues plus the inability of models to include all
the factors responsible for drought occurrence, uncertainty as regards the influence of climate forcing (e.g., El Nino)
on drought occurrence and the land-atmosphere feedback changes associated with drought.

2.4.9 Extreme sea level

Extreme sea levels are caused by severe weather events (tropical and extratropical cyclones) that can lead to storm
surges and extreme wave height at the coast. Atmospheric storminess and means sea level rise may contribute to futur-
istic changes in extreme sea level, although nonuniform spatially across the globe. Other factors such as glacial isostatic
adjustments, variation in wind change, changes in atmospheric pressure, water density, and rate of thermal expansion,
rapid melt of ice sheets, ocean circulation, coastal engineering and changes in earth’s gravitational field can influence
sea level change along coastlines. There also exists eternal variability that has transient effects on extreme sea levels
including; El-Nino Southern Oscillation, Pacific Oscillation, North Atlantic Oscillation and the position of the South
Atlantic high (IPCC, 2012; Zwiers et al., 2013).

There are various methods used to characterize extreme sea levels, such as storm-related the highest values, annual
maxima, or percentiles. Assessment based on limited data (low confidence) indicates a growing trend in coastal water
that results from increase in mean sea level rather than change in storminess. It is also likely that anthropogenic influ-
ence on mean sea level is responsible for the observed increase in extreme coastal high waters. However, it is possible
that change in storminess contribute to changes in sea level extreme; however, uncertainties arise because of limited
geographical coverage of studies and limited understanding of storminess change. Projected studies suggest the like-
lihood of constant rise in coastal high waters resulting from increase in mean sea level based on observed trends
(IPCC, 2012).

2.5 Compound and simultaneous extremes

While considering various kinds of climate extremes, it is of importance to consider the concepts of compound and
simultaneous climate extremes. Although these climate events are less frequent than most extremes, their occurrences
have however been spotted. Compound extremes can be defined as; (a) multiple extreme events occurring simulta-
neously or successively (b) combination of extreme events with underlying condition that intensifies the impact of the
events. (c) Combination of events that are not in themselves extreme but their combination leads to extreme events or
impact (Chen et al., 2018). For instance, the combination of heat wave and drought on wildfire increased risk of flood-
ing from intense precipitation and sea-level rise. Various regions have been affected by climate-related disasters, for
instance, drought in Africa (Orimoloye, Belle, & Ololade, 2021), pest invasion in China (Chu, Qu, & Guo, 2019), and
flood in Southern Africa (Twumasi et al., 2017). Compound extremes can also result from the combination of nonex-
treme or moderately extreme events, or even contrasting events such as drought and flood (IPCC, 2012). However,
simultaneous climate extremes are different from compound extremes in that compound extreme occurs in the same
location while simultaneous extremes occur at adjacent locations coincidentally. Simultaneous extremes are notorious
for their magnitude and spatial coverage, posing a major challenge for organizations coping with disasters (Chen
et al., 2018).
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2.6 Measurement, detection and attribution of extremes

Climate extremes are the potentially uncontrollable and undesired outcomes of climatic variations and happenings
on earth. Climate extremes include unexpected, unusual, severe, or unseasonal weather; weather at the extremes of the
historical distribution—the range that has been seen in the past. Usually, climate extremes are detected based on a
location’s recorded weather history and defined as lying in the rarest percentiles. There is evidence that human-
induced global warming and subconscious heat activities are boosting the frequency and persistence of some extreme
climate events (Rahmstorf & Coumou, 2011). This implies that the activities of humankind in regard to energy utili-
zation and acclimation, directly and indirectly, affect the geosphere and concomitantly aggravates the extremity of
climate changes.

A study by Dokken and Angelsen (2015), explains in more technical terms however that climate extremes are
conventionally accepted as the occurrence of a value of a weather or climate variable above or below a limiting value
near the higher or lesser end margins of the gamut of observed values of the variable. This is geometrically progres-
sive and can only be appreciated on a statistical illustration. It explains that some forms of climate extremes (e.g.,
droughts, floods) may be the result of an accumulation of weather or climate events that are, distinctly, not extreme
themselves. This further implies that climate extremes are additional results of morphing climate events that con-
catenate over time to become fill blown and seismic in statistical analysis and skews. As well, weather or climate
events, even if not extreme in a statistical sense, can still lead to extreme conditions or impacts, either by crossing
a critical threshold in a social, ecological, or physical system or by occurring simultaneously with other events.
Another complementing issue in the monitoring and attribution of climatic extremes is the influence of tidal wave
disparities along coastal lines.

Easterling, Kunkel, Wehner, and Sun (2016) in his research study on climate extremes opined that measuring,
detecting and attributing climate extremes to globally and meteorologically accepted standards demands an insight-
ful deposition that is evidenced by perpetual observation and meticulous team deliberation to create consensus.
According to the state of the global climate report (WMO, 2020), assessing climate change is most commonly
measured using the average surface temperature of the planet with alterations staying in the range of two standard
deviations.

Further, study by Wu et al. (2021) shows that across the globe, land area as a whole there has been a measured
overall decrease in the number of cold days and nights and overall increase in the number of warm days and nights.
By effect, the diurnal balance has sunk shallow and this has made the outlook of climate stability erratic and tech-
nically unpredictable. Further, during the course of the research of Wu et al. (2021), more areas with increases than
decreases in the frequency, intensity and/or amount of heavy rainfall were discovered with large parts of Europe,
Asia, Eastern Africa and Australia and hinterland compartments of the globe as a whole have seen detectable
increases in the frequency or length of warm periods. According to Easterling et al. (2016), extreme weather-related
events, such as droughts, heat waves, wildfires, large magnitude and intensity storms, floods, and blizzards, also
appear to be associated with global warming. Left unresolved, the impact on ecosystems and human quality of life
may be devastating.

Sociocultural practices have contributed largely to the periodicity and intensity of climatic extremes. Whereas mor-
tal civilization and activity has occurred during a period of what we now know has been a tolerable and relatively
stable climate, the scale and efficiency with which we are extracting and burning carbon-rich fuel sources have created
conditions outside the range of modern human experience. Risks to human health are among the most threatening of
global warming-associated climate change, and are accelerating. These concerns in conjunction with impacts on eco-
systems, urbanized areas, and community infrastructure contribute to heightened compulsion to act.

2.7 Environmental effects of the weather extremes

Global warming is responsible for climate change that influences weather and climate extremes. In turn, these
impacts affect the severity and frequency of environmental threats, such as forest fires, hurricanes, heat waves, floods,
droughts episodes, and land degradation, in some cases (Orimoloye et al., 2019; Orimoloye, Zhou, & Kalumba, 2021).
Studies have shown that extreme weather events can decrease the carbon absorption potential of an ecosystem and
create a dangerous cycle in which extreme weather fuels climate change by preventing carbon absorption by forests,
causing more of it to stay in the atmosphere (Nunes, Meireles, Pinto Gomes, & Almeida Ribeiro, 2020). Records from
IPCC show that since the 1970s, the global average temperature has risen by at least 0.4°C and that by 2100 it could rise
above preindustrial temperatures to about 4°C (Horton et al., 2020; Koraim, Heikal, & Abozaid, 2011). While the global
implications of climate change may seem too insignificant for people living around the world to notice, the
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consequences of climate change have already been witnessed through extreme weather events, including forest fires,
hurricanes, droughts, heat waves, floods, and storms. Evaluation or modeling of real data has revealed that the inten-
sity and frequency of these extreme events are influenced by climate change (Sarhadi & Soulis, 2017).

Environmental components and other human aspects have been identified to be modified or influenced by extreme

events. For instance, risks for wildlife, a decline in ecosystem functioning, land degradation, biodiversity and wetland
extinction among others (Table 1.1) have been influenced or affected by extreme events (Maxwell et al., 2019;
Orimoloye, Kalumba, Mazinyo, & Nel, 2020). However, a lot still need to be done to confirm the actual relationship
between climate change and extreme environmental events. Nevertheless, climate change or extreme events has not
been proven to directly cause individual extreme environmental events, but has been identified to make these events
more destructive, and likely happen more frequently, than they normally would be (Gasper, Blohm, & Ruth, 2011;
Turco, Llasat, von Hardenberg, et al., 2014).

TABLE 1.1

Impacts of climate change and extreme events.

SN

Climate change and extreme events

References

1

Increasing risk of drought: High temperatures can lead to increased
precipitation, evaporation and transpiration. Thus, as temperatures
rise, the probability of hydrological and agricultural drought
increases. Atmospheric rivers (narrow streams of moisture
transported into the atmosphere) can also be influenced by a
changing climate, which can particularly disrupt precipitation
patterns in any region.

Increasing risk of biodiversity loss: Plant and animal life would be
more affected as climate change changes temperature and weather
Ppatterns continue to increase. As temperatures continue to rise,
researchers predict that the number and variety of species that
characterize biodiversity will decrease considerably. The loss of
biodiversity due to climate change will alter the structures and
functions of environmental or ecological systems.

Increasing risk of forest fires: Climate change and the extreme event
has been the key factors in increasing the risk and extent of wildfires
in many regions of the world, for example, Western United States.
Climate change causes forest fuels (the organic matter that burns and
spreads wildfires) to become drier, and the number of major fires in
the western United States between 1984 and 2015 has doubled.
According to a recent NOAA-funded report, global change from
rising greenhouse gas emissions is expected to significantly increase
the likelihood of very big, destructive wildfires over the next few
decades.

Decrease in crop yield: Temperature rises can cause yield decreases
of between 2.5% and 10% across a variety of agronomic species
(Hatfield et al., 2011). Other climate assessments on crop yield have
provided differing results. Productivity can be dramatically
impacted by temperatures that are deemed extreme and fall below or
above particular thresholds at critical times during growth. Crop
yield would be decreased by chronic exposure to high temperatures
and other extreme events during the pollination stage of the potential
grain or crop harvest.

Increase in mortality from heat waves: Prolong periods of extreme
heat, usually defined as heat waves, have been linked with a
substantial increase in mortality, and specific events have been
reported as public health disasters. Extreme heat can increase the risk
of other types of disasters. Rising temperatures and other climatic
components across the globe poses a threat to people, ecosystems
and the economy.

Increase in energy demand: Climate change may alter the capacity
for energy production and energy demands. Changes in the water
cycle, for example, have an effect on hydropower, and high
temperatures increase the energy demand for summer cooling, thus
reducing the demand for winter heating.

Vicente-Serrano, Begueria, and Lépez-Moreno (2010), Vicente-
Serrano, McVicar, Miralles, Yang, and Tomas-Burguera (2020),
Stewart, Rogers, and Graham (2020)

Aratjo and Rahbek (2006), Sintayehu (2018)

Barbero, Abatzoglou, Larkin, Kolden, and Stocks (2015), Jolly et al.
(2015), Williams et al. (2015)

Hatfield et al. (2011), Hatfield and Prueger (2015)

Wolf, Adger, Lorenzoni, Abrahamson, and Raine (2010), Kovats and
Kristie (2006), Ropo, Perez, Werner, and Enoch (2017)

Lipson, Thatcher, Hart, and Pitman (2019), Takane, Ohashi,
Grimmond, Hara, and Kikegawa (2020)
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TABLE 1.1 Impacts of climate change and extreme events—cont’d

SN  Climate change and extreme events References

7 Increase in multiple climatic hazards: Studies have identified that  IPCC (2014)
climate change is already modifying the frequency and intensity of
many weather-related hazards. Climate change magnifies disaster
risk; it can increase the risk while reducing the resilience of
households and societies at the same time.

8 Risk to the livelihood of indigenous people: Extreme events dueto  UNISDR, (2015), Alam (2017), Etchart (2017)
climate change, which has a significant effect on the livelihoods of the
rural population, declining agricultural yields in warmer
environments can also contribute to migration to urban areas,
increasing the population exposed to natural hazards in such
locations. The risk of severe, widespread and irreversible impacts on
humans and ecosystems is increased by increasing rates of warming.
In communities with low development levels, risks are unevenly felt
and are typically greater for vulnerable individuals and
communities. It has been indicated that indigenous peoples are
impacted by climate change in distinctive ways, as well as by policies
or acts aimed at addressing it. Indigenous groups, on the other side,
have a unique role to play in climate change through their traditional
knowledge and professions, cutting across all climate mitigation and
adaptation efforts, as well as just transition policies.

9 High risk of species extinction: There is a growing awareness of Thomas et al. (2004); Dantas et al. (2020)
anthropogenic climate change as one of the major threats to
biodiversity and to species. There are numerous and nuanced ways
in which climate change is likely to impact biodiversity, including the
loss or destruction of essential ecosystems and microhabitats,
changes in environmental thresholds, such as temperature, water
availability / quality, beyond those that can be tolerated by a species.
The loss of significant interactions between two unrelated species, or
the arrival of invasive species. Environmental disruption (e.g.,
reproduction or migration), direct loss of individual species or even
populations as a result of extreme events.

No permission required.

3 Conclusion

A growing population globally is likely to be driven into poverty without planning for climate change-induced envi-
ronmental hazards. Since 2008, an average of about 22.5 million individuals have been displaced every year by climate or
weather-related incidents. Climate extremes events such as droughts, floods, and heat waves have become more intense
with increase in global temperature. These have led to loss of lives and destruction of properties. One way to plan for such
significant environmental events is to utilize climatic evaluations that display the frequency and intensity of these events
by using current and historical data records. It is also possible to use these assessments to predict when and where future
incidents will take place and how disruptive they will be. With this detail, by warning individuals living in high-risk
areas and providing disaster relief, we can plan for severe weather events. In combating climate-related impact and envi-
ronmental extremes, the influence of climate change can also be observed by simulating the effects of various greenhouse
gas concentrations on the environmental components. Consequently, it has been found that climate change has increased
the risk of wildfires in some regions of the world, extreme heat in China, and drought in South Africa. Continuous study
and development in the attribution of extreme events will help us find out more specifically how extreme environmental
events are influenced by climate change and how we could change this trajectory.
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1 Introduction

Following some prominent studies that have convincingly shown the extent of the human influence on the 20th
century temperature (Beniston & Stephenson, 2004; Kaufmann & Stern, 1997) and precipitation trends (Zhang
et al., 2007), and on specific extreme weather events [e.g., flooding (Pall et al., 2011) and heat waves (Rahmstorf &
Coumou, 2011)], the Intergovernmental Panel on Climate Change (IPCC) (The IPCC established in 1988 by the World
Meteorological Organization (WMO) and the United Nations Environment Programme (UNEP), is an intergovern-
mental body of the United Nations for assessing the science related to climate change. In addition to the assessment
reports published by its working groups, the IPCC periodically publishes other reports on climate change and
extremes, such as the Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (SREX) (IPCC Summary for Policymakers, 2012)). In its Fifth Assessment Report (AR5) (IPCC,
2013) for the first time attributed changes in extreme weather and climate events to a changing climate. A growing
body of literature in recent years (e.g. Giorgi, Raffaele, & Coppola, 2019; Masson-Delmotte et al., 2018) have shown
how increase in historical global temperatures leads to changes in atmospheric patterns, with a subsequent intensifi-
cation and increase in the frequency of heat waves and precipitation extremes (Avila-Diaz, Benezoli, Justino, Torres, &
Wilson, 2020; Schaller et al., 2016). In addition, the IPCC in its most recent sixth assessment report (AR6) has dedicated
a chapter on weather extremes (Seneviratne et al., 2021), further emphasizing the scientific consensus establishing a
robust link between human influence on extreme events.

Extremes in weather and climate (Formally a “climate extreme,” at times also referred to as “extreme weather” or an
“extreme climate event,” is “the occurrence of a value of a weather or climate variable above (or below) a threshold
value near the upper (or lower) ends of the range of observed values of the variable” (Chapter 3 of the Special Report on
Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX) of Working
Groups I and II of the Intergovernmental Panel on Climate Change (IPCC) (Seneviratne et al., 2012)). Following
the approach adopted by the IPCC SREX, for the sake of clarity, both “extreme weather events” and “extreme climate
events” are collectively referred to as “climate extremes” in the remainder of this chapter. For avid readers, Section 2 of
Morss, Wilhelmi, Meehl, and Dilling (2011) provides an interesting overview of the different definitions of weather and
climate extremes), such as floods, droughts, heat and cold waves, hailstorms, and cyclones. These extremes can have
significant societal, ecological, and economic impacts at various spatial and temporal scales (Easterling et al., 2000;
Meehl et al., 2000). Not only are these extreme events as in the case of changes in the mean state of the climate het-
erogeneous across space and time (Alexander, 2016; Wartenburger et al., 2017), the social vulnerability to these
extremes is also variable (Otto et al., 2017). A combination of heterogeneous extreme events fueled further by climate
change, contrasting adaptive capacity of societies, and complex transmission channels in the wider global and regional
economies, can not only foster inequality, but also disproportionately harm the already disadvantaged people
(Cutter & Finch, 2008; Oppenheimer et al., 2014).
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Despite the scientific and technological advances in understanding the earth’s climate system and the complex inter-
actions between physical and human systems, such extreme events continue to cause substantial monetary and envi-
ronmental loss and damages. Moreover, while rapid strides have been made in hazard mitigation efforts, social
vulnerability and adaptive capacity of societies remain paramount in shaping the magnitude and directions of climate
impacts on exposed communities (Morss et al., 2011). The impacts of climate extremes on society, such as the loss of
lives and destruction of property, famine and other socioeconomic spillover effects (e.g., drop in agricultural produc-
tivity), can also culminate in human displacement and migration, and in more dire cases result in conflicts (Reuveny,
2007; Vesco, Kovacic, Mistry, & Croicu, 2021).

In spite of the ongoing improvements in mitigation and adaptive measures to address climate extremes, economic
losses from extremes in weather and climate in recent decades have not only gone up dramatically, but catastrophic
weather disasters in particular have also increased in frequency (Changnon, Pielke, Changnon, Sylves, & Pulwarty,
2000; Morss et al., 2011). Not surprisingly, researchers have increasingly identified climate extremes as one of the key
challenges in climate studies (Sillmann et al., 2017), and as a natural outcome of such contributions to the scientific
literature, a significant number of climate extremes datasets have also been assembled in recent years (e.g., Donat
et al., 2013b; Mistry, 2019a). As a matter of fact, extremes in climate are of growing interest to a broad spectrum of
experts within the climate change community. For instance, focusing on projections of changes in extremes, physical
scientists have led the efforts of the climate modeling community to a better understanding of the dynamic processes
embedded within climate extremes (Sillmann, Kharin, Zhang, Zwiers, & Bronaugh, 2013; Sillmann, Kharin, Zwiers,
Zhang, & Bronaugh, 2013). On the other hand, social, environmental, and sectoral impacts experts have achieved con-
siderable improvements in examining the impacts of changes and the potential for systems to cope and adapt to
extreme weather events (Morss et al., 2011).

Along similar lines, the role of anthropogenic greenhouse gases (GHGs) in contributing to the observed intensifi-
cation of extremes in climate is a topic gaining a lot of attention in recent years. Examples of such studies include Stott,
Stone, and Allen (2004) for temperature, Min, Zhang, Zwiers, and Hegerl (2011) and Paik et al. (2020) for precipitation,
and Diffenbaugh et al. (2017) for both temperature and precipitation extremes (Readers are guided to Stott et al. (2016)
for an excellent review of literature and attribution of extreme weather and climate-related events). Moreover, the cli-
mate modeling community has also improved its understanding of how climate extremes are likely to change and
evolve in a moderate and severe warming climate of the 21st century (Alexander & Tebaldi, 2012; Dosio, 2016;
Sillmann, Kharin, Zhang, et al., 2013; Sillmann, Kharin, Zwiers, et al., 2013). In general, extremes in future climate
are not only projected to increase in their intensity and frequency (IPCC Summary for Policymakers, 2012), but are
also likely to be heterogeneous in space and time, depending on the climate scenario (Angélil et al., 2014;
Seneviratne et al., 2021) and the availability of moisture in the atmosphere (Tabari, 2020). Yet as noted by Sillmann
etal. (2017), “detecting, and even predicting the changes in large-scale circulation is a major challenge to be overcome
in order to better predict changes in the odds of extreme events.”

Analyses of climate extremes (includes attribution, understanding the drivers and mechanisms of climate extremes,
as well as the sectoral impact assessment of climate extremes) fundamentally depends on the availability of high-
quality records of the required input meteorological variables at subdaily or daily timescales (Seneviratne et al.,
2021), usually bundled as so called “Climate Datasets.” It is worth emphasizing though that while the role of suitable
climate datasets (Section 3) remains at the heart of any climate impacts assessment study, equally important for under-
standing the complexity of extremes (complexity in climates extremes here refer to the associated feedbacks and tele-
connections with broader scale atmospheric-oceanic circulations, and the physical mechanisms driving concurrent
occurrences of extremes) are the “measures” or “indicators” of climate extremes, more commonly referred to as Cli-
mate Extremes Indices (CEls) (Karl, Nicholls, & Ghazi, 1999; Zhang et al., 2011; Section 2). Generally, a climate
extremes index (CEI) is a representation of a particular aspect of some data pertaining to extremes in climate. Put more
formally, CEIs usually derived using one or more commonly available meteorological fields (namely near-surface
daily temperature and precipitation), are measures of moderate or severe climate extremes, capable of representing
some extreme aspect of a long-term climate record, as opposed to a mean aspect (Karl et al., 1999; Sillmann,
Kharin, Zhang, et al., 2013). The CEIs not only play an important role in analysis of global and regional scale climate
extremes, but also help the climatic modeling community and decision-makers in sectoral impacts assessment, miti-
gation, adaptation, risk reduction, and policy formulation and implementation (Mistry, 2019b; Mysiak et al., 2018).
Driven by a desire for a better understanding of the evolution of extremes in a warming climate, researchers have also
applied CEls as benchmarking tools in climate model validation exercises (Alexander & Arblaster, 2017; Sillmann,
Kharin, Zhang, et al., 2013; Sillmann, Kharin, Zwiers, et al., 2013).

Motivated largely by: (i) the demand of the climate sectoral-impact modelers and the wider scientific community;
and (ii) the need for a robust definition of CEls, international collaboration and efforts notably by the Expert Team on
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Climate Change Detection and Indices [ETCCDI (Karl et al., 1999)]. The ETCCDI was formed by the World Climate
Research Program (WCRP) of the World Meteorological Organization (WMO) Commission for Climatology (CCl) in
1999. For a historical backdrop of the WMO led initiatives leading to the ETCCDI and a summary of their research
activities, readers are guided to Peterson and Manton (2008) and Zhang et al. (2011) for guidelines and recommenda-
tions for the usage of a broad suite of CEIs derived using meteorological fields. The ETCCDI led the first efforts in
defining a set of CEls that provide a comprehensive overview of temperature and precipitation statistics (Donat
et al., 2013a, 2013b; Karl et al., 1999), and have played a leading role in developing software tools and routines for
assembling CEIs (Alexander & Herold, 2016; Section 2). These efforts have also resulted in development of global
and regional datasets of CEls catering to the wider scientific and sectoral impacts modeling community
(Section 4), again central to which is the availability of climate datasets offering quality-controlled, homogeneous
(homogeneity in input climate data essentially implies that the observation records are not distorted from any unnat-
ural cause, or put another way the time-series is consistent across the spatial domain of observations. Section 2.2.2 is
dedicated to the various factors that can result in an inhomogeneous data, known methods to address this issue, and
usage caution when compiling CEIs) global historical time-series of climatic variables, preferably at a high spatial
resolution.

The rest of the chapter is organized as follows: Section 2 provides a brief overview of the ETCCDI and other CEIs.
A discussion on the methodology commonly applied in constructing the CElSs, such as the required input meteorolog-
ical fields, necessary quality controls and homogeneity checks, and the available software routines are also described in
detail. Publicly available global and regional scale quality-controlled climate datasets commonly used as input data
sources for the construction of CEIs are presented and discussed in Section 3. A comparison of spatiotemporal dimen-
sions and the available meteorological variables in these datasets, and necessary caution when constructing CElIs find
special mention in this section. Section 4 is devoted to a detailed discussion on the strengths and limitations of existing
datasets of CEIs derived from both observations and model simulated data. The novelty, potential scope, application,
and limitations of the datasets are central to this section. Recent advancements in understanding climate extremes,
ongoing works and recommendations for further research conclude the chapter as Section 5.

2 CEls: Definition, data quality control and methodology

Characterizing extremes under past and projected future climate has generated rapid interest dating back to the
publication of the third assessment report of the IPCC in 2000 (Alexander, 2016). The CEIs have found wide-ranging
applications both in climate change attribution studies (e.g., Angélil et al., 2014; Changnon et al., 2000; Min et al., 2011;
Paik et al., 2020; Pall et al., 2011), as well as in sectoral climate impacts assessment [e.g., Li et al. (2018), Vicente-Serrano,
Begueria, and Lépez-Moreno (2010), and Wing, De Cian, and Mistry (2021) in agriculture, Vesco et al. (2021) and
Wischnath and Buhaug (2014) in conflict, De Cian, Pavanello, Randazzo, Mistry, and Davide (2019), Guan (2009),
Levesque et al. (2018), and Randazzo, De Cian, and Mistry (2020) in energy, and Antonelli, Coromaldi, Dasgupta,
Emmerling, and Shayegh (2020), Bezerra et al. (2021), Orlov, Sillmann, Aaheim, Aunan, and de Bruin (2019), and
Schleypen, Mistry, Saeed, and Dasgupta (2021) in labor productivity and labor supply). This is largely due to their
simplicity, yet their utility as robust tools for impacts modelers and researchers in climate science (Alexander &
Herold, 2016). For instance, subdaily and daily climatic records that are commonly required for computing CEls
are known to preserve the more—moderate to severe—"extreme” climate information, compared to the monthly cli-
matology that can mask out important information on “extremes” which could be useful for sectoral impacts assess-
ments (Sillmann et al., 2017; Zhang et al., 2011). Moreover, a large suite of CEls based on percentiles, are by definition
meaningful across different climate regimes. Even for the nonpercentile-based CElIs, applying conventional standard-
ization allows researchers to compare results across time periods, regions and source datasets, thus facilitating con-
sistent analyses at a global scale (Zhang et al., 2011).

2.1 Brief historical background of ETCCDI core and noncore indices

The ETCCDI has played a leading role in developing software tools and routines for assembling CEISs, often a com-
putationally intensive exercise when utilizing high-resolution gridded or spatiotemporal data. Together with its
offspring—the Expert Team on Sector-specific Climate Indices (ET-SCI) (https://climpact-sci.org/about/
project/)—the ETCCDI has been active in the last two decades in outlining protocols and bridging the gap between
climate science and impacts assessment communities. Their primary goal has been to “promote the use of globally
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consistent, sector-specific climate indices to bring out variability and trends in climate of particular interest to socio-
economic sectors, and to help characterize the climate sensitivity of various sectors” (https:/ /www.wmo.int/pages/
prog/wcp/ccl/opace/archive/ccl-15/opace4/expertteam.php). The cumulative efforts of ETCCDI/ET-SCI and their
collaborative partners have resulted in a steadily growing datasets of quality-controlled CEls (Section 4), derived using
input meteorological data from both historical observations and climate model projections (Section 3).

One of the preliminary accomplishments of the ETCCDI has been an internationally coordinated set of core climate
indices consisting of 27 descriptive indices for moderate weather extremes (Alexander et al., 2006; Alexander & Herold,
2016; Zhang et al., 2011). Put in another way, CEIs characterize one or more extreme aspects of climate record at a given
location. As opposed to describing the mean aspect of climate that is readily representable by standard statistical mea-
sures, CEls provide standardization and meaning of extreme meteorological events, especially across different climate
regimes. In addition, CEIs when applied as metrics, not only assist in the analysis of global and regional extremes in
meteorological events, but also aid climate modelers and policymakers in the assessment of sectoral impacts.

The indices defined and developed by the ETCCDI/ET-SCI enable a comprehensive characterization of the fre-
quency, amplitude, and persistence of extremes, and can be broadly categorized as indices based on “percentiles,”
“absolute,” “threshold,” and “duration” (the classification of the CEIs discussed above is based on the statistical char-
acteristics of the indices. A more generic classification is based purely on the type of climate variable used in the con-
struction of the index (e.g., temperature or precipitation based extremes), or the lower/upper tails of the probability
distribution that the index characterizes (e.g. very cold or very warm extremes, low or high precipitation extremes). In
general, the characteristics of extremes (such as the frequency, intensity, and duration) are the basis on which the
extremes are defined and classified. Readers are guided to Bezerra et al. (2021), Menne and Williams (2009),
Mysiak et al. (2018), and Sillmann et al. (2017) for further reading). The preliminary set of these 27 indices referred
to as the “core indices” (Table 2.1) were developed keeping the detection and attribution needs of the research com-
munity in mind (Alexander et al., 2006; Zhang et al., 2011). As the discipline progressed, these 27 core indices began to
be considered limited in scope, especially with regard to their usage in assessing sectoral impacts. To address the rising
needs of sectoral impacts community, additional sector-relevant indices were subsequently recommended and devel-
oped by the ET-SCI (Alexander & Herold, 2016), referred to as “noncore” indices (https://www.wcrp-climate.org/
data-etccdi.) (Table 2.2). It is worth emphasizing that these core and noncore indices can be compiled using both obser-
vations and climate model simulated data, and are applicable for assessing climate extremes at global as well as
regional scales.

2.2 Input meteorological variables and quality checks for assembling

the ETCCDI/ET-SCI suite of indices

2.2.1 Subdaily or daily meteorological data for computing CEls

Given that the monthly averages of climate data can smooth over a lot of important information that is relevant for
sectoral impacts assessment (Zhang et al., 2011), the ETCCDI set a framework for deriving indices from higher (tem-
poral) frequency data. At the time of conceiving the framework for CEIs in the late 1990s, daily weather observations
from both station-based and climate reanalysis data products were gaining momentum. CEIs (Tables 2.1 and 2.2)
drawn from daily weather observations are useful to answer questions concerning aspects of the climate system that
affect many human and natural systems, with particular emphasis on extremes (Zhang et al., 2011).

Assembling a consistent set of CEls described in Tables 2.1 and 2.2 requires the following quality-controlled time-
series of selective meteorological variables at daily timescales: (i) maximum near-surface air temperature (TX) [Units:
° Celsius], (ii) minimum near-surface air temperature (TN) [Units: ° Celsius], and (iii) total near-surface precipitation
(PR) [Units: kg m? day*1 or mm dayil]. It is important to mention that the indices discussed here are restricted to the
CElIs defined by the ETCCDI/ET-SCI, and thus do not account for variables other than TN, TX, and PR. Indices con-
structed using a wider set of meteorological parameters (e.g., wind, humidity, solar radiation) therefore fall out of
scope of this chapter.

In recent years with the advent of improved data assimilation systems, and a rapid expansion of storage space and
computational resources, TN, TX and PR at subdaily time scales (e.g., hourly, 3 hourly) are readily available as high
spatial resolution gridded data fields in the Network Common Data Form (NetCDF) file format (https://www.
unidata.ucar.edu/software/netcdf/docs/netedf_data_model.html) (discussed further in Section 3). For such subdaily
gridded input data variables, command line tools such as the Climate Data Operators (CDO) (Schulzweida, 2018) and
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TABLE 2.1 32 CORE ET-SCI indices.

Plain language Time

Shortname Long name Definition description Units scale Sector(s)

FD Frost days Number of days when TN <0°C Days when minimum Days Mon/ H, AFS

temperature is below 0°C Ann

TNIt2 TN below 2°C Number of days when TN <2°C Days when minimum Days Mon/ AFS

temperature is below 2°C Ann

TNItm2 TN below —2°C Number of days when TN <—2°C Days when minimum Days Mon/ AFS

temperature is below —2°C Ann

TNItm20 TN below —20°C Number of days when TN <—20°C Days when minimum Days Mon/ H, AFS

temperature is below —20° Ann
C

ID Ice Days Number of days when TX <0°C Days when maximum Days Mon/ H, AFS

temperature is below 0°C Ann

SU Summer days Number of days when TX >25°C Days when maximum Days Mon/ H

temperature exceeds 25°C Ann

TR Tropical nights Number of days when TN >20°C Days when minimum Days Mon/ H, AFS

temperature exceeds 20°C Ann

GSL Growing Season Annual number of days between the first ~ Length of time in which Days Ann AFS
Length occurrence of 6 consecutive days with plants can grow

TM>5°C and the first occurrence of 6
consecutive days with TM <5°C
TXx Max TX Warmest daily TX Hottest day °C Mon/ AFS
Ann
TNn Min TN Coldest daily TN Coldest night °C Mon/ AFS
Ann

WSDI Warm spell Annual number of days contributing to Number of days Days Ann H, AFS,

duration indicator events where 6 or more consecutive days  contributing to a warm WRH
experience TX >90th percentile period (where the period
must be atleast 6 days long)

WSDId User-defined WSDI ~ Annual number of days contributing to Number of days Days Ann H, AFS,
events where d or more consecutive days  contributing to a warm WRH
experience TX >90th percentile period (where the

minimum length is user-
specified)

CSDI Cold spell duration ~ Annual number of days contributing to Number of days Days Ann H, AFS
indicator events where 6 or more consecutive days  contributing to a cold

experience TN < 10th percentile period (where the period
must be atleast 6 days long)

CSDId User-defined CSDI ~ Annual number of days contributing to Number of days Days Ann H, AFS,
events where d or more consecutive days  contributing to a cold WRH
experience TN < 10th percentile period (where the

minimum length is user-
specified)

TXgt50p Fraction of days Percentage of days where TX>50th Fraction of days withabove % Mon/ H, AFS,
with above average  percentile average temperature Ann WRH
temperature

TX95t Very warm day Value of 95th percentile of TX A threshold where days °C Daily H, AFS

threshold

above this temperature
would be classified as very
warm

Continued
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TABLE 2.1 32 CORE ET-SCI indices—cont’d
Plain language Time

Shortname Long name Definition description Units scale Sector(s)

TMge5 TM of at least 5°C Number of days when TM > = 5°C Days when average Days Mon/ AFS

temperature is at least 5°C Ann

TMIt5 TM below 5°C Number of days when TM < 5°C Days when average Days Mon/ AFS

temperature is below 5°C Ann

TMgel0 TM of at least 10°C ~ Number of days when TM >= 10°C Days when average Days Mon/ AFS

temperature is at least 10°C Ann

TMIt10 TM below 10°C Number of days when TM <10°C Days when average Days Mon/ AFS

temperature is below 10°C Ann

TXge30 TX of at least 30°C Number of days when TX > = 30°C Days when maximum Days Mon/ H, AFS

temperature is at least 30°C Ann

TXge35 TX of at least 35°C Number of days when TX >= 35°C Days when maximum Days Mon/ H, AFS

temperature is at least 35°C Ann

TXdTNd User-defined Annual count of d consecutive days where ~ Total consecutive hot days  Events Ann H, AFS,
consecutive number  both TX>95th percentile and TN >95th  and hot nights (where WRH
of hot days and percentile, where 10>=d >=2 consecutive periods are
nights user-specified)

GDDgrown  Growing degree Annual sum of TM - n (where n is a user- A measure of heat Degree- Ann H, AFS
Days defined location-specific base accumulation to predict days

temperature and TM >n) plant and animal
developmental rates

CDD Consecutive dry Maximum number of consecutive dry Longest dry spell Days Mon/ H, AFS,
days days (when PR <1.0mm) Ann WRH

R20mm Number of very Number of days when PR>= 20mm Days when rainfall is at Days Mon/ AFS,
heavy rain days least 20mm Ann WRH

PRCPTOT  Annual total wet- Sum of daily PR>= 1.0mm Total wet-day rainfall mm Mon/ AFS,
day PR Ann WRH

R95pTOT Contribution from 100*r95p/PRCPTOT Fraction of total wet-day Y% Ann AFS,
very wet days rainfall that comes from WRH

very wet days

R99pTOT Contribution from 100*r99p/PRCPTOT Fraction of total wet-day % Ann AFS,
extremely wet days rainfall that comes from WRH

extremely wet days

RXdday User-defined Maximum d-day PR total Maximum amount of rain ~ mm Mon/ H, AFS,
consecutive days that falls in a user-specified Ann WRH
PR amount period

SPI Standardized Measure of “drought” using the A drought measure Unitless Custom H, AFS,
Precipitation Index ~ Standardized Precipitation Index on time  specified as a precipitation WRH

scales of 3, 6, 12, 24, 36 and 48 months. deficit
Calculated using the R SPEI package
(Begueria & Vicente-Serrano, 2013)

SPEI Standardized Measure of “drought” using the A drought measure Unitless Custom H, AFS,
Precipitation Standardized Precipitation specified using WRH
Evapotranspiration =~ Evapotranspiration Index on time scales ~ precipitation and
Index of 3, 6,12, 24, 36 and 48 months. evaporation

Calculated using the R SPEI package
(Begueria & Vicente-Serrano, 2013)

Bold indicates index is also an ETCCDI index. TX, daily maximum near-surface air temperature; TN, daily minimum near-surface air temperature; PR, daily near-surface
total precipitation; H, health; AFS, Agriculture and Food Security; WRH, Water Resources and Hydrology.
From Alexander, L., Herold, N. (2016). ClimPACT2 indices and software (R software package). Available from: https://htmlpreview.github.io/? https://raw.githubusercontent.com/
ARCCSS-extremes/climpact2/master/user_guide/ClimPACT2_user_guide.htm (Accessed 11 December 2020).
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Short Plain language Time
name Long name Definition description Units scale Sector(s)
TXbdTNbd User-defined consecutive number of Annual number of d consecutive days  Total consecutive cold Events Ann  H, AFS,
cold days and nights where both TX < 5th percentile and days and cold nights WRH
TN < 5th percentile, where (where consecutive
10>=d>=2 periods are user-
specified)
DTR Daily temperature range Mean difference between daily TX and  Average range of °C Mon/
daily TN maximum and minimum Ann
temperature
TNx Max TN Warmest daily TN Hottest night °C Mon/
Ann
TXn Min TX Coldest daily TX Coldest day °C Mon/
Ann
TMm Mean TM Mean daily mean temperature Average daily °C Mon/
temperature Ann
TXm Mean TX Mean daily maximum temperature Average daily maximum °C Mon/
temperature Ann
TNm Mean TN Mean daily minimum temperature Average daily minimum °C Mon/
temperature Ann
TX10p Amount of cool days Percentage of days when TX < 10th Fraction of days with % Ann
percentile cool day time
temperatures
TX90p Amount of hot days Percentage of days when TX>90th Fraction of days with hot % Ann
percentile day time temperatures
TN10p Amount of cold nights Percentage of days when TN < 10th Fraction of days with % Ann
percentile cold night time
temperatures
TN90p Amount of warm nights Percentage of days when TN >90th Fraction of days with % Ann
percentile warm night time
temperatures
CWD Consecutive wet days Maximum annual number of The longest wet spell Days Ann
consecutive wet days (when
PR>=1.0mm)
R10mm Number of heavy rain days Number of days when Days when rainfall is at Days Mon/
PR>=10mm least 10mm Ann
Rnnmm Number of customized rain days Number of days when PR>= nn Days when rainfall is at Days Mon/
least a user-specified Ann
number of mm
SDII Daily PR intensity Annual total PR divided by the number Average daily wet-day mm/ Ann
of wet days (when total PR>= 1.0mm) rainfall intensity day
R95p Total annual PR from heavy rain Annual sum of daily PR >95th Amount of rainfall from mm Ann
days percentile very wet days
R99p Total annual PR from very heavy =~ Annual sum of daily PR >99th Amount of rainfall from mm Ann
rain days percentile extremely wet days
Rxlday Max 1-day PR Maximum 1-day PR total Maximum amount of mm Mon/
rain that falls in one day Ann
Rx5day Max 5-day PR Maximum 5-day PR total Maximum amount of mm Mon/
rain that falls in five Ann

consecutive days

Continued
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TABLE 2.2 39 noncore ET-SCI indices—cont’d

Short Plain language Time

name Long name Definition description Units scale Sector(s)
HWN Heat wave number (HWN) as The number of individual heat waves =~ Number of individual Events Ann H, AFS,
(EHE/ defined by either the Excess Heat that occur each summer (Nov.-Mar. in  heat waves WRH
Tx90/ Factor (EHF), 90th percentile of TX  southern hemisphere and May-Sep in

Tn90) or the 90th percentile of TN northern hemisphere). A heat wave is

defined as 3 or more days where either
the EHF is positive, TX >90th percentile
of TX or where TN >90th percentile of
TN. Where percentiles are calculated

from base period specified by user. See
Perkins and Alexander (2013) for more

details
HWF Heat wave frequency (HWF) as The number of days that contribute to  Total number of days Days Ann H, AFS,
(EHF/ defined by either the Excess Heat ~ heat waves as identified by HWN. See  that contribute to WRH
Tx90/ Factor (EHF), 90th percentile of TX  Perkins and Alexander (2013) for more individual heat waves
Tn90) or the 90th percentile of TN details
HWD Heat wave duration (HWD) as The length of the longest heat wave Length of the longest Days Ann H, AFS,
(EHF/ defined by either the Excess Heat identified by HWN. See Perkins and heat wave WRH
Tx90/ Factor (EHF), 90th percentile of TX  Alexander (2013) for more details
Tn90) or the 90th percentile of TN
HWM Heat wave magnitude (HWM) as ~ The mean temperature of all heat waves Average temperature °C(® Ann H,AFS,
(EHF/ defined by either the Excess Heat  identified by HWN. See Perkins and across all individual heat C? for WRH
Tx90/ Factor (EHF), 90th percentile of TX  Alexander (2013) for more details waves EHF)
Tn90) or the 90th percentile of TN
HWA Heat wave amplitude (HWA) as The peak daily value in the hottest heat Hottest day of the hottest °C (°  Ann  H, AFS,
(EHE/ defined by either the Excess Heat wave (defined as the heat wave with heat wave C? for WRH
Tx90/ Factor (EHF), 90th percentile of TX  highest HWM). See Perkins and EHF)
Tn90) or the 90th percentile of TN Alexander (2013) for more details
CWN_ECF Cold wave number (CWN) as The number of individual “coldwaves” Number of individual Events Ann H, AFS,
defined by the Excess Cold Factor  that occur each year. See Nairn and coldwaves WRH
(ECF) Fawecett (2015) for more information
CWF_ECF Cold wave frequency (CWF) as The number of days that contribute to  Total number of days Days Ann H, AFS,
defined by the Excess Cold Factor ~ “coldwaves” as identified by that contribute to WRH
(ECF) ECF_HWN. See Nairn and Fawcett individual coldwaves
(2015) for more information
CWD_ECF Cold wave duration (CWD) as The length of the longest “coldwave”  Length of the longest Days Ann H, AFS,
defined by the Excess Cold Factor  identified by ECF_HWN. See Nairn and coldwave WRH
(ECF) Fawecett (2015) for more information
CWM_ECF Coldwave magnitude (CWM) as The mean temperature of all Average temperature °C? Ann H, AFS,
defined by the Excess Cold Factor ~ “coldwaves” identified by ECF_HWN. across all individual WRH
(ECF) See Nairn and Fawecett (2015) for more coldwaves
information
CWA_ECF Coldwave amplitude (CWA) as The minimum daily value in the coldest Coldest day of the °C? Ann  H, AFS,
defined by the Excess Cold Factor ~ “coldwave” (defined as the coldwave  coldest coldwave WRH
(ECF) with lowest ECF_HWM). See Nairn and

Fawcett (2015) for more information

Bold indicates index is also an ETCCDI index. Sectoral abbreviations same as in Table 2.1.
From Alexander, L., Herold, N. (2016). CimPACT?2 indices and software (R software package). Available from: https://htmlpreview.github.io/? https://raw.githubusercontent.com/
ARCCSS-extremes/climpact2/master/user_guide/ClimPACT2_user_guide.htm (Accessed 11 December 2020).
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the NetCDF Command Operators (NCO) (Zender, 2008) are generally applied to aggregate subdaily meteorological
variables to daily fields prior computation of the CElIs.

2.2.2 Quality control and homogenization of input data

While the use of data recorded on (at least) daily timescales is a prerequisite for computing the CElIs, the data if not
quality-controlled (e.g., checked for systematic errors such as negative values for precipitation, or large number of
outliers or missing observations in the sample of the data, etc.), and not homogenized, can lead to spurious results.
In fact as emphasized by Della-Marta and Wanner (2006) (“all climate data have to be scrutinized thoroughly before
they can be used to assess long-term changes in variability”), any changes in the conditions of measurement that can
result in artificial shifts in the observed climate time-series, need to be treated with sophisticated statistical techniques
and used with caution in climate research (Caussinus & Mestre, 2004). A thorough understanding of homogeneity of
data in particular is therefore required before moving further.

Homogeneity of long-term time-series of meteorological variables is perhaps the single-most crucial factor affecting
the reliability and robustness of results pertaining to climate extremes. Homogeneity implies that the observation
records do not suffer from artificial bias. Numerous factors can influence the homogeneity of the input climate data,
thus affecting the robustness of developed indicators for climate impacts and risks assessment. Some of these factors
include changes in site location of the measurement instrument, as well as and the time of the day when the measure-
ments are recorded. Additionally, changes in the method used to calculate daily-averages of totals of temperature and
precipitation respectively are other common causes. For a comprehensive discussion on the potential factors causing
inhomogeneity in input datasets, readers are guided to an excellent review by Jones (2016) and Alexander (2016).

Several improvements have been made in homogenization techniques in recent years that correct the artificial shifts
(or breakpoints) in the times-series of input climate data variables, as well as in the generated extreme indicators when
such shifts are difficult to correct in the input data itself (Precipitation is generally more difficult to treat for inhomo-
geneity due to lack of reliable methods, as well as due to the fundamental complexity of its distribution in space and
time (Brown, Bradley, & Keimig, 2010)). A detailed discussion on different approaches used in homogenization of cli-
mate data falls outside the scope of this chapter [interested readers are guided to Brown et al. (2010), Della-Marta and
Wanner (2006), Menne and Williams (2009), and Squintu, van der Schrier, étépémek, Zahradnicek, and Tank (2020)].
Nevertheless, it is important to highlight that while modern homogenization techniques do make the resulting dataset
usable for examining long-term trends in the mean state of the climate at a location (Brown et al., 2010; Trewin, 2013),
drawing robust conclusions about changes in climate extremes and variability becomes more challenging to address
(Brown et al., 2010). Thus, even the most sophisticated homogenization techniques currently available are not neces-
sarily a panacea for treating spurious data that usually arise from long time-series of global station records (Sections 3.1
and 3.2).

2.3 Available software routines for computing ETCCDI/ET-SCI defined indices

Before moving on to the commonly used input data sources in compiling the CEIs (Section 3) and discussing the
readily available datasets of global and regional CEIs (Section 4), a brief overview of the available software routines
used in the computation of the CEls is provided here. The reasons are twofold. First, understanding the software tools
capable of handling the input data variables (types/formats) is as important for a user to be aware, as are the potential
limitations of the input datasets if any. Second, and more importantly, the inherent discrepancy in a particular index
compiled using the same underlying input data source can emanate more than often due to the choice of the software
routine. Knowing the right tool for the right task is therefore an integral component when assembling datasets of CEls.

A growing body of software environments tailored for the climate modeling are available as open-source tools.
While such resources are generally applicable for the modeling, analysis, and visualization of climate data, only a
handful of such software environments facilitate computation of the CElIs by way of built-in libraries. In addition, users
have to pay attention to the methodology used in the computation of the CEIs. For instance, for percentile-based indi-
ces in particular, the definition used by the software routine in the computation of an index may not necessarily adhere
to the definition (Percentile-based indices (Tables 2.1 and 2.2) are documented to be most sensitive to the method of
computation. See Mahlstein, Spirig, Liniger, and Appenzeller (2015) for further details.) recommended and adapted by
the ETCCDI/ET-SCI. Table 2.3 summarizes the open-source software routines (Other available softwares such as
Matlab are omitted in the discussion as the discussion is limited to open-source softwares. Moreover, the discussion
is restricted to software environments with compiled libraries/routines designed for computing the CEIs. While in
principle it is possible and even computationally faster to compute the CEls in compiled programming languages such



28

2. The role of climate datasets in understanding climate extremes

TABLE 2.3 Auvailable open-source software environments and routines facilitating computation of core and/or noncore CEls described in

Tables 2.1 and 2.2.

Supported
Supported input data Indices
operating Software file directly
Software  systems libraries formats implemented®  Features and known limitations = References/web resources
R® Windows, ClimPACT* Ascii (.txt, All CEIs listed  ClimPACT is the ETCCDI/ET- Alexander and Herold
Linux, ClimInd .csv), in Tables 10.1 ~ SCI recommended package. (2016) /https:/ / climpact-sci.
MacOS netCDF and 10.2 Extensive data quality checks org/get-started/ Reig-Gracia,
(.nc) implemented. netCDF is not Vicente-Serrano, Dominguez-
supported on Windows version.  Castro, and Bedia-Jiménez
ClimInd includes a large number  (2021)/https:/ /rdrr.io/cran/
of climate indices in addition to ClimInd/
most ETCCDI indices
Pythond Windows, ICCLIM NetCDF Only core Additional non ETCCDI/ET-SCI  ICCLIM: https:/ /icclim.
Linux, Xclim (.nc, .nc4) CEls in Tables  indices also implemented. Data readthedocs.io/en/latest/
MacOS 10.1 and 10.2 quality checks not part of the xclim: https:/ /xclim.
libraries readthedocs.io/en/stable/
indices.html
CDO Windows Combination =~ NetCDF Only core Command line tool. Additional Schulzweida (2018)/https://
(via Cygwin  of inbuilt (.nc, .nc4), CEls in Tables  non ETCCDI/ET-SCI indices code.mpimet.mpg.de/
or Linux functions grib (.gb) 10.1 and 10.2 also implemented. Data quality projects/cdo/embedded /
emulator), checks not part of the functions.  cdo_eca.pdf
Linux, Definition of percentile differs to
MacOS recommended definition of
ETCCDI*
Julia Windows, ClimateTools.  NetCDF Only core Additional non ETCCDI/ET-SCI  https:/ /juliaclimate.github.
Linux, il (.nc, .nc4) CEls in Tables  indices also implemented. Data io/ClimateTools.jl/stable/
MacOS 10.1 and 10.2 quality checks not part of the indices/

libraries

Softwares and routines for computing CEIs.

* Direct computation here implies existing functions in the software facilitate computation of the CEI without other combination of functions.

b https:/fwww.r-project.org.

¢ Supersedes “RClimDex.” Implements a number of R packages, including “SPEI” and “climdex.pcic.” More details in package documentation. A web-based application built using
R shinny app for computing CEIs using station observations is also available at https://ccrc-extremes.shinyapps.io/climpact/.

@ https:/fwww.python.org/.

¢ The definition of percentiles implemented in CDO does not follow the bootstrapping approach adopted in the R ClimPACT package.

I https:/fjulialang.org/.

as C, C++ and FORTRAN, no known libraries exist for direct implementation of the CEIs.) available for compiling the
CEls, providing an overview of their strengths and limitations, and some guidance notes for users.

3 Historical climate data for assembling the CEIs

Central to the construction of a quality-controlled homogenous historical dataset of CEls is the availability of a long-

term, continuous, and consistent high-quality record of the required input meteorological variables at subdaily or daily
timescales (Prettel, 2011). Apart from homogeneity in the data source, the choice of underlying data sources can influ-
ence the robustness of assembled CEls (Karl et al., 1999). A nonexhaustive list of such characteristics in the data
includes the temporal and spatial scale resolution of the dataset from which meteorological fields are drawn, whether
the drawn variables are measurements from in situ observations, or from a blend of observations and model simulated
data commonly referred to as data assimilation systems or reanalysis data products (Sections 3.1 and 3.3). Interested
readers are also guided to Oppenheimer et al. (2014) for further details.

As discussed in the following subsections, the indicators defined and developed for representing climate extremes
often require only three key measures of daily weather. However, the diurnal cycle of meteorological variables can
differ greatly depending on the type, location (e.g., distance from the coast or height above sea-level) and geographic
terrain or location (e.g., leeward side of a mountain). Even though in recent years there has been a rise in availability of
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publicly available meteorological data sources, understanding the finer details of how such records are assembled is
therefore important before its usage.

Another vital point to remember when using any climate dataset for studying climate extremes relates to the high
frequency (subdaily/daily) data required for compiling the CEIs. As presented in Tables 2.1 and 2.2, a large number of
indices are based on thresholds, defined as “consecutive” (e.g., CDD, CWD, HWD) and/or also “percentiles” (e.g.,
CSDI, WSDI). While in general, the different types of datasets discussed in the following subsections agree on the aver-
age state of the weather recorded at a location (i.e., long-term climatology), the agreement in the timing, magnitude
and frequency of extreme weather, and intra-seasonal variation in the recorded observations of meteorological fields
are not always consistent with reality. Mahlstein et al. (2015) discusses the importance of accurate estimation of the
thresholds in observations based datasets.

Generally, the input data variables from observations can emanate from seven different sources: (i) Ground station
as single point location or network of locations; (i) Gridded data derived from network of locations; (iii) Reanalysis
data; (iv) Satellite- or Remote Sensing-derived data; (v) Reconstruction data; (vi) Merged data sources (gauge, satellite,
and reanalysis), and (vii) Global-retrospective-meteorological forcing data.

Among these seven data sources, data sources “(i)-(iii)” are more commonly employed in constructing CEIs and are
therefore discussed in detail in the following Sections 3.1 to 3.3. On the contrary, satellite-derived estimates of mete-
orological fields (data source “(iv)”) resolve the data a high spatial resolution only from the early 2000s onward (from
newer satellite sensors) (Dell, Jones, & Olken, 2014), are generally less reliable (particularly for precipitation over land),
and are therefore less suited and rarely applied in examining climate extremes. Moreover, remotely sensed temper-
ature are essentially indirect estimates of temperature that do not represent the true near-surface temperature which is
generally measured at about 2 meters above ground level (Rayner et al., 2020; Fig. 2.1). Perhaps, the biggest limitation
of a satellite derived measurement of temperature is its dependence on a clear sky. Presence of clouds over a location
does not facilitate measurement of the surface temperature. While their scope in examining climate extremes may be
limited, and thus omitted from the discussion herein, satellite-derived data do find applications as “ingested” data in
other data sources (Sections 3.2 and 3.3). For avid readers, a recent project “European Union (EU) Surface Temperature
for All Corners of Earth (EUSTACE) (www.eustaceproject.org)” (Rayner et al., 2020) provides further details on sat-
ellite derived products and protocols.

Also not included in the discussion here are data sources “(v)—(vii).” Reconstructions of past climate conditions
(“v”) derived from paleoclimatology proxies are not at daily timescales and hence omitted. Merged data (“vi”) on
the other hand are essentially a combination of different data sources “i-iv,” derived by merging gauge, satellite,
and reanalysis data products. They are relatively newer data products and only a handful such are currently made
available to the wider research community (Though not discussed here in detail, an example of such a dataset
(“MSWEP”) is mentioned in Table 2.4.). Lastly, Global-retrospective-Meteorological Forcing (GMF) data (“vii”), which
are derived using multiple observational data sources and post processing techniques (e.g., bias correction). Since GMF
datasets (GMFs are widely used for driving Global Climate Models (GCMs) with a consistent set of bias-corrected
input meteorological parameters, thus permitting a direct comparison of model outputs) are a combination of one
or more data sources listed in Table 2.4 and not frequently applied in constructing CElIs, they are reserved for discus-
sion in Section 5.2.

Skin temperature Air temperature
measured by satellites At 2 m height

v

FIG. 2.1 Schematic of skin temperature typically measured by satellites, contrary to actual near-surface air temperature as a variable of interest.
Reproduced with permission from the EU Horizon 2020 funded EU Surface Temperature for All Corners of Earth (EUSTACE) project; https://wwuw.
eustaceproject.org/users/why-a-new-temperature-dataset/.
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TABLE 2.4

Key global datasets providing subdaily or daily input variables (TN, TX or PR) required for compiling CEls.

Data source

Spatial
resolution

(version) Type® Variables  Period” (Lat X Lon)°  Brief description Link/source of data
BEST SO, TN, TX 1880— 1.0° x 1.0° The daily data is referred to as “experimental” data,i.e.,a  Rohde, Muller, Jacobsen, Muller, and Wickham (2013)/
GCD Present (for GCD) new product in a late stage of development. While itisa  http://berkeleyearth.org/data/
homogeneous dataset, homogenization is not perfect (it is
achieved with respect to the mean and not the variance).
The procedure thus does not capture all changes in
variability. Along with the gridding/kriging approach
used for interpolation, the dataset while superior to
GHCN (discussed below), should be used with caution
when studying extremes and variability
CHIRPS (ver. GCD PR 1981- 0.05° x 0.05° A quasiglobal dataset spanning latitudes 50°S-50°N (and ~ Funk et al. (2015) /https://www.chc.ucsb.edu/data/
2) Present all longitudes). Rainfall estimates are from rain gaugeand  chirps
satellite observations using sophisticated interpolation
algorithm
CPC GCD TN, TX, 1979- 0.5°x0.5° Available as two separate datasets as “TN, TX” and “PR.”  https://psl.noaa.gov/data/gridded/data.cpc.
PR Present PR is global daily unified gauge-based analysis of globalprecip.html https://psl.noaa.gov/data/
precipitation. Datasets Gridded using the Shepard gridded/data.cpc.globaltemp.html
algorithm. Observations are recorded at 0600
Coordinated Universal Time (UTC)
ECMWE- Reanal. TN, TX, 1950— 0.25° x 0.25°  Only reanalysis product (along with ERA5 Land) Hersbach et al. (2020)/https://cds.climate.copernicus.
ERA5 PR Present providing data at hourly timesteps. Precipitation is eu/cdsapp#!/dataset/reanalysis-era5-single-levels?
accumulated hourly, thus daily values need to be tab=overview
aggregated using the hourly values
ECMWE- Reanal. TN, TX, 1981- 0.09° x 0.09°  Global land-surface dataset, consistent with atmospheric =~ Mufioz-Sabater et al. (2021)/https://cds.climate.
ERA5-Land PR Present data from the ERAS reanalysis from 1950 onwards. For ~ copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
locations near water bodies (e.g., lakes, rivers, seas), the  land?tab=overview
gridded data may report missing observations, thus
requiring spatial interpolation. Back extension (1950-80)
will be made available as in the case of ERA5. PR at 24h
UTC is the accumulated PR in the preceding 24h
EUSTACE SO, TN, TX 18502015  0.25° x 0.25°  Unlike dynamical reanalysis, temperature is independent ~ Brugnara, Good, Squintu, Schrier, and Bronnimann
(ver. 1.1) GCD from numerical weather prediction models and extends  (2019) and Rayner et al. (2020) /https:/ /catalogue.ceda.
further back in time. Data are assembled from seven ac.uk/uuid/7925ded722d743fa8259a93acc7073f2
different sources, are quality-controlled and come with a
large amount of additional information on homogeneity.
Daily fields are presented as ensembles. Dataset is not
planned to be kept updated
GHCN-D SO TN, TX, 1880 NA Raw daily climate observations are integrated from Menne, Durre, Vose, Gleason, and Houston (2012)/
(ver. 3) PR Present nearly 30 different data sources and near 100,000 stations  https://www.ncei.noaa.gov/access/metadata/

(in 180 countries and territories). Data are quality-
controlled but not homogenized, i.e., localized biases like
station moves, time of observation changes, and
instrument changes are not systematically corrected
using homogeneity routines. Because these issues can

landing-page/bin/iso?id=gov.noaa.ncdc:C00861
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GLDAS

GPCC (ver.
2020)

HadGHCND

HadISD (ver.
3.1.2.202105p)

MERRA-2

MSWEP* (ver.
2.8)

NCEP-NCAR
reanalysis 1

NCEP DOE
REANALYSIS
2

Reanal.

GCD

GCD

SO

Reanal.

Merg.

Reanal.

Reanal.

TN, TX,
PR

PR

TN, TX

TN, TX,
PR

TN, TX,
PR

PR

TN, TX,
PR

TN, TX,
PR

1948-
Present®

1982-2019

1950—
Present

1931-
Present

1980
Present

1979
Present

1948
Present

1979
Present"

0.25°x0.25°

1.0° x 1.0°

2.5° x 3.75°

NA

0.5° x 0.625°

0.1° x 0.1°

2.5° x 2.5°

2.5°%2.5°

introduce significant biases, the dataset is not suited for
looking at long-term trends. Moreover, the differing
temporal evolution of the station network results in a
relatively small number of stations making daily
summaries available prior 1890. PR is available across
more station records compared to TN and TX

Satellite- and ground-based observational data ingested
using advanced land surface modeling and data
assimilation techniques. Users are cautioned when
combining the data from the two versions as the merged
time-series may not be homogeneous (see Mistry, 2019a,
2019c¢, for details)

Daily Land-Surface Precipitation from Rain-Gauge. The
dataset provides a gridded quantification for the
following errors: (i) systematic gauge-measuring error
(due to under catch of the true PR); and (ii) stochastic
sampling error (due to a sparse network density). Latency
period is longer compared to CHIRPS

Gridded version of GHCN-D

Based on NOAA-NCEI's ISD dataset. Quality-controlled
using automated algorithm with special attention to
retaining extreme values. Though data is not
homogenized, homogeneity assessment is provided as an
annual update process (see discussion paper Dunn,
Willett, Parker, and Mitchell (2016) for further details).
Dataset is updated frequently

Developed by NASA-GMAO. In addition to raw PR, bias-
corrected PR is also available

Derived using rain gauge, satellite, and reanalysis data to
provide the highest quality precipitation estimates. Near
real-time estimates are available with a latency of ~3h

The data assimilation pattern changes in postsatellite era
(1979—present), thus making the reanalysis inconsistent,
though considered scientifically valid. Moreover, data
from 1948 to 1957 was ingested at different subdaily
timescales. NCEP-NCAR recommends using this data for
ancillary purpose and not as primary research dataset.
The dataset is mentioned here as it has been widely used
in earlier research

Data begins in 1979 coinciding with the start date of
modern satellite weather era. Despite the main objective
to correct known errors in the Reanalysis 1' and update
the parameterizations of the physical processes, southern
hemisphere is poorly modeled. The spatial resolution

Rodell et al. (2004)/https:/ /1das.gsfc.nasa.gov/gldas

Schamm et al. (2014)/https://opendata.dwd.de/
climate_environment/GPCC /html/fulldata-daily_
v2020_doi_download.html

Caesar, Alexander, and Vose (2006)/https://www.
metoffice.gov.uk/hadobs/hadghend/

Dunn et al. (2012, 2016)/https:/ /www.metoffice.gov.
uk/hadobs/hadisd/

Randles et al. (2017) /https:/ /disc.gsfc.nasa.gov/
datasets/M2SDNXSLV_5.12.4/summary

Beck et al. (2019)/http:/ /www.gloh20.org/mswep/

Kalnay et al. (1996)/https://psl.noaa.gov/data/
reanalysis / reanalysis.shtml

Kanamitsu et al. (2002)/https:/ /psl.noaa.gov/data/
gridded/data.ncep.reanalysis2.html

Continued
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TABLE 2.4 Key global datasets providing subdaily or daily input variables (TN, TX or PR) required for compiling CEls—cont’d

Spatial
Data source resolution
(version) Type® Variables  Period” (Lat x Lon)®  Brief description Link/source of data
remains the same as in Reanalysis 1. Overall considered
as a “first generation” product. NCEP-NCAR
recommends using this data for ancillary purpose and not
as primary research dataset. The dataset is mentioned
here as it has been widely used in earlier research
NOAA/ Reanal. TN, TX, 1979 0.3125°x Third generation reanalysis product. Though the data Ver. 1: Saha et al. (2010)/https:/ /rda.ucar.edu/
NCEP-CFSR PR Present 0.3125° (ver.  assimilation is upgraded in version 2, the model used in ~ datasets/ds093.0/
(ver. 1 and 2) 1) 0.5°x0.5°  both versions remains the same Ver. 2: Saha et al. (2014)/https:/ /rda.ucar.edu/
datasets/ds094.0/
NOAA- Reanal. TN, TX, 18362015  1.0° x 1.0° 20th century Reanalysis (20CR) provides analysis and Slivinski et al. (2019)/https:/ /psl.noaa.gov/data/
CIRES-DOE PR estimates of associated uncertainty. Along with the earlier ~ gridded/data.20thC_ReanV3.html
(ver. 3) version (v2c), 20CRv3 is the first reanalysis dataset
providing subdaily global data spanning over 100 years".
Likely to be affected by changes in the observation and
modeling system, thus potentially introducing spurious
changes, especially in regions of sparse coverage like the
Southern Hemisphere
JRA-55 Reanal. TN, TX, 1958 1.25°x1.25°  Apart from JRA-55 which is a full observing system Kobayashi et al. (2015)/https:/ /jra.kishou.go.jp /JRA-
PR Present reanalysis, the following two other products are also 55/index_en.html

available in the JRA-55 family of products: (i) Fixed
observing system reanalysis, and (ii) Without observation
assimilation

See Table A2.1 in Appendix for abbreviations and originating country of the data source.

" GCD, gridded climate data; Merg, merged data; Reanly, reanalysis; SO, station observations.

b “_Present” indicates that the dataset is generally available with a latency time period of about few days to 3months. Readers are recommended to refer to the individual dataset documentation for further details.

¢ Where the data product is available at more than one spatial resolution, the finest scale is reported here. Readers are referred to the documentation for availability of data at other resolutions.

? The preliminary ERA5 dataset from 1950 to 1978 is available on the Climate data store (CDS): hitps://cds.climate.copernicus.eu/cdsapp#!/search? text=ERA5%20back%20extension&type=dataset. Earlier versions of the ECMWF
reanalysis data products, namely ERA-interim and ERA40 are not discussed here as these are superseded by ERAS.

¢ Version 2.0 covers 1948-2014. Version 2.1 covers 2000—Present.

F Temperature is provided as subdaily mean temperature, which can then be aggregated to TN, TX (daily) for computation of CEls.

& Multisource Weather (MSWX) is another high-resolution data product from the same data source providing TN, TX and PR. The reference paper is currently in preparation. Both MSWEP and MSWX can also be referred to as
meteorological forcing datasets (data source “vii”), discussed further in Section 5.2.

" Plan exists to go back to 1950s.

! National Center for Atmospheric Research Staff (Eds). Last modified 08 May 2021. “The Climate Data Guide: NCEP Reanalysis (R2).” Retrieved from https://climatedataguide.ucar.edu/climate-data/ncep-reanalysis-r2.

I Ver. 1 covers 1979-March 2011, Ver. 2 covers 2011—Present.

¥ ECMWEF’s Coupled Ocean-Atmosphere Reanalysis of the 20th Century (CERA-20C) (not discussed here), is another comparable data product spanning 1901-2010. However, it does ot provide the best estimate of the climate during the
postsatellite era (when more comprehensive observations are available), as no upper air and satellite observations are assimilated.
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https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://jra.kishou.go.jp/JRA-55/index_en.html
https://jra.kishou.go.jp/JRA-55/index_en.html
https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20back%20extension&type=dataset
https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20back%20extension&type=dataset
https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5%20back%20extension&type=dataset
https://climatedataguide.ucar.edu/climate-data/ncep-reanalysis-r2
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FIG. 2.2 Example of a ground station-based observation part of the UK Met Office (UKMO) “HadUK-Grid” surface monitoring network (see also
Fig. 2.3 for wider network of ground station-based observations). The instruments are generally located in an open field away sulfficiently far from
any potential artificial influence or obstructions that can contaminate measurements, e.g., turbulence from roadside traffic/airport runway, shadow
of a building structure, etc. Image from HadUK-Grid—UKMO (https://www.metoffice.gov.uk/research/climate/maps-and-data/data/haduk-grid/haduk-grid).
Readers are also guided to http:/fwww.jma.go.jp/jma/en/Activities/surf/surf.html for an overview of Surface Weather Observing System.

The remainder of this section begins by providing an overview of the three data sources (i-ii) with a detailed
description of their key strengths and limitations (Sections 3.1-3.3). Examples of various global and regional climate
datasets based on these sources are discussed in Section 3.4.

3.1 Station-derived meteorological observations (point-based and network)

Station-level weather data also referred to as “Station Observations,” “Station Records,” “Ground Observations,” or
simply “In situ measurements,” have its origins dating back to the early 1800s when systematic monitoring of weather
first began in Europe (Auffhammer, Hsiang, Schlenker, & Sobel, 2013). Based on near-surface instrument measure-
ments of subdaily or daily meteorological fields, most often temperature and rainfall (measured by way of in situ
weather loggers, sensors, rain-gauge, and radar instrumentation, etc., Fig. 2.2), station observations are at the heart
of a region’s meteorological observations network.

Many countries have a national body (usually the National Meteorological Agency) overseeing the network of sta-
tions spanning its geographical boundaries. Examples of such national meteorological organizations include: The UK
Met Office (UKMO), Indian Meteorological Department (IMD), Japanese Meteorological Agency (JMA), Kenya Mete-
orological Department (KMD). Apart from being responsible for archiving the instrumentation records at different
locations, the national meteorological agencies together with their designated regional partners are also responsible
for quality control checks and maintenance of measurement instruments to ensure that the gaps in missing observa-
tions are avoided. Station records in general have an advantage of providing an accurate measurement of the “actual”
location’s climate. In developed countries (e.g., United States and United Kingdom), the network of ground stations is
usually dense and the instrumentation records well documented to assess the homogeneity of records. For such
regions, the station based observations can facilitate a fairly disaggregated level of analysis (Dell et al., 2014).

However, it is inevitable though that different measurement sites can still end up having differing lengths of obser-
vation records, as well as missing observations due to mechanical downtime, and inconsistency in time-series, e.g., due
to relocation of an instrument to a different site, etc.; drawbacks generally requiring caution when applied for studying
extremes in climate. Such gaps in observations are also routinely filled up using other so called “proxy” observational
sources, generally by way of satellite/radar estimates, with the resulting time-series referred to as “reconstructed”
time-series. Users therefore need to pay special attention in understanding how such blend of data sources can cause
a potential bias in measured records, and affect the homogeneity of observation records. Moreover, even when the
observations are complete and measured by the same instrument throughout the life of the weather observatory, mea-
surement errors are still possible, for example due to inclement weather, such as strong winds affecting the true accu-
mulation of rainfall in a rain-gauge (Goodison, Louie, & Yang, 1998).

3.2 Gridded climate data

Even when the instrumentation records across the network of observations are complete and reliable, geographical
proximity of the measurements to the location of interest is often not guaranteed, especially in developing countries


https://www.metoffice.gov.uk/research/climate/maps-and-data/data/haduk-grid/haduk-grid
http://www.jma.go.jp/jma/en/Activities/surf/surf.html
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FIG. 2.3 Location of stations used in three different GCDs. (A) Japan Meteorological Agency. (B) European Climate Assessment & Dataset
(ECA&D) gridded product E-OBS. (C) Global Historical Climatological Network-Daily (GHCN-Daily). Image (A) from https://www.jma.go.jp/jma/
en/Activities/observations.html; (B) from van der Schrier, G., van den Besselaar, E. J. M., Klein Tank, A. M. G., and Verver, G. (2013), Monitoring Euro-
pean average temperature based on the E-OBS gridded data set. Journal of Geophysical Research: Atmospheres, 118, 5120-5135, doi:10.1002/
jgrd.50444; (C) from NCEI-NOAA: https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc%3AC00861.

where infrastructure and funding limitations can result in sparse coverage. In such instances, especially in regions with
sparse rain-gauge or radar network, satellite derived estimates for rainfall are also commonly used as “merged satellite
gauge rainfall” daily data. It is worthy noting that in contrast to filling the temporal gaps in observations as discussed
above for station observations, the data filling here is in the spatial dimension.

In addition, drawing from the limitations of sparse in situ measurements, the national meteorological divisions and
the wider global climate community. For global datasets, both station networks and the gridded versions based on
them, the underlying data are provided by national meteorological and hydrological services, as well as WMO partner
organizations. have in recent years developed several “Gridded Climate Datasets” (GCDs), also referred to as
“Gridded Meteorological Datasets.” The underlying objective of such GCDs is to address the key shortcoming of spa-
tial coverage of ground station observations, both within countries and spanning global scales. Using sophisticated
statistical interpolation algorithms and bias correction techniques, these GCD spatially resolve the observations, or
put simply, fill gaps between in situ measurements (Fig. 2.3A-C). The resulting data typical in NetCDF or GeoTiff
file formats are recorded at each grid-cell (pixel) spanning the spatial extent of the regional or global station observa-
tions network, and have consistent start and end dates in the time-series at each grid-cell (i.e., a balanced panel of
observations). This is often the single biggest advantage vis-a-vis the network of station observations discussed in
Section 3.1, where in the station entry and exit dates can vary.

The various research groups making GCDs of surface temperature and precipitation available in principle utilize
similar global network of land and sea surface observations. The differences across products are driven mainly by
different approaches (interpolation, kriging, etc.) to develop the gridded products (Jones, 2016). Since a GCD is essen-
tially derived using interpolation schemes, its accuracy thus depends on the spatial coverage of the station data (net-
work density), as well as the choice of the interpolation algorithm. There is no single algorithm that fits best for all
variables, as well as topography (For a detailed discussion on commonly used interpolation techniques and compar-
ison of results, readers are referred to Hofstra, Haylock, New, Jones, and Frei (2008)). Accuracy in precipitation which
varies spatially more compared to temperature, is generally more affected when the resulting gridded (interpolated)
data is at a coarser gridded resolution (e.g., 2.5°x2.5°, which roughly translates to 275km x 275km at the equator).

In addition, compared to the station observations that record data daily and are updated in their respective data
dissemination channels in near-real time, the same benefit cannot be availed in most GCDs with a latency time period
much longer (generally a few months to a year). Apart from the infrequent updates in a typical GCD, a change in the
interpolation method when implemented only in a new version covering recent time periods, can make merging the
different versions of the same GCD problematic. Users are therefore recommended to pay attention to the dataset ver-
sion documents when stacking panels from different versions of a GCD.

Other potential limitations pertaining to “Global” or even wider “Regional” GCDs, is the combination of individual
country’s station records in assembling a global dataset. Considering the heterogeneity in observation protocols and
instrumentation usage across national meteorological bodies, merging of such data could introduce artificial noise in
measurements. For example, users need to pay attention if the end-of-the-day (EOD) accumulation of daily precipi-
tation are consistent across different versions, though this problem can as well arise in Reanalysis data as discussed in
Section 3.3. Equally important when applying a regional or a global GCD is the density of stations which is rarely
uniform in space. The grid-cells in a GCD constructed over a geographical spare network is likely to suffer from a


https://www.jma.go.jp/jma/en/Activities/observations.html
https://www.jma.go.jp/jma/en/Activities/observations.html
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc%3AC00861
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc%3AC00861
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FIG. 2.4 Different sources of national, continental and global station observations utilized by EUSTACE for assembling a quality control consis-
tent time-series of selective ECVs. Quality control algorithms automatically compare data series from multiple sources, accounting for rounding
errors, duplication of records, conversion of units, EOD accumulation and temporal shifts among others. Data quality of each observation is assessed
through a series of quality tests. In addition, a battery of homogeneity tests is applied to each temperature record to detect artificial (non-climatic)
signals, often introduced by merging data from different stations. Image reproduced with permission from the EU Horizon 2020 funded EU Surface Tem-
perature for All Corners of Earth (EUSTACE) project; https://www.eustaceproject.org/

larger uncertainty in measurement compared to its counterpart drawn over regions with a high station density. Gen-
erally for developing countries that have limited monitoring networks (Auffhammer et al., 2013), the choice of the
underlying GCD used for studying extremes in climate can reveal different statistics.

A few if not all the issues discussed above, especially pertaining to inconsistencies in instrumentation records, data
gathering and homogeneity, are common to both station observation and GCD. These issues are being largely
addressed as part of wider initiatives, such as the Global Historical Climate Network (GHCN) led by the National
Oceanic and Atmospheric Administration (NOAA) in the United States (Table 2.4), and EUMETNET (A network
of 31 European National Meteorological Services based in Brussels, Belgium. https://www.eumetnet.eu/.).
A primary objective of such initiatives is to create and maintain continental or even global data collections for several
Essential Climate Variables (ECVs) [As defined by the WMO, an ECV is identified based on selective criteria and is
defined as a “...physical, chemical or biological variable or a group of linked variables that critically contributes to the
characterization of Earth’s climate” (See https://public.wmo.int/en/programmes/global-climate-observing-
system/essential-climate-variables for further details)], with special emphasis on daily temperature and precipitation
(Fig. 2.4).

3.3 Reanalysis data

Despite a vast and rapidly growing global station-based observations network, there remains a number of locations
where even ECVs (Both temperature and precipitation discussed in this chapter are defined by the WMO as ECVs.) are
either not recorded or the density of network is too sparse to perform spatial interpolation for constructing a reliable
long time-series. In addition, satellite-derived estimates of temperature and precipitation (mentioned earlier) are not
particularly suitable for constructing CEIs and for the analyses of the extremes. It is however possible to use them with
near-surface measurements to create a more complete record of observations (Rayner et al., 2020), a principle used in
the dynamical reanalysis systems.

Reanalysis data products, also referred to as “retrospective analysis” have found wide applications in climate sci-
ences dating back to the early 1990s (Compo et al., 2011; Hersbach et al., 2020). They are created using a so called
“frozen” data assimilation scheme in conjunction with dynamical-physical-coupled numerical models and wide array
of measurements (Auffhammer et al., 2013; Dee, Fasullo, Sheah, Walsh, & NCAR Staff, 2016; Dell et al., 2014; Fig. 2.5).
Put simply, data assimilation is a way of combining subdaily observational data with numerical models, with a pri-
mary purpose to fill in the spatiotemporal gaps in true observations (Auffhammer et al., 2013). Thus, contrary to GCDs
that use statistical interpolation between observations, reanalysis datasets use climate models to achieve the same
objective. Among the input variables ingested by reanalysis data products, varying raw data sources ranging from
ground station and ocean buoy measurements to upper atmospheric measurements [radiosonde (Freezing is for
the entire time span of a reanalysis, thus inoculating them from changes in software.)] and satellite derived estimates
are utilized to generate the past and the current state of the climate (Fig. 2.5).


https://www.eumetnet.eu/
https://public.wmo.int/en/programmes/global-climate-observing-system/essential-climate-variables
https://public.wmo.int/en/programmes/global-climate-observing-system/essential-climate-variables
https://www.eustaceproject.org/
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FIG. 2.5 Schematic of the ECMWF ERA5 global reanalysis. From https://ecmuwf.int/en/about/media-centre/news/2018/ecmuwfs-era5-reanalysis-soon-
extend-back-1979.

The reanalysis paradigm uses a systematic approach to produce “complete” data sets suited for climate monitoring,
impacts assessment and attribution studies among others, thus offering an immediate advantage over its station obser-
vations by offering a consistent past and current record of observations, covering both land and oceans. In general, the
spatiotemporal features of temperature show high correlation between GCDs and reanalysis datasets. In contrast, the
correlation of precipitation is generally poor in regions where ground station data is sparse, or the terrain is more rug-
ged (A number of global reanalysis products have data starting from 1958 (see Table 2.4), which also coincides with the
dawn of regular radiosonde observations globally.).

It is worthwhile mentioning that reanalysis are essentially observationally constrained model output (Mistry,
2019a) and not actual or perfect observations per se. In spite of the advantages mentioned above, variables such as
precipitation that are primarily determined by the forecast model are generally poorly resolved.

Moreover, while the data assimilation scheme can be considered as “unchanging,” the ingested variables inevitably
form the “varying component” (Auffhammer et al., 2013). For a typical reanalysis data product spanning circa 50 years,
the changes in the observation sources can thus potentially result in artificial variability, spurious trends and/or sys-
tematic biases (Bengtsson, Hagemann, & Hodges, 2004), though most recent state-of-the-art reanalysis data products
such as the European Center of Medium-Range and Forecasts (ECMWEF) Atmospheric Reanalysis v5 (ERA5)
(Hersbach et al., 2020) have been well evaluated (Crossett, Betts, Dupigny-Giroux, & Bomblies, 2020; Jiang et al.,
2021; Tarek, Brissette, & Arsenault, 2020) and are increasing applied in studying historical extremes in climate.

3.4 Existing global datasets suitable for computation of the CEls

While there is no dearth of regional or global records of observed daily TN, TX and PR based on the above data
sources, the selective datasets discussed in this section are chosen based on the following four criteria (For additional
reading on the typical characteristics of climate datasets that are necessary for an adequate analysis of changes or
trends in extremes, readers are guided to Heim (2015) and Observations: Atmosphere and Surface (2014):


https://ecmwf.int/en/about/media-centre/news/2018/ecmwfs-era5-reanalysis-soon-extend-back-1979
https://ecmwf.int/en/about/media-centre/news/2018/ecmwfs-era5-reanalysis-soon-extend-back-1979
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Temporal resolution: The required three input variables (TN, TX and PR) are at either subdaily or daily timescales.

Long time-series: A consistent daily time-series for at least 30 years to facilitate computation of percentile thresholds
as recommended by the ETCCDI [Also referred to as base period, the WMO and ETCCDI recommend at least a 30-year
period for computation of percentiles. While 1961-1990 has generally been chosen for assembling percentile based
CEls, 1981-2010 has been more commonly applied in recent years (discussed in Section 4)].

Quality control: The times-series of the input variables is at least quality-controlled if not homogenous. When
homogenization of the dataset is not performed, the dataset documentation highlights the limitations if any in usage
notes.

Availability: The dataset is easily accessible without purchase requirements and/or restrictions on noncommercial
usage.

It is important to reemphasize that the type of the input data source (Sections 3.1-3.3) and software routines
(Table 2.3) used in assembling the CElIs, can result in differing estimates of magnitude, frequency, and long-term
trends/statistics of climate extremes. Knowing the strengths of limitations of the underlying input data sources, as
well the spatiotemporal coverage is therefore important when using these datasets for compiling CEls, as well as
for studying extremes in climate. The Tables 2.4 and 2.5 list the prominent global and regional dataset based on
the different types of input data sources discussed above.

TABLE 2.5 Key regional datasets providing subdaily or daily input variables (TN, TX or PR) required for compiling CEIs.

Spatial
Spatial resolution (Lat
Data source Type® Variables Period coverage x Lon) Brief description Link/source of data
APHRODITE GCD  PR° 19982015 Monsoon  0.25° x 0.25° Quality control and EOD Yatagai et al. (2012)/http://
(ver. 1901) Asia analysis automated using aphrodite.st.hirosaki-u.ac.
satellite derived algorithm.  jp/products.html http://
Daily fields contain aphrodite.st.hirosaki-u.ac.
information on the ratio of  jp/product_readme/
the station value to Readme_V1901.pdf
climatology (or ratio of grid-
box containing rain gauges).
The interpolation algorithm
better represents extreme
values. The shorter time-
series of Ver. 1901 makes it
unsuitable for percentile
based indices. The earlier
versions provide data from
1961 to 2007, though the
data is inherently unsuitable
for examining extremes (see
ver. 1101_R2
documentation)
DAYMET GCD TN, TX, 1950 North 1km x 1km Timespan varies, with Thornton et al. (2020)/
(ver. 4) PR Present America North America and Hawaii ~ https://daymet.ornl.gov/
from 1980 to present, and files/Thornton_Daymet_
for Puerto Rico from 1950 to ~ V4_submitted_2021-01-20.
present, updated annually pdf (in review) https://
daac.ornl.gov/DAYMET/
guides/Daymet_Daily_V4.
html
ECMWE- GCD 1N, TX, 19612019  Europe 55km x5.5km  Uses a full set of in situ https:/ /climate.copernicus.
CERRA PR observations and satellite eu/copernicus-regional-

information. High density
surface observations will be

reana lysis—europe—cerra

Continued


http://aphrodite.st.hirosaki-u.ac.jp/products.html
http://aphrodite.st.hirosaki-u.ac.jp/products.html
http://aphrodite.st.hirosaki-u.ac.jp/products.html
http://aphrodite.st.hirosaki-u.ac.jp/product_readme/Readme_V1901.pdf
http://aphrodite.st.hirosaki-u.ac.jp/product_readme/Readme_V1901.pdf
http://aphrodite.st.hirosaki-u.ac.jp/product_readme/Readme_V1901.pdf
http://aphrodite.st.hirosaki-u.ac.jp/product_readme/Readme_V1901.pdf
https://daymet.ornl.gov/files/Thornton_Daymet_V4_submitted_2021-01-20.pdf
https://daymet.ornl.gov/files/Thornton_Daymet_V4_submitted_2021-01-20.pdf
https://daymet.ornl.gov/files/Thornton_Daymet_V4_submitted_2021-01-20.pdf
https://daymet.ornl.gov/files/Thornton_Daymet_V4_submitted_2021-01-20.pdf
https://daac.ornl.gov/DAYMET/guides/Daymet_Daily_V4.html
https://daac.ornl.gov/DAYMET/guides/Daymet_Daily_V4.html
https://daac.ornl.gov/DAYMET/guides/Daymet_Daily_V4.html
https://daac.ornl.gov/DAYMET/guides/Daymet_Daily_V4.html
https://climate.copernicus.eu/copernicus-regional-reanalysis-europe-cerra
https://climate.copernicus.eu/copernicus-regional-reanalysis-europe-cerra
https://climate.copernicus.eu/copernicus-regional-reanalysis-europe-cerra
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TABLE 2.5 Key regional datasets providing subdaily or daily input variables (TN, TX or PR) required for compiling CEIs—cont’d
Spatial
Spatial resolution (Lat
Data source Type  Variables Period coverage X Lon) Brief description Link/source of data
added for the special surface
analysis (called CERRA-
Land), i.e., the regional
reanalysis equivalent of
ERA5-Land is also under
preparation
ECA&D SO TN, TX, 1920- Europe NA Observations are gathered Klein Tank et al. (2002)/
PR Present® across circa 20,000 https:/ /www.ecad.eu/
meteorological stations dailydata/predefinedseries.
from national weather php#
centers (65 countries across
Europe and Southern
Mediterranean®). Data is
quality-controlled. Both
blended® and nonblended
time-series are available. TN
and TX are also available as
homogenous blended series
for selective stations
E-OBS GCD TN, TX, 1920- Europe 0.1° x 0.1° Provides an ensemble Cornes, van der Schrier, van
(ver. 23.0e) PR Present dataset, though the general =~ den Besselaar, and Jones
limitations of ECA&D data ~ (2018) and Haylock et al.
would apply (2008) /https:/ /surfobs.
climate.copernicus.eu/
dataaccess/access_eobs.
php
NARR GCD TN, TX, 1979- North ~0.3° The NARR dataset is an Mesinger et al. (2006)/
PR Present America extension of the NCEP https:/ /www.ncdc.noaa.
Global Reanalysis which is gov/data-access/model-
run over the North data/model-datasets/
American Region. Different = north-american-regional-
versions depending on reanalysis-narr https://rda.
temporal range. PR data ucar.edu/datasets/ds608.
comes from a variety of 0/#!description (for
sources updated version)
NLDAS GCD TN, TX, 1979- North 0.125° x 0.125°  The data assimilation Mitchell et al. (2004)/
(ver. 2) PR Present America system incorporated is not https:/ /ldas.gsfc.nasa.gov/
complete. Remotely sensed ~ nldas; Xia et al. (2019) an
estimates of land-surface overview of regional and
states (e.g., soil moisture global land data
and snowpack) are not yet  assimilation systems
assimilated as part of the
system
TAMSAT GCD PR 1983— Africa 0.0375°x Rainfall record is temporally =~ Maidment et al. (2017)/
(ver. 3.1) Present 0.0375° complete with a record of http:/ /www.tamsat.org.

“filled” days provided

uk/data

See Table A2.1 in Appendix for abbreviations and originating country of the data source.
* Abbreviations as used in Table 2.4.
Y Daily mean temperature is also made available as an additional dataset, though not relevant here for the computation of CEIs.
¢ Data for 1920 to 1949 have a research status and not meant to be updated with more station records or improvement in quality control. Present day data are generally available with a

time latency of approx. 1 year.

¢ Some series in Scandinavian countries are missing as they are not provided by the corresponding national meteorological services.
¢ Missing gaps in time-series are filled by interpolating observations from nearby stations.


https://www.ecad.eu/dailydata/predefinedseries.php
https://www.ecad.eu/dailydata/predefinedseries.php
https://www.ecad.eu/dailydata/predefinedseries.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-reanalysis-narr
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-reanalysis-narr
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-reanalysis-narr
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-reanalysis-narr
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-reanalysis-narr
https://rda.ucar.edu/datasets/ds608.0/#!description
https://rda.ucar.edu/datasets/ds608.0/#!description
https://rda.ucar.edu/datasets/ds608.0/#!description
https://ldas.gsfc.nasa.gov/nldas
https://ldas.gsfc.nasa.gov/nldas
http://www.tamsat.org.uk/data
http://www.tamsat.org.uk/data
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3.4.1 Global datasets

Table 2.4 lists the prominent global datasets providing either of the three input climate variables (TX, TN or PR)
required for assembling the CEIs. The datasets based on station observations, gridded climate and reanalysis, are the
most commonly used and extensively studied datasets in the broader climate literature. Though not an exhaustive list,
the global datasets discussed here have also been used for assembling global datasets of CEIs (discussed in Section 4).

3.4.2 Regional datasets

Often the focus of study is restricted to a specific country or a wider region (e.g., continent). In such instances,
regional datasets, either station observed or reanalysis, can be a suitable alternative source. To conserve space, the
regional datasets discussed in Table 2.5 are restricted to those that cover a wider geographical domain, and not indi-
vidual countries.

4 Existing datasets of CEls: Strengths and limitations

As discussed in earlier sections, climate indices are very useful tools to describe the past and current climate
(Mabhlstein et al., 2015), as well as for analyses of climate extremes (Zhang et al., 2011). Their appeal and application
in climate change and climate extremes research stem from the simplicity, robustness and usage scope at wider spa-
tiotemporal scales and climate regimes. Moreover, representation of broad scale weather patterns that are known and
experienced by the wider public, are often easier to proxy by way of simple or compound indicators. Because most of
the climate and climate extreme indices aggregate information in a nonlinear way, the consequent information these
can reveal about possible impacts are more meaningful than simple temperature averages for instance.

Drawing data from a number of climate data sources, the research community have in recent years assembled a
suite of temperature and precipitation based extreme indices at both global and regional scales. Table 2.6 summarizes

TABLE 2.6 Key global and regional datasets of CEls.

Spatial
Data source Spatial resolution
writea Type Period coverage (LatxLon) Brief description Ref. paper/web link
ECA&D SO 1920- Europe NA Includes 76 indices comprising of a https:/ /www.ecad.eu/

Present core set of 26 ETCCDI defined indices,  indicesextremes/# (Dashboard
and an additional set of 50 indices available through same link)
highlighting particular characteristics
of climate change in Europe
(including snow depth, sunshine
duration, etc.). See ECA&D (Table 2.5)
for general characteristics of input
data variables

E-OBS GCD 1950— Europe 0.1° x 0.1°  Median and uncertainty estimates (2.5 Cornes et al. (2018) and Haylock

Present and 97.5 percentiles) for a total of et al. (2008)/https:/ /surfobs.

45 indices based on E-OBS Ver. 22.0e.  climate.copernicus.eu/dataaccess/
See E-OBS (Table 2.5) for general access_eobs_indices.php
characteristics of input data variables

GHCNDEX GCD 1951 Global 2.5° x 2.5° 26 core ETCCDIindices. The datasetis ~ Donat et al. (2013a)/https:/ /www.

Present produced by gridding CEIs calculated ~ climdex.org/learn/datasets/
at the station locations onto a global (Dashboard)
grid. See GHCN-D (Table 2.4) for
general characteristics of input data
variables

GLDAS Reanly 19702016  Global 0.25° x The indices for years 2010 to 2016 are ~ Mistry (2019a, 2019b)
(vers. 2.1 and 0.25° computed using GLDAS Ver. 2.2 data

2.2)

which could result in a break in time-
series at some locations. Users are
referred to discussion paper for
further details on usage. Updated
version of the dataset available from
the author upon request. See GLDAS
(Table 2.4) for general characteristics
of input data variables

Continued


https://www.ecad.eu/indicesextremes/
https://www.ecad.eu/indicesextremes/
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs_indices.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs_indices.php
https://surfobs.climate.copernicus.eu/dataaccess/access_eobs_indices.php
https://www.climdex.org/learn/datasets/
https://www.climdex.org/learn/datasets/
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TABLE 2.6 Key global and regional datasets of CEIs—cont’d

Spatial
Data source Spatial resolution
write Type Period coverage (LatxLon) Brief description Ref. paper/web link

GLDAS Reanly. 1970-2018  Global 0.25° x The indices for years 2010 to 2018 are ~ Mistry (2019c, 2019d)

(vers. 2.1 and 0.25° computed using GLDAS Ver. 2.2 data

2.2) which could result in a break in time-
series at some locations. Users are
referred to discussion paper for
further details on usage. Includes only
Cooling (CDD)- and Heating (HDD)-
Degree-Days. Updated version of the
dataset available from the author
upon request. See GLDAS (Table 2.4)
for general characteristics of input
data variables

HadEX3 (Ver GCD 19012018  Global 1.25° x 29 core ETCCDI indices assembled Dunn et al. (2020)/ https:/ /www.
3.0.3) 1.875° utilizing nearly quality-controlled metoffice.gov.uk/hadobs/hadex3/

7000 (17,000) station observations for  index.html, https://www.climdex.

temperature (precipitation). As in org/learn/datasets/ (Dashboard)

GHCNDEYX, the dataset is produced

by gridding CEIs calculated at the

station locations onto a global grid.

However, compared to GHCNDEX

that uses only GHCN-D as input,

HadEX3 (and its predecessor

HadEX2") utilizes a mix of large

collections of data and country-based

inputs (Dunn, Donat, & Alexander,

2014). Both GHCNDEX and HadEX3

are therefore based on largely

independent sets of input stations,

though the gridding method is

identical. However, the HadEX family

of datasets is less frequently updated

compared to GHCNDEX which is

updated monthly or annually

HadGHCND  GCD 1950-2011  Global 2.5° x Only temperature-based indices are https:/ /www.metoffice.gov.uk/
3.75° made available. Dataset is not hadobs/hadghcnd /download.html
updated

INDECIS GCD 19502019  Europe A gridded dataset of 125 climate Dominguez-Castro, Reig, Noguera,
indices derived using E-OBS and et al. (2020) and Dominguez-Castro,
ERAD5. In addition to temperature and ~ Reig, Vicente-Serrano, et al. (2020)/
precipitation, indices based on https:/ /indecis.csic.es/#map_
biometeorology and aridity, among name=aci_month#map_
others are also included. Available position=839 (Dashboard)
through interactive dashboard

S-14 GMF 19502019  Global 0.5° x 0.5° 27 core ETCCDI indices are made lizumi, Takikawa, Hirabayashi,
available using five different GMF Hanasaki, and Nishimori (2017)/
datasets. In addition, the historical http:/ /h08.nies.go.jp/s14/
and future period CEIs from bias-
corrected GCMs’ simulated data are
also included

See Table A2.1 in Appendix for abbreviations.

* CEIs datasets based on earlier versions of legacy reanalysis data products (ECMWF-ERA-Interim and ERA40, and NCEP-NCAR and NCEP DOE—Table 2.4) can be found at https://
crd-data-donnees-rdc.ec.gc.ca/CCCMA/products/CLIMDEX/REANALY SES/historical/.

Y HadEX was the first global land-based gridded dataset of temperature and precipitation extremes covering the second half of the 20th century (Donat et al., 2013a).

the characteristics, strengths and limitations of key historical datasets of CEIs. Though the legacy datasets of CEls
assembled using older reanalysis data products are not mentioned here, readers are guided to the relevant references
for the sake of completeness. In addition, a few recent data dashboards facilitating download and analysis of CEIs are


https://www.metoffice.gov.uk/hadobs/hadex3/index.html
https://www.metoffice.gov.uk/hadobs/hadex3/index.html
https://www.metoffice.gov.uk/hadobs/hadex3/index.html
https://www.climdex.org/learn/datasets/
https://www.climdex.org/learn/datasets/
https://www.metoffice.gov.uk/hadobs/hadghcnd/download.html
https://www.metoffice.gov.uk/hadobs/hadghcnd/download.html
https://indecis.csic.es/#map_name=aci_month
https://indecis.csic.es/#map_name=aci_month
https://indecis.csic.es/#map_name=aci_month
https://indecis.csic.es/#map_name=aci_month
https://indecis.csic.es/#map_name=aci_month
http://h08.nies.go.jp/s14/
https://crd-data-donnees-rdc.ec.gc.ca/CCCMA/products/CLIMDEX/REANALYSES/historical/
https://crd-data-donnees-rdc.ec.gc.ca/CCCMA/products/CLIMDEX/REANALYSES/historical/
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also mentioned where applicable. The dashboards depending on the functionality commonly find appeal within the
climate sectoral impacts modeling community, whose primary aim is to perform rapid spatiotemporal aggregation,
trend analysis or conversion to a user-friendly file format.

5 Conclusion and recommendations

5.1 Recent advancements in understanding climate extremes

With the advent of quality-controlled global scale high-resolution historical observations of climate, supercomput-
ing infrastructures, big data storage, improved parameterizations of small-scale atmospheric processes and state-of-
the-art climate modeling simulations, the scientific community have made rapid strides to understand the underlying
mechanisms fueling high-frequency climate extremes (Alexander, 2016; Pfahl, O’Gorman, & Fischer, 2017). In partic-
ular, the spatiotemporal variations in past and current climate extremes both at different geographic scales (Alexander
et al., 2006; Alexander & Arblaster, 2017), as well as the projected changes of extremes under different climate change
scenarios (Dosio, 2016; Fotso-Nguemo et al., 2018; Liao, Xu, Zhang, Li, & Tian, 2019; Ongoma, Chen, Gao, Nyongesa, &
Polong, 2018; Sillmann, Kharin, Zwiers, et al., 2013), are some of the recent advancements made by researchers in
understanding climate extremes.

In addition, noteworthy progress has been made in recent decades in our understanding of the detection, attribu-
tion, modeling, and prediction of climate extremes. Led by the ETCCDI and their collaborative partners, the develop-
ment of a broad suite of CEls (Tables 2.1 and 2.2) derived from readily available subdaily/daily temperature and
precipitation has been one such commendable contribution. The result has been a steadily growing inventory of
high-resolution quality-controlled datasets of CEIs (Table 2.6), covering both historical and future periods, spanning
global and regional domains. In addition, sophisticated data assimilation and statistical approaches have also led to
improved measurements and homogenization of input data variables used for assembling the CElIs, thereby reducing
the inherent bias and uncertainties emanating from observations and estimation techniques.

Equally commendable improvements are evident in development of software routines (Table 2.3) used for compu-
tation and evaluation of a broad suite of CEIs. With increasing availability of high-resolution global observational
records often spanning more than a hundred years (Table 2.4), the climate research and modeling community often
deal with terabytes of data when analyzing global scale extremes. Apart from the need to handle memory intensive
operations and storage requirements when assembling the CEls, validating the generated datasets of indices against
benchmark observations also requires special approaches (See Avila-Diaz, Bromwich, Wilson, Justino, & Wang, 2021;
Sippel et al., 2015; Thorarinsdottir, Sillmann, Haugen, Gissibl, & Sandstad, 2020 for further reference).

Understanding how dynamical models represent climate extremes in their simulations is another research domain
gaining rapid strides. For instance, convection-permitting modeling of the current and future climate now available at
continental-scales (Liu et al., 2017) are expected to facilitate better understanding of precipitation-based extremes. In
addition, results from ongoing global and regional climate model simulations such as those developed by the consor-
tium of GCMs participating in the Coupled Model Intercomparison Project-Phase 6 (CMIP6, Eyring et al. (2016))
(Established in 1995 by the WCRP’s Working Group of Coupled Modeling (WGCM), the CMIP project has coordinated
climate model experiments involving multiple international modeling teams worldwide), PRIMAVERA (https: //
www.primavera-h2020.eu/), HighResMIP (Haarsma et al., 2016), and CORDEX (The WCRP Coordinated Regional
Downscaling Experiment (CORDEX, http://wcrp-cordex.ipsljussieu.fr/) provides an internationally coordinated
framework to improve regional climate scenarios.) (Giorgi, Jones, & Asrar, 2009) are expected to throw further insights
on both the likely scale of changes in global and regional climate extremes, as well as on the underlying mechanisms
exacerbating such changes. A few such recent studies (e.g., Seneviratne & Hauser, 2020) included in the recent IPCC
ARG (Seneviratne et al., 2021) have already provided evidence that regional climate sensitivity is a distinct feature of
climate models and a key determinant of projected regional impacts.

5.2 Scope and recommendation for future research

In spite of the progress made toward a better understanding of the extreme aspects in our climate system, robust
findings of which have made a significant contribution to the IPCC Assessment Reports (Sillmann et al., 2017), scope
for further work remains in a number of avenues. For instance, although scientific interest in regional and global
climate extremes has risen in the past two decades, understanding and modeling high-frequency weather extremes
(e.g., subdaily or daily intense precipitation events at localized scales resulting in flash floods) is yet in its nascent stage
(A few examples of recent studies include Avila, Justino, Wilson, Bromwich, and Amorim (2016) and Avila, Guerrero,


http://wcrp-cordex.ipsl.jussieu.fr/
http://wcrp-cordex.ipsl.jussieu.fr/
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Escobar, and Justino (2019). Readers are also guided to a discussion on “Short-duration extreme events” in Sillmann
etal. (2017)). Improved in-situ ground based and remote-sensed measurements of key meteorological parameters, and
availability of quality-controlled high spatiotemporal resolution datasets are expected to spur further interest in this
field.

Assessments of climate extremes derived from different climate data sources (covered in Section 3), are also an
ongoing research area worthy of mention. Such comparative assessments (see Donat et al., 2014; Dunn et al., 2014,
for examples) throw insights into the strengths and limitations of different data products in representation of climate
extremes, and potential reasons for uncertainties and biases if any. (One such example is regridding or interpolation
employed in data source ‘i’ (Section 3.2) and its by-products, data sources “vi-vii.”) However, such comparative exer-
cises have generally not kept pace with the availability of newer regional and global input climate data sources
(Tables 2.4 and 2.5). The research community could therefore undertake a more systematic evaluation of different data-
sets in evaluating climate extremes at a global scale.

Still pertaining to climate data sources, two further potential avenues of research are promising and require further
investigation. First, multiple data sources are increasingly being used as “reference climatology” in the bias-correction
(Bias-correction is a statistical adjustment to match the output of model or reanalysis data closer to reference clima-
tology. Though unavoidable (lizumi et al., 2017), bias-correction if not correctly applied, can (in addition to the actual
bias) result in removing or smoothing the important variations in the climate variable (Mahlstein et al., 2015), espe-
cially in the tails of the distribution.) of subdaily/daily data from GCMs and reanalysis data. Such data sources
referred to as “GMF” (Readers are guided to lizumi et al. (2017), Weedon et al. (2014), Lange (2018), and Cucchi
et al. (2020) for further details and examples of prominent forcing datasets.) when used with appropriate bias-
correction methods, help to improve the inconsistencies in models’ and reanalysis data products (lizumi et al.,
2017). However, currently, a limited number of studies examine the contribution of different bias-correction methods
and input data sources to the uncertainty in past and future (projected) extremes in climate (lizumi et al., 2017;
Mahlstein et al., 2015). Second, and as emphasized by Sillmann et al. (2017), a large number of existing datasets already
facilitate computation of the CEls and analysis of a broad suite of extremes. Nevertheless, new data sources such as
satellite or remote sensing, merged and GMF (Section 3 data sources “v,” “vi,” and “vii,” respectively), should be
exploited to examine their suitability in understanding climate extremes.

Finally, another recent research area that remains not only an open and challenging research question, but also a
need of the hour, pertains to “Compound Extreme Events” (Mysiak et al., 2018). Also sometimes referred to as
“Connected Extreme Events” or “Concurrent Extremes,” these are simultaneous occurrences of same or different types
of climate extremes at two or more different locations, or the back-to-back occurrence of different climate extremes at
the same location (Raymond et al., 2020; Zscheischler et al., 2018, 2020). For example, a simultaneous occurrence of
warm and cold spells in Central Africa and North America respectively, or high intensity precipitation event followed
by flooding would be termed as compound climate extreme events. Such simultaneous extreme events typically have a
low probability of occurrence, but generally end up causing a higher impact than a univariate extreme event. Here
again, CEls are being increasingly used as tools for understanding “Compound Extreme Events” (Irannezhad,
Moradkhani, & Kleve, 2018), but a thorough evaluation of climate datasets and CEls capable of representing the tele-
connections across wider geographic scales in past, current and future climates remains a promising research avenue.

TABLE A2.1 List of datasets abbreviations used in Tables 2.4-2.6.

APHRODITE Asian precipitation—highly-resolved observational data integration toward evaluation (Japan)
BEST Berkley Earth Surface Temperatures (United States)

CERRA Copernicus regional reanalysis for Europe (Europe)

CFSR Climate Forecast System Reanalysis

CHIRPS Climate Hazards Group InfraRed Precipitation with Station data (United States)

CPC Climate Prediction Center (United States)

ECA&D/E-OBS European Climate Assessment & Dataset, and its gridded version E-OBS (Europe)
ECMWE European Center for Medium Range Weather Forecasts (Europe)

ERAS5 5th Generation ECMWF Reanalysis (Europe)

EUSTACE European Union (EU) Surface Temperature for All Corners of Earth (Europe)
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TABLE A2.1 List of datasets abbreviations used in Tables 2.4—2.6—cont’d

APHRODITE Asian precipitation—highly-resolved observational data integration toward evaluation (Japan)

GHCN-D Global Historical Climate Network-Daily

GLDAS Global Land Data Acquisition System (United States)

GPCC Global Precipitation Climatology Centre (Germany)

HadEX3 Hadley Centre Global Climate Extremes Index 3 (United Kingdom)

HadGHCND Hadley Centre (derived) GHCN-D (United Kingdom)

HadISD Met Office Hadley Centre (United Kingdom) ISD (For ISD see below)

INDECIS N.A.

ISD Integrated Surface Database (United States)

JRA-55 Japanese 55-year Reanalysis (developed by Japan Meteorological Agency—]MA)

MERRA Modern-Era Retrospective analysis for Research and Applications (United States)

MSWEP Multisource Weighted-Ensemble Precipitation

NARR North American Regional Reanalysis (United States)

NASA-GMAO National Aeronautics and Space Administration-Global Modeling and Assimilation Office

NCEI National Centers for Environmental Information (United States)

NCEP National Centers for Environmental Prediction (formerly known as the National Climatic Data Center, NCDC) (United States)
NCAR National Center for Atmospheric Research (United States)

NLDAS North American Land Data Assimilation System

NOAA-CIRES- National Oceanic and Atmospheric Administration-Cooperative Institute for Research in Environmental Sciences-(the US)
DOE Department of Energy (United States)

S-14 N.A.

TAMSAT Tropical Applications of Meteorology using SATellite data and ground-based observations (United Kingdom)

The country/region where the institution is based is mentioned in braces where applicable.
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1 Introduction

Weather and climate extremes have profound impacts on humans and society; and, against the current background
of climate change, such extremes may render many parts of the world inhabitable. These extremes include extreme hot
and cold temperatures, precipitation extremes, and extreme convective events such as hurricanes, tornadoes, and hail-
storms. The impact of these weather and climate extremes is daunting on the livelihood of the people. The increase in
the frequency and intensity of weather and climate extremes has continued to inflict exponential huge human and
financial costs on society (IPCC, 2012, 2013, 2021a). For instance, in 2016, the overall worldwide losses from meteo-
rological, hydrological, or climatological disasters amounted to US$127bn, with 2016 being the fifth costliest year
for insured losses since 1980. In the United States alone, there were about 16 events with damages of at least US$1bn
in 2017, resulting in the deaths of 282 people (Smith, 2018). The frequency of extreme events continued to increase, with
22 separate weather and climate disaster events across the United States in 2020, breaking the previous annual record
of 16 events that occurred in 2017 and 2011. It is estimated that the average overall damage/costs of weather and cli-
mate extremes per annum have risen to a new record of $120.0 billion/year (NCEI, 2021).

Nonetheless, the impact of weather and climate extremes is more devastating in developing countries given that the
population is largely dependent on seasonal climate to drive critical sectors of the economy (IPCC, 2013; Niang et al.,
2014). For instance, the Sahel drought in the 1970s/early 1980s caused millions of deaths, hampered development and
economic growth throughout the region, as agrarian activities in the region are largely dependent on summer precip-
itation (Agnew & Chappell, 1999; Held, Delworth, Lu, Findell, & Knutson, 2005; Zeng, 2003). Also, the 2013 summer
heatwaves over eastern China were the hottest on record. Economic losses associated with the accompanying
drought were estimated at $8.4bn (Sun et al., 2014). Similarly, the impact of heatwaves has continued to ravage
the Middle East and North Africa (Khan, Shahid, Ismail, Ahmed, & Nawaz, 2019; Zittis, Hadjinicolaou,
Almazroui, et al., 2021). Particularly, the India-Pakistan heatwave of 2015 resulted in more than 2500 and 2000
deaths in India and Pakistan, respectively (Wehner, Stone, Krishnan, AchutaRao, & Castillo, 2016). Apart from
the above-listed events, there are many more episodes of extreme weather and climate extremes with far-reaching
impacts on people. The most recent events include the 2021 heatwave in North America (Schiermeier, 2021), Zheng-
zhou flood disaster in China (Normile, 2021), and Germany and Belgium flood disasters (Cornwall, 2021), among
others. The plight of the affected population has continued to attract the attention of international aid organizations
as well as the scientific community, which has encouraged research activities intended to unravel the characteristics
of the extreme event in terms of causal mechanisms and prospects.

Arguably, the investigation of extreme events and their relation to climate change and variability is one of the most
challenging areas in climate research. Consequently, the World Climate Research Programme (WCRP) recognized
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weather and climate extremes as one of the grand challenges (Zhang et al., 2014) and accordingly identified the impor-
tance of “understanding and predicting weather and climate extremes” (Alexander et al., 2016; Zhang et al., 2014). The
WCRP promotes the extreme grand challenges through community-organized workshops, conferences, and strategic
planning meetings to identify exciting and high-priority research that requires international partnership and coordi-
nation, and that yields “actionable information” for decision-makers (Seneviratne & Zwiers, 2015). Nonetheless, the
“extremes grand challenge” is focused on the four most prevalent aspects of extreme events, namely heavy precipi-
tation, heatwave, drought, and storm. This is organized around four overarching themes, which are documentation
(focusing on observational requirements), understanding (focusing on the relative roles of different spatial scales and
their interactions), simulation (focusing on model reliability and improvement), and attribution (focusing on unravel-
ing the contributors to extreme events). Overall, research questions addressed under this grand challenge are related to
the development of observational products on extremes based both on in situ and satellite data, the understanding of
large-scale versus regional-scale mechanisms leading to the occurrence of extremes, the prediction, and simulation of
extremes in climate models, as well as the possible attribution of extreme events to anthropogenic climate forcing
(Alexander et al., 2016; Seneviratne & Zwiers, 2015).

As expected, these concerted efforts have led to notable advances in weather and extreme research. These include
expansion of observation and numerical model simulations to enhance our understanding of weather and climate
extremes. Thus, the ensuing publications have contributed immensely to the Intergovernmental Panel on Climate
Change (IPCC) reports intended to provide policymakers with regular scientific assessments on climate change, its
implications, and potential future risks, as well as to put forward adaptation and mitigation options. Sillmann,
Daloz, Schaller, and Schwingshackl (2021) highlighted an overview of the current scientific understanding and
approaches of analyzing weather and climate extremes in the context of observed climate change. Here, we focus
on a broad aspect of the advances in the science of weather and climate extremes, including advances in the documen-
tation, simulation, attribution, and quantification of these extremes and the projection of their future occurrences.

2 Evolution of definitions of weather and climate extremes

At this point, it is imperative to highlight the evolution of the definition of weather and climate extremes. The
extremes are by definition rare, often difficult to define, and not well observed, which pose considerable challenges
in their characterization (IPCC, 2012). However, in practice, there are many definitions of weather and climate
extremes that tend to characterize the rarity and severity of the events. According to IPCC reports, weather and climate
extremes are rare events at a particular place and time of year (IPCC, 2012, 2013). These events fall outside the realm of
normal patterns, exceed local averages, or set a record. The characteristics of extreme events may vary from place to
place. This is in line with the World Meteorological Organization (WMO) description of extreme weather and climate
events as the occurrence of a value of a weather variable above (or below) a threshold value near the upper (or lower)
ends of the range of its observed values in a specific region. Moreover, individual studies often choose the annual
maxima or arbitrary thresholds such as the 95th, 99th, and 99.9th percentiles above which to define an extreme value.
However, there can be unintended consequences of using such thresholds and the associated interpretation of results
(Alexander et al., 2016). Hence, as part of the effort to address the grand challenge of weather and climate extremes,
WCRP constituted the Expert Team on Climate Change Detection and Indices (ETCCDI) to coordinate the definition of
extreme climate indices to facilitate intercomparison (Karl, Nicholls, & Ghazi, 1999a; Peterson, 2005; Peterson &
Manton, 2008; Zhang et al., 2011).

In pursuance of its mandate to address the need for the objective measurement and characterization of climate var-
iability and change, the joint CCl/CLIVAR/JCOMM Expert Team (ET) on ETCCDI defined a suite of 27 core indices
(Karl, Nicholls, & Ghazi, 1999b; Peterson, 2005; Peterson & Manton, 2008). Zhang and Yang (2004) and Zhang et al.
(2005) provide a detailed list of the indices. These extreme climate indices are relevant for climate change detection, and
the comparison of modeled data and observations. The extreme indices fall broadly under four categories: “duration,”
“thresholds,” “absolute,” and “percentiles,” accounting for both moderate and severe extremes. In particular, the indi-
ces are tailored to be representative of droughts, precipitation extremes, heat waves, and cold waves, characterizing
spells and durations, as well as magnitude and intensity (Sillmann, Kharin, Zhang, Zwiers, & Bronaugh, 2013).

One of the disadvantages of the ETCCDI indices is that few of the indices are specifically sector-relevant. Hence, it
was realized that it was important to get sectors involved in the development of the sector-specific indices so that more
application-relevant indices could be developed to better support adaptation. Thus, the Expert Team on Climate Risk
and Sector-specific Indices (ETCRSCI) was commissioned, and later on Expert Team on Sector-Specific Climate Indices
(ET-SCI), with terms of reference centered on climate information for adaptation and risk management across sectors.
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A set of 34 core indices was agreed which includes the 27 ETCCD indices. In particular, Perkins and Alexander (2013)
and Perkins, Alexander, and Nairn (2012) added heat wave indices that constitute most of the ET-SCI extreme climate
indices. This is thus intended to improve decision-making for planning, operations, risk management, and for adap-
tation to both climate change and variability (covering time scales from seasonal to centennial), tailored to meet sector-
specific needs. Specifically, ET-SCI will work with sector-based agencies and experts, including those of relevant WMO
Technical Commissions, particularly the Commission for Climatology for health, the Commission for Hydrology
(CHy) for water, and the Commission for Agricultural Meteorology (CAgM) for agriculture and food security, to facil-
itate the use of climate information in users’ decision-support systems for climate risk management and adaptation
strategies. It should be noted that index development is an ongoing activity as additional sector needs arise and other
sectors are considered within the terms of reference and deliverables of ET-SCI. Nevertheless, both ETCCDI and
ET-SCI commissioned the development of RCIimDEX (Zhang & Yang, 2004) and CHmPACT2 (Alexander &
Herold, 2016) to produce an easy and consistent way of calculating the indices.

Numerous observational and numerical model studies have used these indices to study variability and changes in
climate extremes across timescales (Ayugi et al., 2021; Diatta, Mbaye, & Sambou, 2020; Dike, Lin, & Ibe, 2020; Dike, Lin,
Wang, & Nnamchi, 2019; Khan et al., 2019; Perkins et al., 2012; Perkins & Alexander, 2013; Peterson & Manton, 2008;
Seneviratne & Zwiers, 2015; Sillmann, Kharin, Zhang, et al., 2013; Sun et al., 2014). Furthermore, considering the fact
that most daily observation datasets are not openly available (Dike et al., 2018), the ETCCDI facilitated several regional
workshops, where representatives of National Meteorological and Hydrological Services (NHMSs) could attend and
calculate the climate extremes indices from their daily data without needing to release those data publicly (Peterson &
Manton, 2008). This effort has yielded three generations of a land-surface dataset of climate extremes indices (HadEX)
(Caesar, Alexander, & Vose, 2006; Donat et al., 2013a, 2013b; Dunn et al., 2020). The datasets provide a tool for under-
standing climate extremes, especially in developing countries (Dunn et al., 2020).

More recently, an international effort has been focused on global subdaily rainfall extremes, through the INTENSE
(INTElligent use of climate models for adaptatioN to non-Stationary hydrological Extremes) project (Blenkinsop
et al., 2018). The INTENSE project has contributed substantially to the research efforts of the Global Energy and Water
Exchanges (GEWEX) Hydroclimatology Panel (GHP) and the WCRP “Grand Challenge” on extremes (Alexander et al.,
2016). Following deliberations with the climate observations and modeling communities, the project identified a new set
of indices that describe important attributes of subdaily extremes (Table 3.1; Lewis et al., 2018). These indices are inten-
tionally described to correspond with the existing daily ETCCDI indices. For example, indices of monthly maxima of
hourly and multihourly rainfall will be provided along with monthly counts of threshold exceedances, as well as indices
reflecting the diurnal cycle (e.g., monthly index of the wettest hour). These indices are consistent with the naming and
methodological conventions of the ETCCDI daily indices for easy application by users and the data will be made freely
accessible for research purposes (Alexander et al., 2019; Lewis, Guerreiro, Blenkinsop, & Fowler, 2018).

TABLE 3.1 Definitions of the proposed set of subdaily precipitation indices.

Type of index Index

Monthly maximum indices Rx1h monthly maximum 1h precipitation

Rx3h monthly maximum 3h precipitation

Rx6h monthly maximum 6h precipitation

Rx1hP percent of daily total that fell in the Monthly maximum 1h precipitation
Diurnal cycle indices LW1H monthly likely wettest hour within a day

LD1H monthly likely driest hour within a day

DLW1H dispersion around monthly likely wettest hour within a day

SIHII simple hourly precipitation intensity index

CW1H maximum length of wet spell
Frequency/threshold indices R10mm1h monthly count of hours when PRCP >10mm

R20mm1h monthly count of hours when PRCP >20mm

Rxmm1h annual count of hours when PRCP > nnmm, nn is a user defined threshold

General indices PRCPTOT1h annual total precipitation in wet hours
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3 Spatiotemporal scales of measurement of weather and climate extremes

The measurement and statistics of extreme values of weather and climate parameters have progressed from a general
art and science to a highly sophisticated body of knowledge and technology that may be applied to a wide range of
practical activities (Radinovi¢ & Curi¢, 2014). This progress includes advances in the measurement of frequency, duration,
and intensity among others on both weather and climate scales (El Kenawy, Lépez-Moreno, & Vicente-Serrano, 2011;
IPCC, 2013; Niang et al., 2014; Perkins & Alexander, 2013; Peterson, 2005; Peterson & Manton, 2008; Radinovi¢ &
Curié, 2012, 2014). Many aspects of weather and climate extremes are well represented by daily means (Perkins &
Alexander, 2013; Zhang et al., 2011). Nonetheless, some aspects of weather extremes are better represented by subdaily
datasets (Alexander et al., 2019; Lewis et al., 2018). Both observational and numerical model studies have analyzed
weather and climate at different timescales (Fischer, Beyerle, & Knutti, 2013; Forster & Thiele, 2020; Kirchmeier-
Young & Zhang, 2020; Li, Guo, Sha, & Yang, 2021, Myhre, Alterskjer, Stjern, et al., 2019; Sillmann et al., 2017;
Sillmann, Kharin, Zhang, et al., 2013; Yao et al., 2021). Notably, it has been found that the spatial scale of weather and
climate extremes are nonlinear (Angélil, Stone, Perkins-Kirkpatrick, et al., 2018) and not homogeneous (Hu et al., 2019).

Obviously, the spatiotemporal scales of quantifying weather and climate extremes are largely dependent on the avail-
ability of datasets to test the stochastic hypothesis and different scales. Thus, the advancement in spatiotemporal scales of
measurement can further be discussed based on the spatiotemporal improvements in both observational and model
datasets. Interestingly, spatiotemporal scales in the measurement of weather and climate extremes have continued to
improve over the years. For instance, the spatial resolution of observational and model datasets has improved from
coarse to finer resolutions. Particularly, improved observations and sampling of under-sampled areas have enhanced
both spatial and temporal scales of observational datasets needed for monitoring and detection of weather and climate
extremes. The progress in HadEX is one such example. HadEX was the first global data set to contain all 27 indices
defined by the ETCCDI (Alexander et al., 2006), which covered the period from 1951 to 2003. HadEX2 extended the
length of the data set, from 1901 to 2010 and the number of land-surface stations contributing to HadEX2 was larger
than that in HadEX. Given the spatial distribution of the station datasets, both HadEX and HadEX2 were made available
on 3.75° x 2.5° longitude-latitude grid resolution. It is also important to mention the Global Historical Climatology Net-
work daily climate extremes (GHCNDEX; Donat et al., 2013a) and (HadGHCND; Caesar et al., 2006), which includes
temperature extremes that are similar efforts interpolated into the same grid used by HadEX. Moreover, most of ETCCDI
estimated using RClimdex were calculated on an annual scale. The advent of ET-SCI provided the opportunity for
monthly estimation of most of the extreme climate indices. This measurement of climate extremes implemented in CLIM-
PACT?2 enabled seasonal scale analysis of these extremes which serves the needs of specific sectors. Thus, HadEX3 con-
solidated on the advances in HadEX, and HadEX2 by providing a finer resolution dataset of 1.875 x 1.25 longitude-
latitude grid and covering the temporal scale from 1901 to 2018 (Dunn et al., 2020). However, progress is still limited
and there are key regions of the globe such as Africa where the issue of very limited access to data remains
(Alexander et al., 2019). Hence, data availability in recent decades remains a challenge in Africa (Dike et al., 2018).

Nonetheless, it is becoming increasingly clear that indices based on daily data will miss or mask some of the most
intense events that could lead to flash flooding. Consequently, the focus has shifted to the use of indices for subdaily
data. However, access to and availability of subdaily station data is even more limited than that of daily data
(Alexander et al., 2019). Interestingly, some datasets have been or are being developed as part of the INTENSE project
(Blenkinsop et al., 2018) intended to monitor and detect subdaily rainfall extremes. For example, the Global Subdaily
Rainfall dataset (GSDR; Lewis et al., 2019) has been developed as the first major international effort to focus on global
subdaily rainfall extremes. These dataset will be useful for the estimation of subdaily precipitation extremes.
Hopefully, this effort will address the case of small-scale convective extremes which are often masked by daily means.

Additionally, model simulation has aided our ability to understand future changes in weather and climate extremes.
However, the range of changes reported in the climate modeling literature is very large, sometimes leading to contra-
dictory results for a given extreme weather and climate event. Much of this uncertainty stems from the incomplete under-
standing of the physics of extreme weather processes, lack of representation of mesoscale processes in coarse-resolution
climate models, and the effect of natural climate variability at multidecadal time scales (Moore, Matthews, Simmons, &
Leduc, 2015). Interestingly, the progress in model development has continued to address these problems to a commend-
able extent. One good example is the consistent progress in the Coupled Model Intercomparison Project (CMIP; Eyring
etal., 2016; Meehl et al., 2007; Meehl, Covey, McAvaney, Latif, & Stouffer, 2005; Taylor, Stouffer, & Meehl, 2012) and the
regionally downscaled version Coordinated Regional Climate Downscaling experiment (CORDEX; Gutowski Jr. et al.,
2016). Hence, the model outputs have been used to investigate variations and changes in weather and climate extremes
across scales.
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4 Changes in frequency, intensity, duration of climate extremes

Extreme climate indices are defined to capture the frequency, intensity, and duration of climate extremes. Many
studies have used these indices to investigate changes in weather and climate extremes (IPCC, 2021a; Sillmann,
Kharin, Zwiers, Zhang, & Bronaugh, 2013; Sun et al., 2014; Zittis et al., 2021). There is a seeming consensus that
the changes in these extremes are invigorated by global warming (IPCC, 2012, 2013, 2018, 2021a, 2021b). Analytically,
the present-day change can simply be estimated as the long-term trend of a time series which can be assessed using a
wide variety of datasets. Meanwhile, a clear change can also be established from the year-to-year variations of climate
extremes, estimated as a departure from the long-term mean. It is imperative to note that the results may show strong
interannual variability rather than a long-term change. For instance, Sun et al. (2014) obtained a strong interannual
variability before 1990 and a clear change thereafter, the study thus focused on the rapid increase of the anomalous
temperature extremes after the 1990s. Meanwhile (Mishra, Ganguly, Nijssen, & Lettenmaier, 2015) showed a clear
change. This may also hold for projected change in climate extremes. However, results from studies vary depending
on the choice of baseline and time slide selected for the future projection (Liersch et al., 2020). To foster intercomparison
of results, the WMO recommends using the 30-year period of 1961 to 1990 as the climate normal when comparing with
future periods and that this should be maintained as a reference for monitoring long-term climate variability and
change (WMO, 2014). Later on, the 30-year baseline period was updated, 1981-2010, to give a more recent context
for understanding weather and climate extremes (WMO, 2017). The IPCC used the 20-year period 1986-2005 as
the baseline in many diagrams in the Fifth Assessment Report (IPCC, 2014) and the Sixth Assessment Report used
1995-2014 as the baseline period (IPCC, 2021a, 2021b; Liersch et al., 2020). Meanwhile, the relative change between
a specific baseline and a corresponding future period is computed as shown in Eq. (3.1):

F Cfuture,i —F Cbase, j

AFC; =
v Fcbase,j

3.1)

where FCy,¢. is the average of the annual values of the baseline period and FCpp,re is the average of a future period.
The index i refers to different future periods. The index j represents the baselines.

Several studies have used these methods to investigate the future changes in the frequency, intensity, and duration
of temperature and precipitation extremes (Freychet, Hegerl, Mitchell, & Collins, 2021; Ge, Zhu, Luo, Zhi, & Wang,
2021; King et al., 2018; Sillmann, Kharin, Zwiers, et al., 2013; Westra et al., 2014; Xu, Gao, Giorgi, et al., 2018).

For instance, we present in Fig. 3.1 is the projected changes in summer precipitation extremes under a high green-
house gas emission scenario, Fig. 3.1a shows that the projected summer changes in total precipitation amount are
regionally dependent in monsoon regions, such that CMIP6 models project a significant and robust increase in
PRCPTOT over east Asia, north Africa, North America, India and South Asian monsoon regions toward the end of
the 21st century. Nonetheless, the projected changes in total summer precipitation amount are seemingly linked to
the projected changes in the frequency (RR1) and the intensity (RX5day) of precipitation extremes. In the next section,
we discuss in detail the changes in frequency, intensity, and duration of climate extremes based on studies that have
quantified the changes in climate extremes.

4.1 Changes in frequency of weather and climate extremes

On the scale of weather events, it has been suggested that human-induced climate change has invigorated more
frequent extreme weather events (Robinson, 2021). However, certain types of extreme weather events have become
more frequent while other types have become less frequent (Moore et al., 2015; Robinson, 2021). In particular, heat
waves have become more frequent while extreme cold days are less frequent (Meehl et al., 2000). Nonetheless, both
observational and numerical model studies also suggest an increase in the frequency of extreme precipitation (Moore
et al., 2015; Myhre et al., 2019; Robinson, 2021). It is however, important to note that the reported increase in the fre-
quency of extreme precipitation is regionally dependent; hence, they are not homogenous across the globe. Addition-
ally, Tabari, Hosseinzadehtalaei, AghaKouchak, and Willems (2019) indicate that uncertainties in the projected
changes are highly heterogeneous across latitudes. Such that the tropical and subtropical regions are identified as
the global uncertainty hotspots, with the Sahara desert and the southern part of the Middle East being the local hot-
spots. This heterogeneity on regional scales reflects the important role of local/regional processes and feedbacks,
which can substantially impact the effects of climate change at regional levels (Sillmann et al., 2017, 2021). Nonetheless,
the changes in the frequency of weather extremes are attributable to climate change resulting from anthropogenic forc-
ing (Mann, Rahmstorf, Kornhuber, et al., 2017; Ornes, 2018).
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FIG. 3.1 Spatial distribution of the projected changes in precipitation extremes under the SSP5-8.5 emission scenario, 2081-2100 relative to ref-
erence period 19952014 during the summer July-August-September (JJA) season. (a) Total precipitation amount (PRCPTOT), (c) Frequency of rainy
days estimated by the number of wet-days >1mm (RR1). (c), maximum consecutive 5-day precipitation (RX5day). Shadings are the multimodel
ensemble mean change. The black dots indicate statistically significant changes at the 95% confidence level and the slopped green (gray in print version)
hatching indicates grid points where at least 70% of the GCMs agree on the sign of the change in ensemble mean.

Although some extreme climate indices represent the frequency of extreme events, many studies have investigated
the frequency of extreme events as a function of their return periods (Herold et al., 2021). Return periods are derived
from the inverse of the occurrence probability of an event, with lower return periods indicating a higher frequency of
an event (Herold et al., 2021; Kharin, Zwiers, Zhang, & Hegerl, 2007). Similarly, it is found that rarer extreme events
will experience greater changes in frequency in China, especially under higher warming (Li, Bai, You, Hou, & Li, 2021).
Similar results are obtained for subdaily precipitation over Europe as Hosseinzadehtalaei, Tabari, and Willems (2020)
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indicated that the frequency of subdaily extreme precipitation events of 50- and 100-year return periods will be tripled
under the high-end RCP8.5 scenario. In addition, the frequency change in weather and climate extremes can also be
assessed as the change in the number of events above the threshold given by the reference period (see Myhre et al.,
2019; Sun et al., 2014 for details). Interestingly, it is found that the frequency of climate extremes have increased in most
land areas and this is projected to increase further due to the impact of global warming (Myhre et al., 2019). For
instance, Myhre et al. (2019) studied the changes in precipitation extremes throughout Europe and found that the fre-
quency of extreme precipitation has increased extensively under global warming. Besides, Fig. 3.1b shows that the
changes in the projected frequency of summer wet-days are regionally dependent in monsoon regions, such that
CMIP6 models project a significant and robust increase in RR1 over east Asia, north Africa, North America, India
and South Asian monsoon regions toward the end of the 21st century. Relatedly, Sun et al. (2014) demonstrated that
the frequency of hot summers has increased in China and will continue to increase toward the end of the 21st century.
Similar inferences are obtained from studies that used extreme temperature indices that represent the frequency of
high-temperature extremes throughout the region (Chen & Dong, 2021; Shi, Jiang, Chen, & Li, 2018). In a warmer
world, the frequency of extreme heat waves would double over most of the globe under 2°C global warming
(Dosio, Mentaschi, Fischer, & Wyser, 2018). In Africa, lyakaremye et al. (2021) demonstrated that warm days’ fre-
quency is expected to upsurge under shared socioeconomic pathways (SSP), thus by SSP2-4.5 (26%-59%) and
SSP5-8.5 (30%—69%) relative to the recent climate and highlighted the increase population exposure the high temper-
ature extremes. The changes in frequency of heatwaves have also been linked to global warming. Moreover, there is
seeming consensus on the global scale increase in high temperature extremes and this persistent increase in high tem-
perature extremes is attributed to the increase in greenhouse gas emissions and the consequential increase in global
warming (Chen & Dong, 2021; Shi et al., 2018; Sun et al., 2014).

4.2 Changes in intensity of weather and climate extremes

In a warming climate, saturation vapor pressure increases exponentially with atmospheric temperature accord-
ing to the Clausius-Clapeyron relationship (Lenderink, Barbero, Loriaux, & Fowler, 2017; Skliris, Zika, Nurser,
Josey, & Marsh, 2016). This increase in atmospheric water vapor, in turn, invigorates heavier than normal precip-
itation (Liu, Liu, Shiu, Li, & Zhang, 2016; Trenberth, Dai, Rasmussen, & Parsons, 2003). Observational studies have
shown the intensification of precipitation extremes (Dike et al., 2020; Guerreiro et al., 2018). Moreover, Westra et al.
(2014) found evidence that extreme rainfall intensity has been increasing on the global scale in recent years, poten-
tially leading to an increase in the magnitude and frequency of flash floods. Interestingly, more intense but less
frequent precipitation extremes have been reported in some regions (Bichet & Diedhiou, 2018; Luong, Dasari, &
Hoteit, 2020). In fact, the intense weather and climate extremes are characterized by record-shattering severe
extremes for both precipitation (Fischer, Sippel, & Knutti, 2021) and temperature extremes (Nangombe et al.,
2018). Evidence shows that human-induced increases in greenhouse gases have contributed to the observed inten-
sification of heavy precipitation events (Min, Zhang, Zwiers, & Hegerl, 2011). The intense weather and climate
extremes have also been projected to increase significantly in the future (Fischer et al., 2013; Nangombe et al.,
2018; Westra et al., 2014) according to the Clausius-Clapeyron relationship (Lenderink et al., 2017; Moustakis,
Papalexiou, Onof, & Paschalis, 2021; Skliris et al., 2016). Moreover, Fig. 3.1c illustrates that the accumulated
changes in total summer precipitation is significantly linked to the projected changes in intense precipitation
extremes over the aforementioned regions.

Moreover, lyakaremye et al. (2021) found that the intensity of high-temperature extremes is anticipated to escalate
between 0.25°C and 1.8°C and 0.6°C to 4 °C under SSP2-4.5 and SSP5-8.5, respectively, in mid-21st century over Africa.
They concluded that ~353.6 million person-days under SSP2-4.5 and ~401.4 million person-days under SSP5-8.5 will
be exposed to intense high-temperature extremes mainly due to the interaction effect. In a 1.5°C world, 13.8% of the
world population will be exposed to severe heat waves at least once every 5years. This fraction becomes nearly three
times larger (36.9%) under 2°C warming, i.e., a difference of around 1.7 billion people across the globe (Dosio et al.,
2018). Already vulnerable regions like Africa will be hard-hit, as significant warming across Africa is projected at the
1.5°C warming world and is amplified at the 2°C world, exceeding the mean global warming rate (Nangombe, Zhou,
Zhang, Zou, & Li, 2019). Extreme heat can have adverse impacts on human health, leading to decreased worker pro-
ductivity, causing increased morbidity and, more severely, resulting in premature death (Dosio et al., 2018; Sillmann
et al., 2021). Not only will the human population be affected by the intensification of high-temperature extremes, but
the impact on the ecosystem will be daunting in the future (Stillman, 2019). Nonetheless, heat waves are also often
interlinked with drought conditions and importantly, they can mutually exacerbate each other (Sillmann et al,,
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2021; Trenberth et al., 2014). As such, the intensification of dry conditions has also been documented (El Kenawy et al.,
2020; Fathian et al., 2020; Zhang et al., 2018) and is projected to intensify in the future (Ukkola, De Kauwe, Roderick,
Abramowitz, & Pitman, 2020).

4.3 Changes in timing, duration seasonality of weather, and climate extremes

Global warming is intensifying extreme weather and climate events arising from fundamental properties of the
thermodynamics of air (Trenberth et al., 2003). Particularly, the intensification of extreme precipitation will likely
affect ecosystems and flooding around the world. It has also been observed that the changes in the climate systems
have also altered the timing, duration, and indeed the seasonality of precipitation (Kumar, 2013; Li, Yu, & Sun, 2013;
Mondal & Mujumdar, 2015; Moustakis et al., 2021; Persiano et al., 2020; Tan, Wu, Liu, & Chen, 2020). For instance,
statistically significant changes in the seasonality and duration of precipitation extremes with shorter spell duration
that are uniformly distributed throughout the year are projected over the United States (Moustakis et al., 2021). Fur-
thermore, Feng, Porporato, and Rodriguez-Iturbe (2013) also reported a shift in seasonal magnitude, timing, and dura-
tion of precipitation in the tropics. Similar changes have also been reported over central Asia (Dike, Lin, Kece,
Langendijk, & Nath, 2022), and the Alps (Bronnimann et al., 2018). Dike et al. (2022) found a seeming future change
in the seasonality of the projected precipitation extremes over Central Asia with a likelihood of drier (wetter) spring
over the southern (northern) central Asia and conversely wetter (drier) summer over northern (southern) central Asia
which is departure from norm over the subregions. Moreover, Bronnimann et al. (2018) demonstrated that RX1day
events have become less frequent in late summer and more frequent in early summer and early autumn, when it is
cooler. Hence, the seasonality shift in RX1day extreme is perhaps related to dry and warm summer. As such the accom-
panying compound extreme events may have a far-reaching impact on the people. It has also been suggested that
extreme events will likely intensify in the future, while their duration and seasonal timing will shift in many regions
in a warmer future (Moustakis et al., 2021; Persiano et al., 2020). Arguably, changes in the seasonality precipitation
extremes may be more important than the changes in mean precipitation (Chou et al., 2013; Lan, Lo, Chen, & Yu,
2019), due to more significant impact induced on critical sectors like agriculture and ecology. Interestingly, studies
have investigated the mechanism associated with the changes in precipitation seasonality (Chou et al., 2013; Lan
et al., 2019). It is found that changes in seasonal precipitation are associated with thermodynamic changes due to
the increase in water vapor and the dynamic response due to atmospheric circulation changes (Chou et al., 2013;
Geng, Xie, Zheng, & Wang, 2020; Lan et al., 2019).

4.4 Large-scale features associated with weather and climate extremes

Compelling scientific evidence has demonstrated that the observed and projected changes in weather and climate
extremes are largely invigorated by global warming resulting from human activities (IPCC, 2021a, 2021b; Sun et al.,
2014; Tabari, Madani, & Willems, 2020). Particularly, process-based understanding of the mechanism associated with
the changes in the extremes links the increasing anthropogenic greenhouse gas emissions to global warming, which
creates instability in the climate system (Trenberth et al., 2003). Moreover, extreme events are modulated by a complex
system of large-scale atmospheric interactions. These interactions stem from instability in the climate system, compris-
ing ocean, land, and atmosphere. Arguably, natural variabilities in the ocean are known to induce extreme weather
and climate events at different time scales ( Joshi, Rai, Kulkarni, & Kucharski, 2020; Wang & Yan, 2011). For example, a
Madden-Julian Oscillation (MJO) at subseasonal timescale, El Nino-Southern Oscillation (ENSO) at interannual time-
scale, the Pacific Decadal Oscillation (PDO), and Atlantic multidecadal oscillation at decadal timescale. The underlying
mechanisms have been noted in many studies (Joshi et al., 2020; Matsueda & Takaya, 2015; Muhammad, Lubis, &
Setiawan, 2021; Stephenson et al., 2014; Wei, Yan, & Li, 2021). These factors drive dynamic conditions like monsoon
systems, atmospheric rivers, low-level jets, tropical and extratropical cyclones, and subtropical highs, among others,
which invigorate precipitation and temperature extremes (Hatsuzuka, Sato, & Higuchi, 2021; Matsueda & Takaya,
2015). Moreover, the characteristics of these natural variabilities are been altered by global warming (IPCC, 2021a,
2021b), as these dynamic processes are strongly interconnected with thermodynamic factors (Liu, Tan, Gan, et al,,
2020; Wang & Yan, 2011) through the Clausius-Clapeyron relationship (Trenberth et al., 2003).

In the context of global warming, both atmospheric dynamics and thermodynamic conditions have been undergo-
ing significant changes (Pfahl, O’Gorman, & Fischer, 2017; Witze, 2018), leading to changes in the atmospheric mois-
ture sources, transport pathways, and their development and evolution that are highly associated with occurrences of
extreme precipitation events (Zhou, Huang, Wang, & Cheng, 2018). Changes in the moisture in the air depend on
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temperature. When the air is heated by 1°C, it can hold approximately 7% more water (Hatsuzuka et al., 2021; Liu et al.,
2020; Trenberth et al., 2003). The severity of extreme precipitation events is often determined by the amount of water
vapor in the atmosphere and an increase in atmospheric water vapor due to an increase in its temperature, and the
amount of precipitation is expected to increase (Liu et al., 2020; Pfahl et al., 2017; Trenberth et al., 2003). In addition to
thermodynamic mechanisms for water vapor, extreme precipitation events also result from dynamic mechanisms of
multiscale weather systems like atmospheric rivers, low-level jets, and tropical cyclones, subtropical highs, among
others. Their complex interactions drive atmospheric moisture transport and provide water vapor for precipitation
and its extremes (Liu et al., 2020; Zhou et al., 2018). The dynamics of each of these weather systems are typically
restricted by some regional synoptic circulations (Liu et al., 2020). As the dynamic response of the extremes is asso-
ciated with the changes in the spatial distribution of atmospheric circulations, hence, the changes in weather and cli-
mate extremes are not regionally and seasonally homogenous (Dike et al., 2022). Accordingly, changes in synoptic
circulations could impact the persistent water vapor sources and pathways for extreme precipitation that are provided
by these weather systems. Moreover, the underlying mechanism causing the air to rise in a mesoscale convective sys-
tem, precipitation is often classified as convective precipitation due to atmospheric instability and dynamic precipi-
tation arising from large-scale lifting or orographic lifting (see, Liu et al., 2020), and references therein. It has been
suggested that the synoptic occurrence of precipitation extremes is largely determined by large-scale atmospheric cir-
culations, while thermodynamic aspects of the atmosphere determine the intensity of precipitation extremes (Busuioc,
Dobrinescu, Birsan, Dumitrescu, & Orzan, 2015; O’Gorman & Schneider, 2009; Pfahl et al., 2017).

5 Innovations in weather and climate extremes prediction

Subseasonal to seasonal prediction of extreme weather events is one of the major challenges to the scientific com-
munity (Vitart et al., 2019). The prediction of extreme weather events 2 to 6 weeks ahead has immense social-economic
benefits for hazard prevention and risk management as well as economic planning (Wang & Moon, 2018). Considering
this challenge and the importance of subseasonal to seasonal prediction, the World Weather Research Program in alli-
ance with the World Climate Research Program established subseasonal to seasonal prediction project (S2S) project in
2013 (Vitart & Robertson, 2018). Since the inception of the S2S project, giant strides have been made to facilitate seam-
less subseasonal to seasonal prediction of extreme weather and climate events. This includes enhanced understanding
of the physical basis for subseasonal prediction which is primarily rooted in the intrinsic predictability of large-scale
circulation associated with MJO which modulates extreme weather events in the tropics and extratropics (Wang &
Moon, 2018). Interestingly, recent advances model physics and the implementation of deep learning bias correction
method have significantly improved the accurate prediction of tropical MJO and its teleconnections (Hirons,
Inness, Vitart, & Bechtold, 2013; Kim, Ham, Joo, & Son, 2021; Wang & Moon, 2018). It is therefore expected that in
the near future, S2S framework for forecasts of extreme events will be fully operational at community level to provide
an early warning for extreme events a few weeks in advance.

It is also imperative to state that the innovations that artificial intelligence signifies a beginning of a new era in
extreme weather and climate prediction. Recent studies have shown that deep learning approach can skillfully rep-
resent subgrid processes in climate models (Rasp, Pritchard, & Gentine, 2018). Moreover, it has been found that deep
learning multiyear ENSO forecasts are more skillful than those of current state-of-the-art dynamical forecast systems
(Ham, Kim, & Luo, 2019). In addition, artificial intelligence is used to reconstruct missing climate information (Kadow,
Hall, & Ulbrich, 2020) and parameterization of climate models (Rasp et al., 2018). This suggests that model uncer-
tainties and biases which have impeded the accuracy of climate models in the past can be corrected by artificial intel-
ligence (Bafio-Medina, Manzanas, & Gutiérrez, 2020; Reichstein et al., 2019). As such, it is expected that in the future
artificial intelligence will enhance extreme weather and climate predictions for disaster risk reduction (WMO, 2022).

6 Conclusion

Extreme weather and climate events undoubtedly constitute a huge threat to human existence and the ecosystem. Itis
important to characterize weather and climate extremes for the development of mitigation and adaptation strategies.
Several global concerted efforts commissioned the scientific community to pursue new research frontiers in order to
shape our understanding of weather and climate extremes. Over the years of continuous work, substantial evidence
has emerged that clearly shows that the occurrence of extreme weather and climate events are invigorated by global
warming. Furthermore, studies have shown that global warming is mainly driven by the increase in greenhouse gas
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emissions (IPCC, 2012, 2013, 2021a). Consequently, record-breaking extreme weather and climate events have contin-
ued toravage different parts of the world, and its impact is daunting and inimical to sustainable development. Moreover,
the scientific community has continued to make progress in research frontiers aimed at providing credible information
needed to alleviate the impact of weather and climate extremes around the globe. Specifically, the IPCC reports are
handy with a summarized report for policymakers which provides a high-level summary of the understanding of
the current state of the climate, including how it is changing and the role of human influence (Tabari et al, 2020). IPCC
reports also provide a high-level summary on the state of knowledge about possible future climate change (especially
those relevant to key regions and sectors), as well as the mitigation of human-induced climate change (IPCC, 2021b).

This chapter has captured in fair terms some of the progress made so far toward better documentation, understand-
ing, simulation, and the attribution of weather and climate extremes. One notable challenge to the understanding of
weather and climate extremes was the lack of datasets needed for the monitoring and detection of extreme events.
Hence, expansion of observation capability provides more reliable information on the state of the atmosphere and
ocean surface from land-based and space-based instruments. This allows seamless analysis of extreme weather
and climate events using climate extreme indices which particularly describe temperature and precipitation extremes,
and are tailored to meet sector-specific needs. These indices have encouraged analysis of extreme climate events at
global and regional scales using high resolution in situ and satellite datasets. Later on, the subdaily precipitation indi-
ces were defined to account for extreme weather events. As short-duration extreme precipitation can cause devastating
flooding that puts lives, infrastructure, and natural ecosystems at risk. However, a significant barrier to answering
extant scientific questions is the lack of availability subdaily rainfall data on the global scale. Interestingly, ongoing
efforts have led to the collation of several global subdaily rainfall datasets based on gauge observations. The dataset
has a wide range of applications, including improving our understanding of the nature and drivers of subdaily rainfall
extremes, improving and validating high-resolution climate models, and developing a high-resolution subdaily sub-
daily rainfall dataset of indices. In addition to improved observations, continuous progress in climate model devel-
opment has also contributed significantly to our understanding of how extreme weather and climate have
changed in the past and may change in the future. In particular, the Coupled Model Intercomparison Project and
its diagnostic MIPs like Detection and Attribution Model Intercomparison Project (DAMIP) and CORDEX, among
others, provide experiments to quantify the role of greenhouse gases.

Interestingly, numerous studies have used these indices and datasets to investigate weather and climate extremes
and concluded that weather and climate extremes have increased in both intensity and frequency (IPCC, 2012, 2013,
2021a). However, less frequent and more intense precipitation extremes have been observed in some regions (Bichet &
Diedhiou, 2018; Luong et al., 2020). Nonetheless, future projections indicate that one of the most visible consequences
of a warming world is an increase in the intensity and frequency of extreme weather events (IPCC, 2021a). Thus, efforts
to pursue low global warming might be of considerable benefit. Although the 2.0°C limit above preindustrial levels has
been under discussion for years as a benchmark for dangerous impacts, many small island countries highly susceptible
to the dangers of climate change have raised concerns that a 2°C target might not be enough to shield them from the
risk associated with global warming. Therefore, they welcomed the Paris agreement centered on limiting global warm-
ing to 1.5°C with great expectations (IPCC, 2018). In fact, the latest IPCC report opined that in the next 20 years global
temperature is expected to reach or exceed 1.5°C of warming (IPCC, 2021a, 2021b), unless there are rapid, sustained,
and large-scale reductions in climate change-causing greenhouse gas emissions, including CO,, methane, and others.
The report further notes that efforts to reduce greenhouse gas emissions over the past decades have been wholly insuf-
ficient, and charged nationally determined contributions to net-zero emissions (IPCC, 2021b).

Although significant efforts have been made to document, understand, simulate, and attribute weather and climate
extremes, the investigation of extreme events and their relation to climate change and variability remains one of the
most challenging areas in climate research. For progress to be sustained, the scientific community needs early-career
scientists” deep empathy for event-driven losses and casualties, who will use advanced statistical tools to explore the
scale of interaction of extreme events (Carlson, 2015). Interestingly, recent innovations in artificial intelligence present a
new frontier that holds the potential to take extreme weather and climate research to a new dimension, especially in
model physics and parameterizations needed to reduce biases and uncertainties in climate model simulations. In addi-
tion to its potentials in revolutionizing subseasonal prediction of weather extremes needed for early warning system as
severe extreme weather persists.
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1 Introduction

West African rainfall varies at both spatial and temporal scales, which pose a significant challenge for assessing and
understanding climate change over the region. This variation is partly due to the heterogeneous nature of the region’s
climate and presence of geographic features, such as the Saharan deserts, mountains and plateaus, sizeable lakes, land-
sea contrast, and sea surface temperature of the surrounding Atlantic Ocean (Akinsanola, Ogunjobi, Gbode, & Ajayi,
2015; Sylla, Giorgi, Coppola, & Mariotti, 2013). These features influence not only the distribution and statistics of daily
rainfall and extremes, but also the onset and evolution of the monsoon rainy season (Sylla, Dell’Aquila, Ruti, & Giorgi,
2010). This effect may exert huge impact on natural systems and human activities than average rainfall distribution
(Parry, Canziani, Palutikof, Van Der Linden, & Hanson, 2007). Sectors such as agriculture, health, and water resources
require useful information on how the weather and extreme events affect their operations. This information is readily
accessible from meteorological data but cannot be directly applied to specific sectors. Transforming this data to directly
applicable forms, thus, there is need for an assessment of long-term historical and projected climate records over the West
African region (Akinsanola & Zhou, 2019). In this case, such assessment is a careful evaluation of a product’s ability to
reproduce values of hydroclimatic variables of the West African monsoon systems (Gbode, Adeyeri, et al., 2019).

Regional Climate Models (RCMs) are widely used to simulate the future changes in weather and climate. The outputs
of RCMs however contain uncertainties introduced by different sources including the forcing data, parameterization,
resolution, and algorithm (Foley, 2010; Gbode, Dudhia, Ogunjobi, & Ajayi, 2019). Although these models can be verified
with available observational data, the associated uncertainties dominate subject of discourse in atmospheric science
research. In recent times, RCMs are run at convection-permitting scales (i.e., grid size less than 4km), which allows
the model to explicitly resolve convection and reduce the uncertainties introduced by cumulus parameterization
(Prein et al., 2015). In a data sparse region like West Africa with very limited observation networks, gridded products
are used as alternative datasets to evaluate and verify RCM simulations over the region (Akinsanola et al., 2017). Some

Climate Impacts on Extreme Weather 65 Copyright © 2022 Elsevier Inc. All rights reserved.
https://doi.org/10.1016/B978-0-323-88456-3.00003-4


https://doi.org/10.1016/B978-0-323-88456-3.00003-4

66 4. Uncertainties in daily rainfall over West Africa

commonly used gridded rainfall products include: Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS); Tropical Rainfall Measuring Mission (TRMM); Global Precipitation Climatology Project (GPCP); Global Pre-
cipitation Climatology Center (GPCC); Climate Prediction Center (CPC); CPC MORPHing technique (CMORPH);
Global Satellite Mapping of Precipitation (GSMAP); Multi-Source Weighted-Ensemble Precipitation (MSWEP); and Afri-
can Rainfall Climatology (ARC). These gridded products show differences in distribution among themselves because not
only do they differ by algorithm and or platforms, but also by input data (Sylla et al., 2013). Also, the construction of
gridded dataset for model validation, especially in data sparse regions with high rainfall variability, is quite challenging.
Thus, the need for assessing substitute products that can best replicate the intended observed climatological feature of
observed rainfall (Akinsanola et al., 2017). As a result of these differences and disagreement between products, consol-
idated research efforts must be directed toward intercomparison of datasets at various temporal timescales.

Model validation and or intercomparison of datasets is generally not a new subject globally (Maraun, 2016;
Tapiador et al., 2017) and regionally (Akinsanola et al., 2015, 2017). Roca et al. (2010) compared satellite and ground
rainfall data of 2006 and reported that over West Africa the satellite products analyzed describe rainfall variability
similarly to ground measurements. The study reported that most satellite products possess high regional and seasonal
skills at 10-day scale and that they are sensitive to the passage of African easterly wave, but their skills vary on a daily
basis. Other products like TRMM and GPCP show good agreement in representing the observed seasonal rainfall pat-
tern compared with station data at different spatial resolutions over Africa (Herrmann & Mohr, 2011). Using hydro-
logical approach, Gosset, Viarre, Quantin, and Alcoba (2013), evaluated the performance of eight products relative to
gauge networks from Benin and Niger between June and September from 2003 to 2010. Results reveal that CMORPH
among two others had the highest correlation with the observed from the daily mean rainfall and rainfall accumulation
indices analyzed. Different gridded datasets provide quite different representations of daily precipitation behavior as
shown in Sylla et al. (2013). The study analyzed different indices including precipitation intensity, simple daily inten-
sity, frequency of wet days, and length of wet and dry spells from three products, including the Famine Early Warning
System dataset, over Africa for the period 1998-2007. The observation products analyzed exhibit substantial system-
atic biases in mean rainfall, especially in higher order daily precipitation statistics. Akinsanola et al. (2017) reported
that ARC v.2 was inconsistent in capturing the dry(wet) conditions associated with the El Nifio (La Nifia) over West
Africa when analyzing ARC, UDEL, GPCC, CRU, and TRMM. The study recommended the latter three for use.
Maidment et al. (2017) used different versions of Tropical Application of Meteorology Using Satellite Data and
Ground-Based Observations (TAMSAT v.2.0 & v.3.0) to compare ground-based observations from five African coun-
tries and concluded that TAMSAT does reliably well in detecting rainy days, although with less skill in capturing rain-
fall amount. More recently, Satgé et al. (2020) assessed the reliability of gridded products over West Africa using
2000-03 data and concluded that of the 23 datasets considered the best performing were MSWEP v.2.2 (CHIRPS
v.2) for daily(monthly) timescale.

A research gap however exists in the place of exploring the daily characteristics of rainfall distribution. The skills of
various gridded products can be further assessed using designated hydroclimatological indices such as those defined
by the World Meteorological Organization (WMO) Expert Team on Sector-Specific Climate Indices (ET-SCI). Also,
previous efforts could be improved by assessing monsoon onset, peak, and retreat with respect to the evaluated indi-
ces, which is critical to inform planning agricultural production and food security, and other rainfall-dependent activ-
ities. To fill these gaps, this chapter presents an intercomparison across different gridded (merged satellite-gauge
rainfall) products in terms of characteristics of daily rainfall and extreme events to assess uncertainties present in them
over West Africa region. The uncertainties are assessed by comparing the gridded precipitation products with station-
gauges over selected stations in Nigeria. Precisely, a range of daily precipitation statistics was examined for three sea-
sons: March-May (MAM); July-August (JJA); and September-November (SON), which encapsulate the monsoon
period as well as its onset and cessation.

The remaining part of this chapter is structured as follows: Section 2 describes the observational datasets and
methods used, while Section 3 presents results and discussions and Section 4 gives the summary and conclusion.

2 Data and methods

2.1 Station gauges

Daily precipitation from 24 synoptic stations in Nigeria is used as a reference data to evaluate the uncertainties in the
gridded products. The stations are distributed across the three climatic subregions of West Africa (see red dots on
Fig. 4.1) namely: Guinea Coast, Savannah, and Sahel. Nigeria makes a fair representation for understanding the West
African climatic zone since all three subregions are present in the country. Fig. 4.1 shows the distribution of the stations
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FIG. 4.1 Map of West Africa showing elevation at 100m intervals. Station locations are indicted by red (gray in print version) dots over Nigeria.

used in Nigeria and their topographic characteristics. The density and spread of the selected stations is similar to those
used in previous studies (Akinsanola & Ogunjobi, 2017; Gbode, Adeyeri, et al., 2019).

The gauge data were extracted from the archives of the Nigerian Meteorological Agency (NiMet) and cover the
period 1998-2013 (16years). This period is selected to ensure a consistent and equal time slice for all gauge data
and gridded products used. Quality control of the data is done based on standard guidelines presented in previous
studies (Gbode, Adeyeri, et al., 2019; Gbode, Akinsanola, & Ajayi, 2015). During quality control, erroneous data, such
as negative precipitation or days with precipitation greater than 200 mm, minimum temperature greater than maxi-
mum temperature, and minimum and maximum temperatures greater than 6 standard deviation (SD) from the long-
term mean (Gbode, Adeyeri, et al., 2019; Gbode et al., 2015), were replaced with —999.9, which is recognized as missing
data by climPACT?2 in order to avoid erroneous computation. The reason for using 6 SD is to reduce the number of
outliers in the dataset, which may not necessarily be an outlier mostly due to some extreme events in the highly var-
iable precipitation data.

2.2 Gridded products

Consolidating on the results of referenced literatures, six of the best performing precipitation products over West
Africa were selected for this work with the following details. Climate Hazards Group InfraRed Precipitation with Sta-
tion data version 2 (CHIRPS v2), a 0.25° horizontal resolution of merged satellite and rain gauge precipitation estimate
produced from 1981 to near-present (Funk et al., 2015); Tropical Rainfall Measuring Mission (TRMM), 0.25° resolution
3B42 product is one of the reliable sources for merged high-quality satellite-derived precipitation estimates (Huffman
et al., 2007); Global Precipitation Climatology Project (GPCP) version 1.3, a 1° resolution satellite-derived dataset from
1996 to present (Huffman, Adler, Bolvin, & Gu, 2009; Huffman, Bolvin, & Adler, 2016); Global Precipitation Clima-
tology Center (GPCC) version 1, also available at 1° resolution (Schamm et al., 2015); Climate Prediction Center
(CPC) 0.5° resolution unified (gauge-based) precipitation (Xie, Chen, & Shi, 2010); and CPC MORPHing technique
(CMORPH) version 1 raw precipitation at 0.25° resolution (Joyce, Janowiak, Arkin, & Xie, 2004).

CHIRPS v2 is a rainfall estimate from rain gauge and satellite observations created to support drought early warn-
ing and environmental monitoring (Funk et al., 2015). This product enables the assessment of historical rainfall var-
iability in order to identify and evaluate severe rainfall deficits in a timely manner. CHIRPS applied satellite-based
precipitation fields to provide improved climatology and reduced systematic bias dataset. The TRMM applied the
Version 7 TRMM Multi-Satellite Precipitation Analysis (TMPA) algorithm to produce the dataset (Huffman et al,,
2014). The dataset was derived from the three-hourly combined microwave-IR estimates with gauge adjustment com-
puted on quasiglobal grids about 2 months after the end of each month starting in January 1998. The GPCP v1.3 daily
analysis is a globally complete precipitation estimates at a spatial resolution of 1° latitude-longitude and daily time
scale from October 1996 to the present (Adler et al., 2017). This product is an improved version of GPCP v1.2 and
a companion to the monthly analysis generated through the World Climate Research Program (WCRP) and Global
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Energy and Water Exchanges (GEWEX) activities. GPCC provides daily global data of land-surface precipitation
based on precipitation data provided by national meteorological and hydrological services, regional and global data
collections as well as WMO Global Telecommunication System (GTS)-data (Schamm et al., 2013). This 1° resolution
data contains the daily totals on a rectilinear grid with temporal resolution ranging from January 1988 to present. CPC
provides gauge-based global precipitation analysis over land (Xie, 2010). The temporal resolution of the data ranges
from 1979 to present times and it is suitable for global monsoon applications. CMORPH applies techniques exclusively
derived from low orbiter satellite microwave observations, whose features are transported via spatial propagation
information that is obtained entirely from geostationary satellite IR data to produce global precipitation analyses
at very high spatial and temporal resolution. Though this method is not a precipitation estimation algorithm, but a
means by which estimates from existing microwave rainfall algorithms can be combined, making it extremely flexible
to incorporate any precipitation estimates from any microwave satellite source (Joyce, Janowiak, Arkin, & Xie, 2004).

After computing the daily statistics in terms of climate indices, the gridded precipitation products were interpo-
lated to 1° x 1° horizontal resolution using the first-order conservative remapping method (Jones, 1999). This is
important to bring the gridded observations to the same grid size so as to directly intercompare the products by
grid-to-grid point.

2.3 Methodology

Firstly, an assessment of mean precipitation as well as the time-latitude precipitation cross section over West Africa
is presented to examine onset, peak, and retreat of monsoon rainy season over the region (Hourdin et al., 2010; Le
Barbe, Lebel, & Tapsoba, 2002). As mentioned earlier, a 16-year period is considered in this analysis to ensure a con-
sistent and equal time slice for all gauge data and gridded products used. Although the time slice may not be enough to
deduce robust conclusions for climate applications, it, however, provides useful insight on how the chosen datasets
describe the characteristics of the West African monsoon rainfall. Furthermore, different hydroclimatologic indices
based on the WMO Expert Team on Sector-Specific Indices (ET-SCI) are used to assess rainfall characteristics calcu-
lated from daily climate data including total wet-day, maximum 1-day precipitation, very heavy precipitation days,
and consecutive dry(wet) days. ET-SCI was reestablished at the 17th session of the Commission for Climatology (CCI)
to develop a number of sector-specific climate indices in close collaboration with experts from health, agriculture, and
water sectors. Also, ET-SCI worked closely with the disbanded CCl Expert Team on Climate Change Detection and
Indices (ET-CCDI), which developed RClimDex software used for calculating climate indices. Detailed description of
the indices used inclusive of the definition and estimation are provided in Table 4.1. These indices were generated
using the WMO ET-SCI climPACT version 2 software and are relevant to characterize the climate sensitivity of various
sectors, such as, health, agriculture, food security, water resources and hydrology. ET-SCI increased the number of
climate indices provided by ET-CCDI and further group them into categories for applications in different priority sec-
tors. Extensive details on the indices are available from the climPACT website (ClimPACT, n.d.).

For detailed analysis of precipitation uncertainty, we evaluate quantitative measures of mean difference and pattern
correlation calculated from the mean rainfall climatology over the West African region. Also, we intercompare the
gridded products among each other and with the station gauge data.

TABLE 4.1 Description of calculated precipitation indices based on the Expert Team on Sector-Specific Indices (ET-SCI).

ID Indicator name Definitions Units  Sector”

PRCPTOT  Total wet-day precipitation Total precipitation from wet days (RR*>1mm) mm AFS, WRH

RX1day Maximum 1-day precipitation total The value of daily precipitation amount which is mm H, AFS, WRH
the maximum precipitation in 1day (max RR)

R20mm Number of very heavy precipitation days Total count of days when RR >20mm days AFS, WRH

CDD Consecutive dry days Maximum number of consecutive days with RR<1mm  days H, AFS, WRH

CWD Consecutive wet days Maximum number of consecutive days with RR >1mm days H, AFS, WRH

* RR, rainfall; H, health; AFS, agriculture and food security; WRH, water resources and hydrology.
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3 Results and discussion

3.1 Mean precipitation

The mean precipitation of rain days (i.e., rainfall > 1 mm) from station gauges (color filled circles) and the gridded
products for the three seasons MAM, JJA and SON over West Africa is presented in Fig. 4.2.

During the premonsoon season (MAM), rainfall is mostly experienced in the Guinea coast subregion, south of 10°N.
The maximum values are observed along the southern coast of the region. Generally, the gradient of rainfall decreases
with increasing latitudes. In JJA, the Inter-Tropical Convergence Zone (ITCZ), which defines the region of main mois-
ture flux convergence, is situated in the northern hemisphere and displaced northward. The ITCZ over land defines the
Inter-Tropical Discontinuity (ITD), which determines the amount of atmospheric moisture in the region. The ITD
reaches its peak northernmost latitudinal position of 22° and the ITCZ attains a quasiequilibrium position around
10°N in August. At this time, the monsoon is fully developed, and the associated rainfall is widely distributed across
the West Africa region except for Sahara Desert (Nicholson, 2013). Also, the climatological rainfall maxima are clearly
seen along the monsoon belt and over complex terrains of Cameroun Mountains, Jos Plateau, and Fouta-Djallon high-
lands, which extends further to the western coast of West Africa. The SON season marks the end of the monsoon as the
ITD retreats southward resulting to a notable decrease in the rainfall amount of this season, especially in the
northern part.

Further, Tables 4.2 and 4.3 present the statistics of the seasonal precipitation biases for the three seasons and the
pattern correlation, respectively, between station gauges and neighboring grid points over the area of interest. Varying
degree of differences can be found across the gridded products in terms of the spatial extent and magnitude of rainfall
(Table 4.2). In general, there is a good agreement between station gauges and gridded observations in JJA within the
5-15°N latitudinal band and along the southern coast, virtually, in all seasons. CMORPH and CPC show higher mean
precipitation values compared to other products, especially in the orographic areas and along the monsoon belt. Com-
pared to gauge data, CMORPH and CPC show relatively large differences as well. CHIRPS, TRMM, GPCP, and GPCC
all comparatively produced better monsoon belt defined by the precipitation pattern relative to each other and the
in-situ measurements in almost all seasons. The statistical analyses presented in Tables 4.3 show an overall higher cor-
relation coefficient (above 0.9) in most of the observation datasets except for CPC and CMORPH, where values of 0.8
are obtained. These values show a strong linear relationship in the observed precipitation patterns among the gridded
products. However, significant differences are evident in the magnitude of precipitation.

CMORPH in general produces the highest rainfall amount while CPC shows the lowest amount. CHIRPS, TRMM,
GPCP, and GPCC all have intermediate values, with TRMM rainfall being the lowest in all seasons and GPCP higher
than the CHIRPS and GPCC in some seasons.

Furthermore, the biases between the gauges and gridded products vary with season and individual product. In
general, some of the products including GPCP, GPCC, and CMORPH show overestimation of precipitation as indi-
cated by predominance of positive biases while others slightly over and underestimates precipitation at different sea-
sons. Consistent with Fig. 4.2, there is a good agreement between gauges and products, most especially in MAM and
SON seasons. Nevertheless, CMORPH overestimates precipitation amount at regions south of 11°N latitude while
CPC underestimates the observed magnitude. The inability of CPC to agree well with the gauges, mostly in JJA, is
partly associated with its inadequate description of the rain belt and the maximum over complex terrains. In other
products, the precipitation amount relative to the gauges is quite similar within 5-10°N but vary significantly outside
this latitude band. The gauge-product correlations in Table 4.3 show lesser variability across CHIRPS, TRMM, GPCP
and GPCC, with correlation ranging from 0.86 to 0.98. For datasets with ubiquitous biases (i.e., CPC and CMORPH),
the correlation ranges from 0.51 to 0.93. In general, the high precipitation correlation quantitatively corroborates that
the observations agree well with the spatial distribution pattern of gauges at seasonal scale (Fig. 4.2).

Effectively, the characteristics of mean precipitation discussed here shows that CMORPH (CPC) had the maximum
(minimum) amount while CHIRPS had the closest values relative to station gauge data. The results of the performance
of the gridded products found in this research also corroborate the findings of (Sylla et al., 2013).

3.2 Evolution of mean daily monsoon

We analyze the observed evolution of monsoon over the West African region based on daily rainfall data. This anal-
ysis is presented in Fig. 4.3, which shows latitude-time characteristics of average daily rainfall between longitudes
10°W and 10°E of West Africa for the (a) CHIRPS, (b) TRMM, (c) GPCP, (d) GPCC, (e) CPC and (f) CMORPH for
the period 1998-2017 and throughout the year. All the gridded observations show the monsoon onset in
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FIG. 4.2 (D-(Ill) Average precipitation amount for MAM, JJA and SON in (a) CHIRPS, (b) TRMM, (c) GPCP, (d) GPCC, (e) CPC and (f ) CMORPH.
The station gauge data are plotted as filled color circles at the same scale with the gridded observations.
(Continued)
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TABLE 4.2 Differences in average seasonal precipitation between the different gridded rainfall products over latitudes 5-15°N and
longitudes 10°W—-10°E domain and grid points closest to selected station gauges in Nigeria.

TRMM GPCP GPCC CPC CMORPH OBS
CHIRPS 1.5 —-25 1.0 16.4 —56.4 -1.4
10.4 1.7 -25 37.8 —24.2 22
6.1 —2.0 2.6 27.6 —23.0 1.2
TRMM —4.0 —-0.5 14.9 —57.9 0.1
—8.7 -12.9 27.4 —34.6 —14.4
-8.0 —-3.5 215 -29.1 -7.2
GPCP 3.5 18.9 —53.9 52
—4.2 36.1 -259 —6.0
4.6 29.5 -21.1 11.1
GPCC 15.5 —57.4 3.1
40.3 -21.7 9.6
25.0 —25.6 2.3
CPC -72.8 —25.1
—61.9 —62.5
-50.6 -7.2
CMORPH 74.8
17.9
36.1

The values of the rows are subtracted from the columns in the order of MAM, JJA, and SON seasons. The unit of all values is expressed in millimeters (mm).
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TABLE 4.3 Pattern correlation coefficients of average seasonal precipitation across different rainfall products calculated over the whole
West African region (0-20°N and 20°W-20°E) and at grid points closest to gauge station.

TRMM GPCP GPCC CPC CMORPH OBS
CHIRPS 0.99 0.99 0.98 0.94 0.97 0.97
0.99 0.97 0.99 091 0.93 0.86
0.99 0.99 0.99 0.91 0.94 0.96
TRMM 0.99 0.99 0.92 0.97 0.94
0.99 0.99 0.92 0.96 0.88
0.99 0.99 0.90 0.96 0.93
GPCP 0.98 0.93 0.98 0.96
0.97 0.91 0.97 0.89
0.98 0.89 0.97 0.94
GPCC 0.92 0.94 0.98
0.92 0.93 0.94
091 0.94 0.98
CPC 0.90 0.93
0.87 0.68
0.83 0.93
CMORPH 0.90
0.58
0.79

The values are computed column and row match in the order of MAM, JJA and SON seasons.
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FIG. 4.3 Latitude-time cross-section of precipitation (mmday ") for (A) CHIRPS, (B) TRMM, (C) GPCP, (D) GPCC, (E) CPC, and (F) CMORPH.
The data is averaged along 10°W to 10°E longitudes.
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April-May over the Guinea coast except for CMORPH, where the onset is defined in March. The rain band extends
northward from latitude 5°N, where the maximum rainfall amount is received. The “monsoon jump” (Hagos &
Cook, 2007; Sultan & Janicot, 2000) ensues in early June when the monsoon is fully developed, and the core of the rain
band displaced to a quasistationary position of latitude 10°N. This produces the maximum rainfall received around the
same latitude and gives rise to rainfall onset in the Sahel area as well as the appearance of rainfall break (little dry
season) in the Guinea coast. Last, a gradual retreat of the rains in early September that marks the cessation of the mon-
soon through significant decrease in intensity and southward movement of the rain band. All the gridded products
show the observed heavy intensity rainfall centered in 5°N in May through to June. The CPC show lower intensity of
peak rainfall over the Sahel relative to other products and was also unable to appropriately describe the rainfall evo-
lution pattern. The CMORPH show the highest peak in Sahel, with a near linear transit of the rain band. All the other
gridded products considered showed relatively larger differences in heavy rainfall characteristics in the Sahel region.

3.3 Extreme precipitation indices

The results of the maximum 1-day rainfall (RX1day) for each of the seasons (i.e., MAM, JJA, and SON) are presented
in Fig. 4.4. All products agreed with the gauge stations data and replicated the latitudinal gradient with a northward
decrease in observed gauge rainfall. The seasonal mean for maximum 1-day rainfall was lowest in CHIRPS and highest
in CMORPH for all seasons considered. The region along the Guinea coast showed the largest biases among the prod-
ucts for MAM between CHIRPS and CMORPH relative to TRMM, GPCP, GPCC, and CPC. In JJA, the magnitude of
observed differences between gridded products along the Guinea coast is considerably lesser than in MAM, while in
the central part of Nigeria, TRMM and CMORPH had better agreement with the gauges. All the six gridded products
show decreased values during the SON, with a more consistent performance relative to gauge stations around the
central and coastal regions of Nigeria.

Fig. 4.5 shows the average monthly count of days with very heavy precipitation for MAM, JJA and SON for each
gridded product. On average, the observed R20mm have higher values above 7 days during the JJA. Higher values of
very heavy precipitation events occur over the highlands of West Africa. The gauge revealed higher R20mm along the
Guinea coast near Cameroun mountains and areas around 10°N. Again, there are some differences across the gridded
products. There is a noticeable lower (higher) count in CHIRPS (CMORPH) for MAM relative to other products.
A degree of agreement exists for MAM among TRMM, GPCP, and GPCC, mostly in the middle belt of Nigeria. In
the same season, CMORPH contains on the average more than 4days of R20mm compared to other products. During
JJA, the areas around the Jos Plateau, Cameroun mountains, and Fouta Djallon highlands through to the edge of west-
ern coast of the region have higher occurrence of heavy rainfall activities. The GPCP rainfall agrees quite well with
gauges while others including CHIRPS, TRMM, GPCC, and CPC perform better in the southern parts of Nigeria.
All products apart from CMORPH portray, in general, lower counts of R20mm events. The situation is not too different
for SON, but there is, however, a decrease in heavy rainfall activities in all datasets in addition to similar characteristics
among TRMM, GPCP, and GPCC.

Other paramount sets of daily precipitation characteristics for assessing possible climate impacts on core sector-
specific areas are the consecutive wet days (CWD) and dry days (CDD). Fig. 4.6 shows the average consecutive
wet spell length (i.e., maximum number of consecutive days with rainfall >1mm), for in-situ measurements and
gridded products and for the three seasons under consideration. The gauges show longer maximum wet day spell
south of 10°N in MAM. CHIRPS, GPCP, GPCC, and CMORPH all show a gradient of longer maximum wet spell that
extends from the south coast to about 10°N. The spatial extent of longer CWD in TRMM is limited not too far from the
southern coast of the region and similar gradient is restricted further to the south in CPC. The spatial extent of CWD
increases in JJA when the longer wet spell is averagely well above 6 (9) days for gauges (gridded products). GPCC
compared to GPCP, CMORPH, CHIRPS and TRMM show longer maximum wet day spells above 9days, especially
over the complex terrains of Jos Plateau, Fouta Djallon highlands and Cameroun mountains along the ITD. The aver-
age counts of CWD reduce to about 6 days when the ITD retreats southward marking the end of the monsoon in SON.
TRMM and CPC agree well with the gauges, mostly over the Sahel. On the average, all the observational datasets have
longer CWD than the gauges.

Fig. 4.6 presents the daily precipitation characteristic of consecutive dry days. The figure shows the average con-
secutive dry spell length (i.e., maximum number of consecutive days with rainfall <1mm) for station gauge and
gridded products. The gauge shows that consecutive dry spell is apparently dominant in the Sahel and less in the
southern parts of the considered area. Black circles represent cases where missing values exist in some months in
the Sahel region. This is only observed in MAM and SON when there is longer period of CDD, that is, 64 and 12days,
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FIG. 4.4 (I)-(Ill) Average consecutive 1-day precipitation amount for MAM, JJA and SON in (a) CHIRPS, (b) TRMM, (c) GPCP, (d) GPCC, (e) CPC,
and (f) CMORPH. The station gauge data are plotted as filled color circles at the same scale with the gridded observations.
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FIG. 4.4, CONT'D

respectively. Generally, in MAM, a belt of CDD is present around 10°N in the observational datasets. During JJA, the
spatial distribution of CDD is highly variable in the gauges. Furthermore, the observed pattern of short CDD coincides
with areas of complex terrains and consistent with the areas of longer CWD found in Fig. 4.7. When the monsoon
activity ends in SON, the CDD increases in the Sahel and extends toward the southern coast areas of West Africa.

4 Summary and conclusion

The relevance of rainfall to core sectors of the economy like health, water resources and hydrology, and agriculture
and food security cannot be overemphasized. Although rainfall is the major source of water in West Africa for a variety
of purposes, sparsity of sufficient long-term station gauge data (from observations) makes it challenging to fully under-
stand its temporal and spatial variability over the region. Therefore, gridded products are now been used as alterna-
tives for studying the underlying characteristics of rainfall as well as evaluating the performance of climate model
outputs. These gridded products are a blend of satellite and in situ station observations from available data, although
these data do contain some measure of uncertainties. Therefore, evaluating the product performance before applica-
tion is essential.

This chapter compared different gridded products including CHIRPS, TRMM, GPCP, GPCC, CPC, and CMORPH,
and evaluated their performance against rainfall gauge station data across Nigeria within the context of the observa-
tion uncertainties. We focused on the mean precipitation distribution from rainy days as well as some sector-specific
indices calculated from daily rainfall. The analysis revealed substantial differences among the different products in
some of the metrics evaluated. Mostly, the products can vary significantly in terms of mean precipitation amount with
CHIRPS, TRMM, GPCP and GPCC having the least and CPC and CMORPH the most variation. These characteristics
also vary seasonally although with different magnitudes. The differences are more pronounced in a broad array of
estimates derived from higher order statistics, such as frequency, intensity, and duration of rain events. For example,
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FIG. 4.5 (D(Il) Same as in Fig. 4.4 but for average monthly count of days with very heavy precipitation (i.e., count of days with precipitation
>20mm).
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the maximum length of wet spells is more in GPCC but it has less precipitation intensity relative to CMORPH, mostly
in JJA. CMORPH displayed good agreement in reproducing RX1-day in Sahel region but less in the Guinea Coast.

The CWD show patterns (shown in Fig. 4.7) similar to the mean precipitation amount where wetter conditions are
observed in the southern coast and drier conditions in the northern part of the region, especially in the desert region.
Although there are differences between gauge and the gridded observations, both products agree more in regions
north of 10°N in all seasons.

The quantitative assessment of the gridded products relative to station gauges reflects the underlying uncertainties.
These uncertainties are clearly seen in a wide range of positive and negative biases. For example, CHIRPS, TRMM,
GPCP and GPCP have lower values of precipitation bias compared to CPC (negative bias) and CMORPH (positive
bias). The spatial pattern of precipitation over West Africa as well as the monsoon evolution is mainly captured in
some of the observations.

Generally, the analysis shows that significant uncertainties are present among gridded observational rainfall data-
sets that significantly impact the characteristics of their daily rainfall distributions over the West Africa. This result is
consistent with previous studies (Sylla et al., 2013). Though the observational products to some extent agree with the
gauge measurements, the variances among them pose a great challenge regarding the analysis and the choice of ref-
erence for regional climate model evaluation over the monsoon region. In terms of rainfall amount, CHIRPS and
GPCC, respectively, have better agreement relative to the gauge rainfall, highlighting the benefits of using rain gauge
for their generation. Performance of other gridded products aside from CPC and CMORPH also compares favorably
well relative to gauge data, therefore making their application equally suitable for impact studies. This result is, how-
ever, subject to the available station data used, which is only limited to Nigeria. However, it is critical to emphasize that
users should be careful when drawing conclusions from the use of any of these gridded observational products, most
especially when applying derived results to inform decision-making process in climate-sensitive sectors of the econ-
omy such as health, water resources and hydrology, and agriculture and food security. Also, a beneficial approach to
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(I) Maximum monthly number of consective dry days (when precipitation < 1.0 mm)
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increase the confidence of using these products is to perform bias correction based on increased number of station data.
Future studies can expand on the sector-specific indices and/or explore a gridded products ensemble mean.
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Features of regional Indian monsoon rainfall
extremes
Hamza Varikoden and M.J.K. Reji

Indian Institute of Tropical Meteorology, Ministry of Earth Sciences, Pune, India

1 Introduction

Globally, India constitutes 2.4% of the total land area, supporting around 16.7% of the total population. It is approx-
imated that the country’s 54.6% human resources are involved in agriculture and allied sectors (https: // censusindia.
gov.in), which contributed approximately 17.8% of the country’s Gross Value Added (GVA) for the year 2019-20
(Government of India, 2021). Rain-fed agriculture employs approximately 67% of the net sown area, supplying
44% of the food grains, which backs 40% of the population (Venkateswarlu, 2011). The Indian subcontinent receives
about 85% of its annual rainfall during the summer monsoon season from June to September (Oza & Kishtawal, 2014;
Turner & Annamalai, 2012). For centuries monsoon has been conceptualized as a massive land-sea breeze, but later
studies identified monsoon as the seasonal migration ofintertropical convergence zone (ITCZ) (Gadgil, 2003).

1.1 The role of Indian monsoon variability in extreme rainfall events over India

The variability of Indian Summer Monsoon Rainfall (ISMR) significantly impacts crop yield and crop productivity
(Gadgil & Kumar, 2006; Prasanna, 2014; Preethi & Revadekar, 2013), greatly affecting the developing economy of the coun-
try. The interannual and intraseasonal variability of ISMR influences the occurance and intensity of extreme rainfall events.

Interannual variability of ISMR is the year to year variability of mean ISMR which can be identified as flood year,
drought year and normal years (Fig. 5.1). A particular year is considered as a flood (drought) year when the percentage
departure of ISMR of that year is 10% above (below) as compared to the mean ISMR (Fig. 5.1). EI Nifio Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) are considered as the major drivers of interannual variability of ISMR and
particularly extreme rainfall events (Krishnaswamy et al., 2015). The ENSO is a coupled oscillation between ocean
and atmosphere in the tropical pacific ocean and it is generally characterized by the shift of warm water pool in the western
tropical pacific ocean (Sen Gupta, McNeil, Henderson-Sellers, & McGuffie, 2012). The ENSO bridges the ISMR through the
equatorial Walker and local Hadley circulations (Ashok, Guan, & Yamagata, 2001; Ashok, Guan, Saji, & Yamagata, 2004;
Goswami, 1998; Varikoden & Preethi, 2013). In general, the warm (cold) phase of ENSO suppresses (enhances) the ISMR
(Rasmusson & Carpenter, 1983; Sikka, 1980). The IOD is the anomaly gradient of SST between west and east of the Equa-
torial Indian Ocean and positive (negative) IOD refers to the warming in the western(eastern) Indian Ocean (Saji,
Goswami, Vinayachandran, & Yamagata, 1999). IODs have a dominant influence on ERE’s as compared to the ENSO
in recent decades particularly the frequency of extreme rainfall events (Krishnaswamy et al., 2015). The frequency
and intensity of positive IOD events manifest an unanticipated rise in recent years (Behera, Doi, Ratnam, & Behera,
2021). Thus increasing trend of IOD events in recent decades advocate the possible increase in the ERE’s in the near future.

Intraseasonal variability of ISMR is driven by intraseasonal oscillation which can be discerned as alternative active
(wet) and break (dry) periods (Gadgil, 2003; Lawrence & Webster, 2001). The intensity of wet spells and frequency of
dry spells are showing a statistically significant increasing trend, while the intensity of the dry spell manifesting a sta-
tistically significant decreasing trend (Singh, Horton, et al., 2014; Singh, Tsiang, Rajaratnam, & Diffenbaugh, 2014).
Thus, interannual and intraseasonal variabilities of monsoon significantly affect ERE’s over India.
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FIG.5.1 Time series of percentile departures of ISMR anomalies for the 1901 to 2018 period Using daily gridded rainfall dataset from IMD (0.25° x
0.25° resolution). The blue (gray in print version) and red (light gray in print version) bars are wet and dry years, respectively, El Nino years are marked
with stars and are La Nina years are marked with diamonds. The Nifio 3.4 index for the period of 19012018 was retrieved from the climate prediction
center, NOAA. Nifio 3.4 index data from http://www.cpc.ncep.noaa.goo.

1.2 Impacts of global warming on extreme rainfall events over India

The frequency and duration of extreme rainfall events are highly influenced by global warming (Allan & Soden,
2008; Goswami, Venugopal, Sengupta, Madhusoodanan, & Xavier, 2006; Karmakar, Chakraborty, & Nanjundiah,
2017; Min, Zhang, Zwiers, & Hegerl, 2011). In the era of global warming, the atmosphere is warmer. Thus, it can hold
high amounts of moisture (7% moisture per 1°C temperature rise) based on the Clausius-Clapeyron equation
(Easterling, 2000; Trenberth, Dai, Rasmussen, & Parsons, 2003). The rate of increase in the intensity of long and short
duration floods due to warming is consistent with the rate of increase in moisture (Fowler et al., 2021). The enhanced
capacity of the atmosphere to hold moisture due to warming leads to an increase in both intensity and frequency of
heavy precipitation (Burt, 2005; Clark, 2005; Coumou & Rahmstorf, 2012; Dai, 2006; Devrani, Singh, Mudd, & Sinclair,
2015; Joshi & Rajeevan, 2006; Simmons, Willett, Jones, Thorne, & Dee, 2010). In general, atmospheric warming affects
the EREs at least in three different mechanisms. (1) The intensity of extreme rainfall events increases with the moisture
enhancement if the atmospheric circulation remains unaltered. However, the circulation is changing and affecting the
rainfall; thus, it leads to two other mechanisms. (2) Continuous warming of the atmosphere enhances the atmospheric
stability, which in turn slows down the circulation, thus reducing the intensity of extreme rainfall events, and (3) man-
ifests the strengthening of storms at a rate proportional to the release of latent heat and thus increasing the intensity of
extreme rainfall events (Pendergrass, 2018). The effect of increasing moisture on extreme rainfall events remains sig-
nificant. Still, the contribution is far less than due to climate change, and therefore, it can be concluded that climate
change is the predominant driver of the extreme rainfall events (Lenderink & Fowler, 2017; Pendergrass &
Hartmann, 2014; Trenberth, Fasullo, & Shepherd, 2015; Wang, Zhao, Yoon, Klotzbach, & Gillies, 2018).

1.3 Socio-economic impacts of extreme rainfall events over India

In addition to large scale floods and droughts, abnormal fluctuations in the form of localized floods and flash floods
cause an enormous impact on human beings in terms of homelessness, destruction of infrastructure, loss of lives, and
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consequent disease outbreaks (Kshirsagar, Shinde, & Mehta, 2006; Mishra & Shah, 2018; Singh & Kumar, 2013). Irre-
spective of the decline in monsoon circulation, extreme rainfall events have been showing an increasing trend in the
last few decades over various parts of the country (Goswami et al., 2006; Guhathakurta, Menon, Inkane, Krishnan, &
Sable, 2017; Rajeevan, Bhate, & Jaswal, 2008; Roxy et al., 2017; Singh & Kumar, 2013). The global economic loss due to
flooding is about USD 30 million per year, while that, for India, is reckoned as USD 3 million per year for the last few
decades (Roxy et al., 2017). The Intergovernmental Panel on Climate Change (IPCC, 2018; Poloczanska, Mintenbeck,
Portner, Roberts, & Levin, 2018) report elucidated the intensification of frequency, intensity, and amount of heavy and
extreme rainfall globally, particularly over the Indo-Gangetic plain, Tibetan plateau, and Himalayan mountain ranges
closer to India, the second-most populous country globally, has 1.39 billion people spread across the major states and
union territories. According to Amarasinghe, Amarnath, Alahacoon, and Ghosh (2020), floods and droughts account
for more than 50% of the natural hazards in India. In India, about USD 60 billion loss was solely due to regional floods,
out of 99 billion US dollars lost from extreme weather events (such as floods, tropical cyclones, heat waves, cold waves,
lightning, etc.) in the previous 50 years. Furthermore, among the mortality from all other extreme weather events,
floods alone contribute 46.1% of the mortality in India, as shown in Fig. 5.2. Floods and heavy rains are significant
causes of mortality due to extreme weather events in all states except the eastern coastal states. The primary reason
for the mortality rate in the eastern coastal states is cyclonic storms. The heat waves strongly impact the mortality rate
in Telangana, Rajasthan, and Andhra Pradesh states. As per the Global Flood Inventory (GFI) developed by Adhikari
et al. (2010), the majority of the flooding (64%) is formed by short-duration heavy rains and subsequently by torrential
rainfall that contributed to more than 11% of the total rainfall.

State wise Average Mortality per year N

Ladakh
Jammu & Kasr}mn

Hlma:hHPradush >

; Pun jab
U:la—alchunﬂ

HaryanaDelh- ek Arunachal Pradesh

‘ 4 ~. " . Uttar Pradesh Sikkim, a“‘
: " h’s i
Rajasthan 7 T ;
: . o ‘ < Nagaland
1 Bty BRRSOISAS
) Weghataya " /L panipur
Jharkhand ‘ & Tripura# ‘Mizoram

'-&Gu]alal r . 3 Madhy: Pradesh

st Bgngd

est Ben

e o
w

Daman gty Meharashtra 1 :'.'?? ;

Dadranagar Havell !
3 3 ‘L ; “Odigha

R
B otonios
S ap

£ ‘.< —
s ‘ " Legend

Extreme Weather Events(EWEs)

; i B cold wave
| Karnataka Lt ‘ Heat Wave Andaman Lpd Nicobar
Ve
E \ . Pondichery Lightning
- Lakshadeep 5 4
: Ke'a’a-‘; N I FicodsiHeavy Rains

e Cyclonic Storms
A
0 190 380 760 1,140 1,520 ,js
-:-:_:—Kllometers
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All the extreme rainfall events share a few common characteristics: the dynamical lifting of moist air, continuous
supply of moisture, and static instability (Doswell, Brooks, & Maddox, 1996). However, the magnitude and intensity of
extreme rainfall events depend on the geographical characteristics and causative mechanisms. This work investigates
the extreme rainfall events evolution and characteristics throughout India and addresses the impact of synoptic sys-
tems on the extreme rainfall events from a local to regional scale. This literature aims to develop an overall under-
standing of the Indian monsoon extreme rainfall events.

2 Data and methods

2.1 Data

High spatial resolution (0.25° x 0.25°) daily gridded rainfall data for the summer monsoon season (June-September)
during the period 1901-2019 from India Meteorological Department (IMD) is utilized in the study for rainfall analysis.
The data are retrieved from 6955 rain gauge stations in India. The density of the rain gauge stations was about 1500 for
the first few years, but the number reached around 4000 by the end of the 20th century (Pai, Sridhar, Badwaik, &
Rajeevan, 2015; Rajeevan et al. (2008). In addition to the gridded data set, Tropical Rainfall Measuring Mission
(TRMM) and Multi-satellite Precipitation Analysis (TMPA) for research [TRMM 3B42, version 7 (TRMM 3B42-V7)]
(Huffman et al., 2007) with a horizontal resolution of 0.25° x 0.25° were also used in the study.

The Nifio 3.4 index is the Sea Surface Temperature (SST) anomaly in the Nifio 3.4 region, i.e., 5° N-5° S, 170°-120° W,
which is considered for the identification of El Nifio and La Nifia events. The Nifio 3.4 index for the period of 1901-2019
was retrieved from the Climate Prediction Center (CPC) of the National Oceanic and Atmospheric Administration
(NOAA) (http://www.cpc.ncep.noaa.gov).

The zonal and meridional (1 and v) wind fields at 200hPa with high resolution (0.25° x 0.25°) were retrieved from
the European Centre for Medium-Range Weather Forecasts’ fifth set of reanalysis data (ERA5) for July 2005. ERA5
provides a better representation of tropospheric circulations as compared to other data sets. Additionally, horizontal
wind fields and specific humidity for the period November 1, 2015 to December 2, 2015, were obtained from National
Aeronautics and Space Administration Modern-Era Retrospective-Analysis for Research and Applications (MERRA)
with a horizontal resolution of 0.5° x 0.66° and 6-h temporal resolution were also used to characterize the circulation
features during the Chennai rainfall extremes.

2.2 Methods

2.2.1 Percentile departure of rainfall

The percentile departure of summer monsoon rainfall (PDR) from its mean is calculated so that the wet years
(>10%) and deficient years (<10%) can be identified. It is calculated as shown in Eq. (5.1)
PDRi :m*loo (5.1)
mean
Riis the seasonal mean rainfall for the specific year, and Rycan represents the mean rainfall of summer monsoon rainfall
for the period 1901-2019. Wet years are identified as flood years and dry years are identified as drought years and this
simple figure deciphers the interannual variability of ISMR in a single glance.

2.2.2 Moisture transport

The vertically integrated horizontal water vapor transport (IVT) based on Lavers, Villarini, Allan, Wood, and Wade
(2012) is utilized for moisture transport assessment. The IVT is calculated (kgm ' s™') using specific humidity (g),
zonal and meridional (¥ and v) wind fields (Eq. 5.2) at different atmospheric levels from 1000 to 300hPa

1 [300 2 1 /300 2
IVT = <— / qudp) + (— / qup) (5.2)
8 J1000 8 J1000

where g is the acceleration due to gravity (9.8ms 2), and p is pressure. Calculation of moisture transport is of great
importance for the identification of occurrence and intensity of extreme rainfall events.
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2.2.3 Probable maximum precipitation

The probable maximum precipitation (PMP) is theoretically the greatest depth of rain for a given duration that is
physically possible over a given size of storm area in a particular region over a specific time of year (Ozone, 1985). The
PMP is mainly used to design reservoirs and other major flood protection works. Ideally, PMP is used to estimate the
largest flood that could occur in a hydrological basin.

2.2.4 Estimation of extreme events

In many studies (e.g., Jamshadali, Reji, Varikoden, & Vishnu, 2021; Roy & Balling, 2004; Varikoden, Preethi, &
Revadekar, 2012), the extreme rainfall event is estimated based on the calculated percentile values based on daily
rainfall data for the climatological period. If the percentile value is more than the 95th percentile, then the events
are considered as extreme rainfall events. This percentile value may not be fixed for all the studies. This value may
be changed from 90th to 99.9th percentiles, depending on the time slice considered, regions selected, and the study’s
objective. In some studies, a threshold value is also added to the percentile value to avoid the discrepancies arising
from the regions which receive climatologically low rainfall (Goswami et al., 2006; Roxy et al., 2017).

The extreme rainfall events can also be estimated based on rainfall indices such as 1-day (Rx1 day), 2-day (Rx2 day),
and 5-day (Rx5 day) maximum rainfall. These indices are computed at each latitude-longitude grid point based on the
daily rainfall data. In these indices, a rainy day is considered when the daily rainfall is equal or exceeds 1mm. An
extreme rainfall event at one place may be treated as a normal rainfall event at another location based on its clima-
tological values. Additionally, some studies estimate the EREs merely based on the threshold values such as 7cmday
(Sinha Ray & Srivastava, 2000), 10 and 15 Cmday_1 (Goswami et al., 2006).

3 Results

3.1 The history of extreme events

The study of extreme rainfall events gained adequate recognition at the beginning of the 21st century. The definition
was not restricted to particular parameters and included various extreme metrics with many spatial, temporal and
magnitude scales. The extreme rainfall studies in India embarked in the 1970s (Dhar & Kamte, 1971; Dhar,
Rakhecha, & Sangam, 1975) with the preparation of PMP charts, which were then considered as the definition of
extreme rainfall events. The development of PMP charts initially intended to adopt the best possible design for the
development of infrastructures such as nuclear power plants, dams and other reservoirs (Dhar et al., 1975; Dhar &
Kamte, 1971). Hydro-meteorologists continue to explore PMP with improved statistical methods such as Clavet-
Gaumont and Hershfield PMP calculation for developmental designs (Deshpande & Gore, 1999; Kulkarni,
Nandargi, & Mulye, 2010; Rakhecha & Clark, 2000; Sarkar & Maity, 2020). The PMP charts are best suitable for small
drainage basins but might not be good for large diversified regions (World Meteorological Organization, 2009). The
PMP studies fail to decipher the exact concept of extreme rainfall events over the diversified geography of the Indian
subcontinent. Thus, the PMP and extreme rainfall studies developed as two separate branches of hydrometeorology.

The literature gradually adapted the term extreme rainfall, but its delineation remained ambiguous. The studies clas-
sified extreme rainfall based on the highest amount of rainfall received over a region during a specified period (1, 2, and
3 days maximum), which is similar to the concept of PMP (Rakhecha & Soman, 1994; Soman, Krishna, & Singh, 1988).
One of the pioneer studies on extreme rainfall using the highest rainfall during the period (1-, 2-, 3-, ... 10-day period)
was carried out by Soman et al. (1988) for the Kerala region and found that southern Peninsular India, especially the
southern hilly regions of Kerala, manifested a decreasing trend in extreme rainfall at 95% confidence level. Roy and
Balling (2004) found an overall increase in extreme precipitation events over India during the period 1910-2000 based
on seven different indices of annual rainfall (annual rainfall, largest 1-, 5-, and 30-day event rainfall, extreme events of
higher than 90th, 95th, and 97.5th percentile values).

Later, researchers identified the necessity of an index for extreme rainfall rather than explaining it concerning max-
imum rain for a particular duration. As an outset to develop a unified index, Sinha Ray and Srivastava (2000) identified
heavy rainfall based on a single threshold value (>7 cmday ') for all the 151 stations widely distributed all over India.
The study manifested a decreasing trend in heavy rainfall at most stations during the winter season; however, an
increasing trend in heavy rain is registered over the west coast stations during the summer monsoon season.
Goswami et al. (2006) selected a different threshold value to identify the extreme rainfall events and the threshold value
was 15cmday ! or above over the central Indian region. The threshold value of this index is made based on the cli-
matological conditions prevailing in that region. This study concluded an increasing trend in the frequency and
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magnitude of the extreme rainfall event over central India. However, Rajeevan et al. (2008) found that the magnitude
of arising trend in extreme rainfall events over central India is less compared to Goswami et al. (2006), and they attrib-
uted this dampening of the increasing trend to the multidecadal variation associated with sea surface temperature
anomalies over the tropical Indian Ocean. Roxy et al. (2017) identified the homogeneity of extreme events over central
India, extending from Gujarat to the east coast of Odisha (more than 500,000km?) based on a 15cmday ' or more
threshold and compared this value with a 99.5th percentile value over the region. The trend and variability obtained
as per the fixed threshold index and percentile-based index were strongly related to a correlation coefficient of 0.97,
which is highly statistically significant. The study manifested a 75% increase in the frequency of extreme events
throughout central India, which accounts for an increase of at least 13 events decade . Francis and Gadgil (2006) also
used the same threshold value and found that extreme rainfall events over the west coast of India are frequent from
mid-June to mid-August, and these are associated with the active spells of Indian summer monsoon rainfall.
(Ajayamohan & Rao, 2008) considered a threshold value of more than 10cmday ' (99.6th percentile of mean rainfall)
for extreme rainfall event over the Ganges-Mahanadi basin in central India and identified an increasing probability of
ERE. The increasing likelihood of extreme rainfall events is attributed to the recent abnormal Indian Ocean warming.

In addition to studies based on the area average rainfall of certain regions, spatial analysis on individual grid points
revealed that the trends in the extreme rainfall events are nonuniform throughout the nation, especially in central India
(Ghosh, Luniya, & Gupta, 2009). Ghosh et al. (2009) identified a significant increasing trend in the spatial heterogeneity
of extreme rainfall throughout India using the extreme value theory. This spatial heterogeneity is attributed to the
spatial variability of the convective constituents of rainfall, and thus it explicitly communicates the driver of extreme
events (Ghosh et al., 2016). The extreme rainfall events, which manifest homogeneity in rainfall characteristics over
large regions, are driven by synoptic systems (Nikumbh, Chakraborty, & Bhat, 2019; Nikumbh, Chakraborty,
Bhat, & Frierson, 2020; Revadekar, Varikoden, Preethi, & Mujumdar, 2016; Roxy et al., 2017).

The definition and characterization of extreme rainfall event influence the conclusion drawn by the study
(Pendergrass, 2018). The number of extreme events in a year or season is considered as the number of grid points
at which the rainfall exceeded a threshold value (Goswami et al., 2006; Rajeevan et al., 2008; Roxy et al., 2017). The
latter studies recognized extreme events occurring concurrently over several adjacent grids as a single event
(Nikumbh et al., 2019, 2020). The trend value of the number of extreme events in central India based on the former
method is 0.34 year ', while the trend value based on the latter approach is 0.13 year ' (Nikumbh et al., 2019). Thus,
the characterization of the extreme event does cause considerable differences in the result. Hence, while considering
the result of a study, the researchers should give equal importance to the method followed by the specific research.

3.2 Regional rainfall extremes

The geographical diversity of the Indian subcontinent plays a significant role in regional extreme events. Even
though extreme rainfall events occur randomly throughout India for a multitude of reasons, studies have identified
the west coast, central parts of India and northeast India as the preferred locations for the occurrence of extreme rainfall
events (Pattanaik & Rajeevan, 2010). Due to the increasing spatial variability of extreme rainfall events throughout
India, a regional-specific study is necessary to identify the trend and drivers of extreme events (Ghosh, Das,
Kao, & Ganguly, 2012).

3.2.1 Peninsular India extreme rainfall events

Peninsular India is mainly the region of South India, which consists of various topographical and climatic patterns.
Peninsular India has an inverted triangular shape covered by the Arabian Sea, the Bay of Bengal, and the mainland on
the west, east, and north. The extreme rainfall events in Kerala, especially the extreme rainfall received over the hilly
region, exhibit a decreasing trend (Soman et al., 1988). This trend is attributed to deforestation and possible changes in
the southwest monsoon circulation over the west coast (Singh, Kumar, & Soman, 1989). The mean monsoon rainfall in
July also showed a consistent decreasing trend over Kerala in addition to the extreme rainfall events (Guhathakurta &
Rajeevan, 2008; Krishnakumar, Prasada Rao, & Gopakumar, 2009; Kumar, Pant, Parthasarathy, & Sontakke, 1992;
Varikoden, Revadekar, Kuttippurath, & Babu, 2019). Southern regions of the Western Ghats (WG) exhibited a signif-
icant (95% confidence level) decreasing trend in extreme rainfall events. However, a significant (95% confidence level)
increasing trend in the extreme rainfall event was observed in the north of 12°N of the WG and at some stations to the
east of the WG in the central parts of the Peninsula of India (Rakhecha & Soman, 1994). The regions between
14°-16° N and near 19° N were identified as the region having a maximum probability of receiving intense or extreme
rainfall during the summer monsoon period in the WG (Francis & Gadgil, 2006). Most of the extreme rainfall events
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experienced in this region (62%) are associated with synoptic or larger systems. The decreasing trend of southwest
monsoon rainfall in Kerala (southern parts of WG) and increasing trend of extreme rainfall centered around
15° N is associated with the northward shift of the Low-Level Jetstream (LL]) from 10° N to 15° N, which is related
to abnormal warming of the northern Arabian Sea and adjoining continents (Rajendran, Kitoh, Srinivasan, Mizuta, &
Krishnan, 2012; Sandeep & Ajayamohan, 2015; Varikoden et al., 2019).

Moreover, the city Chennai in the Tamil Nadu state in peninsular India has been more prone to intense floods in the
past (e.g., 1943, 1976, 1985, 1996, 1998, 2005, 2010, and 2015) during the northeast monsoon period (Boyaj, Ashok,
Ghosh, Devanand, & Dandu, 2018; Gupta & Nair, 2011). In general, these intense downpours were mainly associated
with depressions and cyclonic storms in the Bay of Bengal. The 2002 flood (1620 cm) in October was associated with a
low-pressure system in the Gulf of Mannar (southwest Bay of Bengal). Similarly, the 2005 flood during the northeast
monsoon (42cm in around 40h) was attributed to a deep depression over the Bay of Bengal (Gupta & Nair, 2010).
Several floods were also reported during 2006, 2007 and 2008 (Gupta & Nair, 2011). Boyaj et al. (2018) studied the major
flood event in southeast India centered on Chennai during November-December. Boyaj et al. (2018) found that the
concurrent warming of the southern Bay of Bengal and strong El Nifio conditions in the Pacific led to the modulation
of the intensity of the synoptic events in the Bay of Bengal and thus the heavy rainfall events.

3.2.2 Central India extreme rainfall events

The magnitude and frequency of extreme rainfall events in central India manifest an increasing trend (Goswami
et al., 2006; Pattanaik & Rajeevan, 2010; Rajendran & Kitoh, 2008; Roxy et al., 2017). The ERE’s in central India is
coupled with a multitude of factors such as Indian ocean warming, El Nifio events, Increasing frequency of 10D
and low-pressure system (LPS) (Ajayamohan, Merryfield, & Kharin, 2010; Nikumbh et al., 2019; Pattanaik &
Rajeevan, 2010; Suthinkumar, Babu, & Varikoden, 2019). The extreme rainfall events over central India are regulated
by the cool SST anomalies over the south-eastern equatorial Indian Ocean (Karuna Sagar, Rajeevan, & Vijaya Bhaskara
Rao, 2017). The warming trend of the Indian Ocean associated with the increasing frequency of 10D years in recent
periods advocates the rising probability of extreme rainfall events to occur over central India in coming years. The
Indian Ocean warming partially contributed to the deterioration of the monsoon circulation (Gao et al., 2018;
Krishnan et al., 2016; Roxy et al., 2015) and the contribution of aerosol increases and land-use changes (Krishnan
et al., 2016). The increasing trend of localized extreme rainfall events is attributed to the deterioration of monsoon
circulation compared to the impacts of climate change. The moisture surges associated with the variability of monsoon
westerlies due to continuous warming of the Indian Ocean resulted in a threefold increase in extreme events over cen-
tral India (Roxy et al., 2017). Suthinkumar et al. (2019) studied the extreme rainfall event in the 2017 monsoon period
and they found that the central and north-central Indian regions are vulnerable to heavy precipitation and this is
observed during the active phase of the monsoon. Further, they attributed these extreme events to the presence of deep
convective cloud bands along with low-level cyclonic disturbances.

The LPS plays an important role in the development of extreme events in central India (Ajayamohan et al., 2010;
Krishnamurthy & Ajayamohan, 2010; Rajeevan et al., 2008; Revadekar et al., 2016). Although the frequency of LPS is
increasing (Ajayamohan et al., 2010), the studies manifest a reduction in cyclonic storms and depressions (Cohen &
Boos, 2014; Hunt, Turner, Inness, Parker, & Levine, 2016; Patwardhan et al., 2020; Prajeesh, Ashok, & Rao, 2013;
Sandeep, Ajayamohan, Boos, Sabin, & Praveen, 2018; Vishnu, Francis, Shenoi, & Ramakrishna, 2016). Revadekar
et al. (2016) explored the role of the LPS in the spatial distribution of the extreme rainfall event throughout India
and they found that a major portion of the country exhibits a positive relationship between the extreme rainfall event
and the frequency of cyclonic disturbances. Further, they found that the 99th and 95th percentile values of rainfall show
that the spatial extent and strength of the positive relationship decreases with an increase in threshold values. But later it
was identified that the cooccurrence of LPS and secondary cyclonic circulation together at 500 hPa resulted in the devel-
opment of large-sized extreme rainfall events (area>70 x 103km?) over central India (Nikumbh et al., 2019, 2020).

3.2.3 Himalayan extreme rainfall events

The Himalayas are the main natural water resource (water tower) of the three major river systems of the Indian
subcontinent. The Intergovernmental Panel on Climate Change report (IPCC, 2018) pointed out the critical role of
the Himalayas in the provision of water to the continental monsoon and clearly stated its vulnerability to climate
change. Therefore, the study of extremes in understanding the region’s vulnerability and its influence on the neigh-
boring areas is imperative. The extreme rainfall event occurring in northern India, especially regions adjacent to the
Himalayan region, is regulated by an extended network of teleconnections, primarily via Rossby waves. This telecon-
nection manifests a lead-lag relationship between extreme events occurring concurrently in Africa, East Asia and
Europe (Boers et al., 2019). The tropical-extratropical interaction developed as a result of the monsoon circulation
and midlatitude westerly trough enhances the probability of extreme rainfall events (Vellore et al., 2016; Priya,
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Krishnan, Mujumdar, & Houze, 2017). The Pakistan flood in 2010 is also attributed to the interaction between tropical
large scale surges and an extra-tropical disturbance downstream of the European blocking high (Hong, Hsu, Lin, &
Chiu, 2011; Lau & Kim, 2012; Mujumdar et al., 2012; Wang et al., 2018). The anomalous propagation of monsoon LPS
developed over the Bay of Bengal is also associated with the Pakistan flood in 2010 (Houze, Rasmussen, Medina,
Brodzik, & Romatschke, 2011). The presence of high pressure on the Tibetan plateau favors the interaction between
the southward penetrating westerly trough (dry-cold air with high potential vorticity) located east of the blocking and
the monsoon LPS system (moist air with lower-level convergence) facilitating the occurrence of extreme rainfall events
in the Himalayan regions (Hong et al., 2011; Joseph et al., 2015; Martius et al., 2013). Nandargi and Dhar (2011) studied
maximum 1-day rainfall as the extreme rainfall event over 475 stations in the Himalayan region during the 1871-2007
period. They concluded that the 1-day extreme rainfall event is mainly located between the Siwalik and the Great
Himalayan ranges. Stations with higher elevations have recorded fewer extremes, and stations with altitudes
<1500m have recorded more extreme rainfall events. An increase in the frequency of extreme rainfall event has been
registered from the 1951-60 decade onward, with a decrease in the frequency of EREs in the recent period of 200107,
in which the prevailing monsoon was weak. It is also noted that a reduction in monsoon disturbance frequency leads to
a reduction in extreme rainfall events.

3.2.4 Extreme rainfall events in the north east

The northeast region of India has seven states covering a region with an area of about 262,230km?, and its altitude
varies from 1 to 7km above sea level. The region’s agriculture is primarily rain-fed, and the seasonal mean rainfall over
the region is approximately 200cm (Kuttippurath et al., 2021; Parthasarathy & Yang, 1995). Moreover, this region
shows a weak out-of-phase relationship with the other areas in India during the southwest monsoon period
(Shukla & Mooley, 1987; Varikoden & Babu, 2015).

These regions are prone to flooding and flash floods associated with extreme rainfall events that pose a significant
threat to the region, damaging crops, livestock and property (Goswami et al., 2006). Since the northeast regions are
climatologically high rainy areas, the rainfall from extreme events contributes about 30% to the total rainfall
(Suthinkumar et al., 2019). Interaction between large-scale circulation and the local topography plays a crucial role
in determining the weather and climate (Varikoden & Revadekar, 2019). In northeast India, the Brahmaputra valley
is engulfed by relatively tall mountain ranges on three sides and therefore, this river basin is one of the worst food
affected river basins in India due to its large catchment area and relative position (Kale, 2003; Prasad, Vinay
Kumar, Singh, & Singh, 2006). The Brahmaputra river basin receives almost 90% of its annual rainfall during the south-
west monsoon season. The physiography, relative geomorphic position of the Brahmaputra river basin and dynamic
monsoon favor the flood risk in Assam. During June 2012, Assam received 28% more rainfall than average, which led
to the breach of embankments in 43 locations of Brahmaputra tributaries (Shivaprasad Sharma, Roy, Chakravarthi, &
Srinivasa Rao, 2018). The extreme rainfall events in this region are mainly cand consequent landslides resulted as
Goswami, Mukhopadhyay, Mahanta, and Goswami (2010) explained. Therefore, the extremes show a decrease in
its frequency based on 1975-2006. However, (Varikoden and Revadekar (2019)) found a significant increase in extreme
rainfall event (more than 95th and 99th percentile values) based from 2000 to 2015. They found that the average lon-
gevity of extreme rainfall events is about 3 days with a standard deviation of 2 days. Intensification of low-level south-
erly wind from the Bay of Bengal and convergence over the regions is conducive to the rain peak.

3.3 Selected case studies

3.3.1 Kerala flood 2018

The Kerala flood in 2018 is considered one of the worst floods in south India, which received around 164% higher rain-
fall than normal between August 1st and 19th, 2018 (Kerala Post-Disaster Needs Assessment, 2018). The mean summer
monsoon rainfall in Kerala shows a decreasing trend (Mishra & Shah, 2018). Before 2018, 1924 and 1961 were the wettest
years in the history of Kerala, with rainfall being around 3600 mm. The rainfall in 2018 was far less compared to 1924 and
1961 till the first week of August. However, 2018 experienced an anomalous wet condition with heavy rainfall between 8
and 18 of August 2018 throughout the entire state. After the extreme rainfall event, the state experienced below normal
rainfall, as evidenced in Fig. 5.3. It is clear that before the extreme event (first week of August), the rainfall distribution was
below average in all the places of peninsular India (Fig. 5.3A). The rainfall suddenly came to above normal within a few
days. The above-normal rainfall has been extensively distributed throughout entire states, especially in the hilly areas of
southern parts of Kerala (Fig. 5.3B). Kerala experienced more than 100mmday ', particularly in the southern parts of
Kerala during these events. This special isolation of the rainfall aggravated the intensity of the flood and subsequent loss
to the population and other infrastructure. After 11days of incessant rainfall, the entire state went to below normal
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(a) Before extreme (b) During extreme (c) After extreme FIG. 5.3 Spatial distribution of
rainfall anomalies using daily gridded
rainfall dataset from IMD (0.25° x
0.25° resolution). (A) before: August
1-5, 2018, (B) during the event: August
8-18,2018 and (C) after: August 25-30,
2018, the extreme rainfall event. The
base period for the climatology is con-
sidered as 1985 to 2005.
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condition again (Fig. 5.3C). Major reservoirs (6 out of 7) reached almost their total capacity by the first spell of the extreme
event (8 to 10 August). Thus, the reservoirs experience a threat of demolition unless it drains excess rainfall received during
the second part of extreme events (August 14-18). This threat of destruction of reservoirs aggravated the situation and
caused the entire state to flood and related calamities (Mishra et al., 2018).

The extreme rainfall event and consequent landslides resulted in the death of 483 people and caused an enormous
economic loss (Indian Express, 2018; Martha, Roy, Khanna, Mrinalni, & Vinod Kumar, 2019). Multiple studies attempted
to explore the cause of this intense flood event (Hunt & Menon, 2020; Mishra et al., 2018; Mishra & Shah, 2018; Mohandas
etal., 2020; Ramasamy, Gunasekaran, Rajagopal, Saravanavel, & Kumanan, 2019; Sudheer et al., 2019; Viswanadhapalli
etal., 2019). The land-use land-cover changes, reservoir storage and operations, intense rainfall and other natural factors
together caused the extreme flood of Kerala (Boyaj, Dasari, Hoteit, & Ashok, 2020; Mishra & Shah, 2018).
Viswanadhapalli et al. (2019) found this extreme rainfall event was due to southwestward tilt in the depression over
the Bay of Bengal and a strong low level westerly over the Arabian Sea. The modeling studies by Sudheer et al.
(2019) and Hunt and Menon (2020) manifested that the 2018 flood was inevitable even if the authorities initiated the
discharge of excess water before the flood. The Idukki, Kakki, and Periyar reservoirs upstream of the catchment received
extreme rainfall for 1 to 15days with a return period of 500 years (Mishra et al., 2018), and reservoirs required 34% more
capacity to accommodate the excess precipitation received during the flood (Hunt & Menon, 2020).

3.3.2 Chennai flood in 2015

The northwest monsoon contributes only about 11% of the total annual rainfall in India. Few areas of the East coast
of peninsular India receive approximately 50% of their rainfall during this period, particularly the eastern coast of
Tamil Nadu (George, Charlotte, & Ruchith, 2011; Rao & Jagannathan, 1953). In 2015, Chennai experienced incessant
rainfall for more than 1 month from November 1st to December 5th with a cumulative rainfall of 1416.8 mm, which is
more than three-fold its normal value of 408.4 mm (Kamaljit et al., 2016; Mishra, 2016). The study of dynamics of the
2015 Chennai flood event by Kamaljit et al. (2016) unravels the anomalous southward extension of the subtropical
westerly trough at mid-tropospheric level induced strong convection and development of deep convective clouds,
which led to the downpour of 150 to 200 mm rainfall per hour over Chennai. It caused flooding throughout Chennai
and left 1.8 million people destitute, which accounted for a monetary loss of about 3 billion US dollars (Kamaljit et al.,
2016; Mishra & Shah, 2018; Narasimhan, Bhallamudi, Mondal, Ghosh, & Mujumdar, 2016; Selvaraj, Pandiyan,
Yoganandan, & Agoramoorthy, 2016).

The year 2015 was one of the most vital E1 Nino years (Hu & Fedorov, 2017), and during that year, the Bay of Bengal
experienced above normal SST. Boyaj et al. (2018) manifesting the increase in the propensity of above-normal rainfall
over southeast India during October-December is associated with the warming of the southern Bay. The concurrent
warming of the South Bay of Bengal and the El Nino in the Pacific leads to low-level convergence in the regions of
extreme rainfall. Dhana Lakshmi and Satyanarayana (2019) argued that this extreme event occurred due to the pump-
ing of moisture atmospheric rivers toward the core region of the extreme rainfall event based on different observational
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FIG. 5.4 Spatial distribution of integrated moisture transport (inner panels) and extreme rainfall from the TRMM (bottom panels) during 8, 15,
November and 1 December 2015. From Dhana Lakshmi, D. & Satyanarayana, A. N. V. (2019). Influence of atmospheric rivers in the occurrence of devastating
flood associated with extreme precipitation events over Chennai using different reanalysis data sets. Atmospheric Research, 215, 12-36. https://doi.org/10.1016/
j.atmosres.2018.08.016, with permission.

data sets. The distribution of vertically integrated moisture transport from MERRA reanalysis (Fig. 5.4 upper panel)
and corresponding daily rainfall (Fig. 5.4 bottom panel) from the TRMM-3B42 product on November 8th and 15th and
December 1st, 2015, show an in-phase relationship. The rainfall has shown a maximum peak of 300, 250, and
400mmday ' for November 8 and 15 and December 1, 2015, respectively. The spatial structure of fields with inte-
grated moisture also shows a similar distribution throughout the regions of extreme rainfall event.

3.3.3 Mumbai flood 2005

Mumbai city lies on the west coast of peninsular India with 157 km* with 3 million people (https: /mumbaicity.gov.
in/) experienced a flash flood on July 26th, 2005 (Gupta, 2007). As per the Indian Meteorological Department, the
annual mean rainfall over the Santa Cruz observatory of Mumbai Airport is 2300 mm. Mumbai witnessed an unprec-
edented rainfall of 994mm recorded at the Santa Cruz observatory of Mumbai airport for 24h on July 26th, 2005
(Jenamani, Bhan, & Kalsi, 2006). The flood led to an economic loss of about 1.7 billion USD with a mortality of about
500 people (Hallegatte et al., 2010). Ranger et al. (2011) study’s with SRES A2 scenario, an “upper bound climate
scenario,” unravels the likelihood of doubling 2005 like rainfall event and tripling monetary loss over Mumbai by
2080 due to climate change.

The studies on the Mumbai flood found that an anomalous strong westerly wind powered by a low-pressure system
with the aid of orography and a weak offshore trough developed a mesoscale convective system comprising strong
thunderstorm cells over Mumbai. This system led to the extreme rainfall event over Santa Cruz on July 26th (Boyaj
et al., 2018; Gupta & Nair, 2011; Jenamani et al., 2006; Mohapatra, Kumar, & Bandyopadhyay, 2005; Shyamala &
Bhadram, 2006; Vaidya & Kulkarni, 2007). In addition to the impact of LPS, an upper tropospheric westerly trough
intrusion is visible during extreme rainfall event in Fig. 5.5. Even though Mumbai experienced the worst effects of
extreme rainfall event, the other regions in central India (15°~19°N) also experienced heavy rainfall during this period
(Fig. 5.5). Thus, the ERE at Mumbai was a result of organized interaction between synoptic and large-scale systems.
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FIG. 5.5 Spatial distribution of rainfall anomalies (left panels) and upper-level circulations (right panels) before (22 July 2005), during (26 July
2005) and after (31 July 2005) the ERE in the Mumbai region. The zonal and meridional wind fields at 200 hPa with high resolution (0.25° x 0.25°) from
the European Centre for Medium-Range Weather Forecasts’ fifth set of reanalysis data is used for identifying upper air circulation during before,
during and after the event. The base period considered for calculating the anomalies is from 1985 to 2015.

3.3.4 Uttarakhand flood 2013

The state of Uttarakhand lies on the southern slope of the Himalayas and is prone to natural calamities like heavy
rainfall, floods, earthquakes and landslides. Flooding is a routine disaster in Uttarakhand, which occurs either during
July, August or September, but it seldom occurs during June. Nevertheless, the rainfall during the June 14-17, 2013,
and subsequent flooding over Uttarakhand and the nearby locations of Himachal Pradesh and Uttar Pradesh was
never experienced before. Dehradun, the closest meteorological station, recorded 370mm of rainfall during the
extreme rainfall event period (Das, 2013). Some regions of the state, especially the capital city, received approximately
847% more rainfall than usual (Wake, 2013). A monsoon-like circulation prevailed during this period which is most
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unlikely to occur in the early phase of causing heavy rainfall over the valley of hills (Dobhal, Gupta, Mehta, &
Khandelwal, 2013; Dube et al., 2014; Kotal, Roy, & Roy Bhowmik, 2014; Mishra & Srinivasan, 2013). Upper and
lower tropospheric synoptic conditions during June remain conducive for the development of heavy to very heavy
rainfall with a monsoon-like circulation over Uttarakhand. The interaction of the mid-tropospheric westerly trough,
which extended southward over north India and LPS, resulted in the development of a convectively unstable atmo-
sphere (Singh, Horton, et al., 2014; Singh, Tsiang, et al., 2014; Wang, Davies, Huang, & Gillies, 2011; Ullah &
Shouting, 2013; Joseph et al., 2015). The low-level convergence and Somali jet strengthening accompanied the advec-
tion of moist warm air ( Joseph et al., 2015). The orographic lift induced by the Himalayan terrain and the conducive
unstable atmosphere triggered mesoscale convective clouds and heavy rainfall (Houze et al., 2011).

The heavy rainfall (64.5-124.4mm) to very heavy rainfall (124.5-244.4mm) received over a short duration melted
the snow and Chorabari glacier (Sati & Gahalaut, 2013), and it triggered around 4873 landslides to ensue (Martha et al.,
2015). Unlike the normal years, where the thawing of snow occurs before monsoon onset (Dube et al., 2014; Joseph
et al.,, 2015), about 30% of snow remained frozen in the river beds (Durga Rao, Venkateshwar Rao, Dadhwal, &
Diwakar, 2014). The heavy precipitation thawed the snow in the river beds and bursting out of the river eventually
led to massive floods and excess mass wastage (Andermann et al., 2012; Dubey, Shukla, Ningreichon, & Usham, 2013;
Durga Rao et al., 2014; Siderius et al., 2013). As per the joint rapid damage and needs assessment report submitted by
the World Bank in partnership with Uttarakhand, the Asian Development Bank and the Global Facility for Disaster
Reduction and Recovery (GFDRR), 580 people died and over 5400 people were missing. The reconstruction cost was
estimated at INR 1504.8 million (USD 25.08 million) (Dani & Motwani, 2013).

3.4 Projections of extreme rainfall events over India

The Global climate models (GCMs) fail to provide a reliable projection of the intensity, frequency, and spatial dis-
tribution of the extreme rainfall events over vast regions due to coarse resolution of the global models (Allan & Soden,
2008; Min et al., 2011; O’Gorman & Schneider, 2009; Sun, Solomon, Dai, & Portmann, 2006), which advocates replacing
global projections with regional scale projection through dynamical or statistical downscaling, particularly over India.
However, this remains challenging for scientists due to the uncertainty and variability of the Indian climate
(Sengupta & Rajeevan, 2013; Woo, Singh, Oh, & Lee, 2019). Model projection studies often stumble over the tropics
and subtropics due to the inadequate representation of organized convective systems (Toreti et al., 2013). The model
resolution plays an essential role in the simulation of extreme rainfall intensity over a region (Ramu, Chowdary,
Ramakrishna, & Kumar, 2018; Varikoden et al., 2018). The high-resolution model provides better projection over India
(Rajendran, Sajani, Jayasankar, & Kitoh, 2013). Thus projection study using very high-resolution (~20km grid size)
Meteorological Research Institute (MRI) atmospheric GCM (AGCM) by Mizuta et al. (2006) manifested the intensifi-
cation of mean seasonal rainfall as well as extreme precipitation over the interior areas of the Indian subcontinent,
whereas a significant reduction in the orographic and extreme rainfall events over the southern parts of the WG region
(Abish & Arun, 2019; Jayasankar, Rajendran, & Surendran, 2018; Rajendran et al., 2012, 2013; Rajendran & Kitoh, 2008).

A study by Kim, Oh, Woo, and Kripalani (2019) using the Coupled Model Intercomparison Project Phase 5 (CMIP5)
simulation data found that the extreme rainfall events over the Indian subcontinent are recognized in high-resolution
model simulations. In contrast, the extreme rainfall events in northeast India are better manifested by the medium reso-
lution model simulations. The projection study based on Regional Climate Model version4 (RegCM4) with a spatial res-
olution of 50 km predicted an increase of 0.56 mm day ' for seasonal mean rainfall, and the frequency of maximum rainfall
received in 1day (RX1 day) is projected to increase (0.27/decade) as compared to mean rainfall (0.01/decade) over India
(Rai, Singh, & Dash, 2020). The high emissions scenario (RCP 8.5) of CMIP5 identified a decrease in the light rainfall,
increasing extreme rain. Thus, the Indian summer monsoon rainfall is projected to increase at 0.74+0.36 mm/day
(Jayasankar, Surendran, & Rajendran, 2015). The frequency of extreme rainfall events is projected to increase over the
south and central India by the mid and end of the 21st century as per RCP 8.5 using simulation data of CMIP5 and Climate
of the 20th century plus (C20C+) detection and attribution (D&A) project(Mukherjee, Aadhar, Stone, & Mishra, 2018).

4 Conclusions

Being a developing country with an agrarian-based society, India struggles to cope with extreme rainfall events. The
extreme rainfall events study in India took a long time to evolve and progress, prompted by climate change.
A multitude of rainfall indices developed for the identification of extreme rainfall events made it difficult to put for-
ward a unified result for the exploration of causative mechanisms and investigation of the forecasting potential of



References 95

extreme rainfall events. However, almost all studies have identified an increasing trend in the frequency and intensity
of ERE’s over India. Although there is a growing trend in the spatial heterogeneity of extreme rainfall events on the
local scale, the large-scale extreme rainfall events are primarily homogeneous and are associated with synoptic as well
as large scale atmospheric and oceanic systems.

The causative mechanism behind extreme rainfall events varies according to the regional characteristics. In the
north and northeast Indian regions, the extreme rainfall events are mainly attributed to the interaction between
extra-tropical westerly trough intrusion and LPS. However, the Himalayan topography aids the development of a
mesoscale convective system for the development and sustenance of extreme rainfall events. The strength of the mon-
soon circulation also modifies the characteristics of extreme rainfall events in the north and northeast India. However,
in the northeast regions, the extreme events are mainly associated with the break monsoon period, and synoptic-scale
systems mainly cause them. It isn’t easy to characterize and identify the physical and dynamical reason for the devel-
opment of extreme rainfall events in central India. The extreme rainfall events in central India may be attributed to the
LPS, cooccurrence of LPS and secondary cyclonic circulation, weakening of the monsoon circulation, IOD, warming of
the Indian Ocean, El Nino and extra-tropical westerly trough intrusion. But it is evident that in most of the extreme
rainfall events the presence of LPS or a combination of LPS and an extra-tropical westerly trough are there. The extreme
rainfall events in Peninsular India, particularly on the west coast, are associated with the variations in LL]. However,
the presence of LPS and extra-tropical westerly troughs along with the offshore vortex during extreme rainfall events
in peninsular India suggests a common ingredient for the existence of extreme rainfall events, even though they differ
in their relative contribution.

Further studies to recognize the degree of influence caused by the interaction between the LPS and the extratropical
westerly trough in extreme rainfall events on a large scale may answer the long-standing question regarding the caus-
ative mechanism and the potential for forecasting extreme events in a region. Further, the projection studies of rainfall
extremes in India show a general increase in their frequency and intensity based on the different indices of extreme
rainfall events.
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1 Introduction

The concentration of greenhouse gases (GHGs) in the atmosphere has increased since the preindustrial era, driven
largely by economic and population growth, and has reached the highest level than ever. The observed increases in
well-mixed GHG concentrations since around 1750 are unequivocally caused by human activities. Land and ocean
have taken up a near-constant proportion of carbon dioxide (CO,) emissions from human activities over the past
six decades, with regional differences. This has led to atmospheric concentrations of GHGs: CO,, methane, and nitrous
oxide, that are unprecedented in at least the last 800,000 years (IPCC, 2021). The effects of GHGs, together with those of
other anthropogenic drivers, have been detected throughout the climate system and are the main cause of the observed
overall warming across the globe since the mid-20th century. Each of the last four decades has been successively
warmer than any decade that preceded it since 1850. According to the Intergovernmental Panel on Climate Change
(IPCC) report in 2021, the global surface temperature in the first two decades of the 21st century (2001-20) was 0.99°C
higher than 1850-1900. The global surface temperature was 1.09°C higher in 2011-20 than 1850-1900, with larger
increases over land (1.59°C) than over the ocean (0.88°C) (IPCC, 2021). On annual basis, datasets show that the warm-
est 6 years on record have all been since 2015, with 2016, 2019 and 2020 being the top three.

Human influence has been detected in warming of the atmosphere and the ocean, in changes in the global water
cycle, in reductions in snow and ice, and in global mean sea level rise since the mid-20th century. In recent decades,
changes in climate have caused impacts on natural and human systems globally. The impacts are due to observed
climate change, irrespective of its cause, indicating the sensitivity of natural and human systems to the changing cli-
mate (IPCC, 2014). Climate change can relate to a specific region or the entire globe. Weather patterns may become less
predictable as a result of climate change, making it difficult to maintain and grow crops in regions that mainly rely on
rainwater for farming (Ongoma, 2013). Climate change has also been associated with other damaging extreme weather
and climate events that are becoming more frequent and intense. Such events include hurricanes, floods, downpours,
winter storms, and droughts. Evidence of observed climate change impacts is strongest and most comprehensive for
natural systems (IPCC, 2014). Some impacts on human systems have also been attributed to climate change, with a
major or minor contribution of climate change distinguishable from other influences. Impacts on human systems
are often geographically heterogeneous because they depend not only on changes in climate variables but also on
social and economic factors. Hence, the changes are more easily observed at local levels, while attribution can remain
challenging (IPCC, 2014, 2021).

Not all climate change impacts occur in a systematic way: some happen abruptly while others do slowly and per-
sistently, and there can be multiple impacts that occur concurrently and in different combinations. The interactions
between these impacts therefore, will have spatial and temporal implications, cutting across different settings and con-
texts. This will require new methods of accounting for potential damages and to inform the design of appropriate
responses. Although the scope and scale of their effects are not yet well understood, empirical examples are beginning
to suggest that climate change impacts and implications will propagate as cascades across physical and human sys-
tems (Hilly et al., 2018; Rocha, Peterson, Bodin, & Levin, 2018). For example, the combined effect of increased
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frequency of high-intensity storms, sea-level rise impacts, and more frequent storm tides, will have compounding
impacts on the capacity of individuals, governments, and the private sector to adapt in time before loss and damages
occur (Lawrence, Blackett, & Cradock-Henry, 2020). Consequently, various sectors such as water resources, health,
energy, tourism, security, transport, and ecosystem have been affected by climate change.

Global climate change and its impact on water resources have received increasing attention from societies across the
world due to the associated substantial environmental and economic implications (Jasper, Calanca, Gyalistras, &
Fuhrer, 2004; Luo et al., 2019; Zhang, Xu, Zhang, Ren, & Chen, 2008). Consequently, water resource management
and allocation, which is already creating conflicts due to water scarcity and is highly unevenly distributed in space
is likely to be more challenging in the near future (Chen, Brissette, Poulin, & Leconte, 2011; Chen, Hill,
Ohlemiiller, Roy, & Thomas, 2011; Frohlich, 2012; Powell, Klacker Larsen, De Bruin, Powell, & Elrick-Barr, 2017). Cli-
mate change has negative effects on ozone (O3) chemistry and possibly particulate matter (Doherty, Heal, & O’Connor,
2017). Hence, stronger emission controls will be needed in the future to avoid higher health risks associated with cli-
mate change-induced worsening of air quality especially in industrialized and populated regions (Fang, Mauzerall,
Liu, Fiore, & Horowitz, 2013). The combined rate and magnitude of climate change are already resulting in a
global-scale biological response. Marine, freshwater, and terrestrial organisms are altering distributions to stay within
their preferred environmental conditions (Chen, Brissette, et al., 2011), and species are likely changing distributions
more rapidly than they have in the past (Lawing & Polly, 2011; Pecl et al., 2017). From the aspects of energy demand
and production, with changes in temperature over the past decade, cooling and heating have become one of the main
drivers of residential electricity consumption growth, for example, by rapid growth in the adoption of air conditioners
that are reversible as heat pumps (Li, Pizer, & Wu, 2019). Also, without placing climate-water impacts on individual
plants in a power systems context, vulnerability assessments that aim to support adaptation and resilience strategies
misgauge the extent to which regional energy systems are vulnerable (Miara et al., 2017). More recently, there has been
an increased focus on climate change as a potential risk to regional security. Climate change has strong implications for
national and regional security; as such, regional security should not be constrained to threats from external invasion or
domestic insurgency (Seiyefa, 2019). For example, the security of states is increasingly jeopardized by climate change,
examples include Hurricane Katrina in the United States, which led to civil disorder, destruction of state infrastructure
and loss of lives and destruction of properties (Lynn, Healy, & Druyan, 2009; Rohland, 2018; Seiyefa, 2019). Further-
more, climate change impacts such as flash floods and drought could pose spillover effect to neighboring states and the
international community (Seiyefa, 2019). Everyone and all sectors of the economy are increasingly under threat of cli-
mate change (Dube & Nhamo, 2019). To this end, it is difficult to ignore the risk of climate change given the significance
of the tourism economy to many countries. Given the fact that tourism is dependent on geographic space that is greatly
influenced by weather and climate variations, research into this topical issue is important especially in countries such
Zimbabwe and Kenya in Africa that are prone to climate extremes, to ensure the industry’s sustainability (Boko et al.,
2007; Hall, 2008). As a result, given the widespread impact of climate change, bilateral/international and interdisci-
plinary extensive planning and cooperation are key to address climate change challenges (IPCC, 2014, 2021).

The IPCC reports show that climate change is evident by high frequency in climate extreme events including flood-
ing, drought, and heat waves (IPCC, 2014, 2021). Studies have shown the changes in the occurrence and severity of
climate extreme events, along with the variability of weather patterns, cause substantial impacts on human and natural
systems (Esayas, Simane, Teferi, Ongoma, & Tefera, 2018; IPCC, 2014, 2021). It is widely projected that climate var-
iability will increase with increase in global warming and climate change (Screen, Deser, & Sun, 2015; Sillmann,
Kharin, Zwiers, Zhang, & Bronaugh, 2013; Thornton, Ericksen, Herrero, & Challinor, 2014). According to IPCC
(2007), climate change is the change in the state of the climate that can be identified (e.g., using statistical tests) by
changes in the mean and/or the variability of its properties, and that persists for an extended period, typically decades
or longer while climate variability is a periodic variation in these statistics. Climate variability on the other hand is the
variation in the mean state and other statistics (such as standard deviations, the occurrence of extremes, etc.) of the
climate on all spatial and temporal scales beyond that of individual weather events. The variability may be due to
natural internal processes within the climate system (internal variability), or to variations in natural or anthropogenic
external forcing (external variability). In essence, the persistence of anomalous conditions is the main difference
between climate variability and change. Natural variability of the climate system, in particular on seasonal and longer
time scales, predominantly occurs with preferred spatial patterns and time scales, through the dynamical character-
istics of the atmospheric circulation and through interactions with the land and ocean surfaces. The climate variability
driven by natural cycles is associated with sea level pressure or sea surface temperature (SST) in specific parts of
oceans. Such patterns are often called regimes, modes, or teleconnections. Examples are the North Atlantic Oscillation
(NAO), the Pacific-North American pattern (PNA), and the El Nifio-Southern Oscillation (ENSO), among others. Cli-
mate change has major implications for climate variability and the severity and frequency of hydroclimatic extreme
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events such as floods and droughts have changed (Tabari, 2020, 2021; Tegegne & Melesse, 2020; Van Loon et al., 2016).
Changes in many extreme weather and climate events have been observed since about mid of 20th century. Some of
these changes have been linked to human influences, including a decrease in cold temperature extremes, an increase in
warm temperature extremes, an increase in extreme high sea levels and an increase in the number of heavy precip-
itation events in a number of regions. Thus, investigating the changes in the hydroclimatic extreme events is important
to deal with the anthropogenic impacts (Giorgi et al., 2014).

Oceanic-atmospheric teleconnection patterns could affect hydroclimatic extreme events over large distances across
the world (Mehr, Nourani, Hrnjica, & Molajou, 2017; Najafi, Nourani, Sharghi, Roushangar, & Dabrowska, 2022;
Nourani, Najafi, Sharghi, & Roushangar, 2021). Climatic observations are often correlated across long spatial dis-
tances, and extreme events, such as heat waves or floods, are typically assumed to be related to such teleconnections
(Boers etal., 2019; Hong, Hsu, Lin, & Chiu, 2011; Lau & Kim, 2012). Revealing atmospheric teleconnection patterns and
understanding their underlying mechanisms is of great importance for weather forecasting in general and extreme-
event prediction in particular (Hoskins, 2013; Webster, Toma, & Kim, 2011), especially considering that the character-
istics of extreme events have been suggested to change under ongoing anthropogenic climate change (Cho, Li, Wang,
Yoon, & Gillies, 2016; Shepherd, 2014; Trenberth & Fasullo, 2012; Trenberth, Fasullo, & Shepherd, 2015).

Climatic oceanic indices such as Pacific Decadal Oscillation (PDO), Atlantic Multidecadal Oscillation (AMO), NAO,
Indian Ocean Dipole (IOD) and ENSO provide important predictive information about hydrologic variability in
regions around the world (Soukup, Aziz, Tootle, Piechota, & Wulff, 2009) where SST is the main factor almost in
all of such indices. The SST is a fundamental variable for understanding, monitoring and predicting fluxes of heat,
momentum and gases at a variety of scales that determine complex interactions between the atmosphere and ocean
(O’'Carroll et al., 2019; Minnett et al., 2019). The SST is critical to the exchanges of heat, moisture, momentum, and gases
since it is at the interface of the ocean and the atmosphere (Bentamy et al., 2017; Wanninkhof, Asher, Ho, Sweeney, &
McGillis, 2009). The SST at the ocean-atmosphere interface has a significant societal impact, through, e.g., large ocean
gyres and atmospheric circulation cells influencing weather and climate, weather systems, and severe storms and
local-scale phenomena, such as the generation of sea breezes and convective clouds (O’Carroll et al., 2019). The pat-
terns of SST reveal subsurface dynamics, at least those with a surface thermal expression such as fronts and eddies
(Tandeo, Chapron, Ba, Autret, & Fablet, 2013), and the modulation of the surface momentum exchanges across the
temperature gradients modify the atmospheric boundary layer on the mesoscale (O'Neill, Esbensen, Thum,
Samelson, & Chelton, 2010; Perlin et al., 2014) and larger (McPhaden, Zhang, Hendon, & Wheeler, 2006; Minobe,
Kuwano-Yoshida, Komori, Xie, & Small, 2008). The PDO is based on the monthly SST variability of the North Pacific
Ocean on the decadal-scale (Mantua & Hare, 2002). The continuing sequences of long-duration changes in the sea sur-
face temperature of the North Atlantic Ocean are termed AMO, having cool and warm phases that can last from 20 to
40years at a time (Enfield, Mestas-Nufiez, & Trimble, 2001).

ElNifio is one of the largest oscillations of the climate system and is defined as warmer than the normal conditions of
Pacific Ocean surface temperature in eastern parts. Commonly used ENSO index include regional SST values (e.g.,
Nino-1+2, Nino-3, Nino-4, and Nino-3.4) (Meidani & Araghinejad, 2014). The SOI is an atmospheric pressure-based
index and is a standardized anomaly of the mean sea level pressure difference (Tadesse, Wilhite, Harms, Hayes, &
Goddard, 2004). La Nifia dominates during a positive SOI while a negative SOI indicates El Nifio conditions. The
NAO index is the winter climate variability mode in North Atlantic Ocean and is defined as the difference in normal-
ized mean winter (December-March) sea level pressure anomalies between the island of Iceland and Portugal (Hurrell,
1995). The importance of oceanic-atmospheric teleconnection patterns in dealing with extreme events has been inves-
tigated by several researchers. For example, a significant relationship exists between south of the African Sahara rain-
fall and Atlantic SST (Camberlin, Janicot, & Poccard, 2001). Rucong, Minghua, Yongqiang, and Yimin (2001) indicated
a significant relationship between SST of the Pacific Ocean and summer monsoon in Mid-Eastern China (Rucong et al.,
2001). The SST of the Mediterranean Sea could affect the African Sahel rainfall (Rowell, 2003). The continuous positive
periods of NAO could affect drought (Stefan, Ghioca, Rimbu, & Boroneant, 2004). The ENSO could impact India’s
winter extreme rainfall events and consequently, the ENSO index can be used for the estimation of extreme rainfall
events in the region, 4 to 6 months in advance (Revadekar & Kulkarni, 2008). The ENSO and the IOD are the major
parameters affecting extreme floods in the Omo-Gibe River, Ethiopia (Degefu & Bewket, 2017). Also, a close link exists
between local SST anomalies and tropical rainfall (Ying, Huang, & Lian, 2019).

Although there is a lot literature on the influence of oceanic-atmospheric circulations on the hydroclimatic condi-
tions of Iran, about the hydroclimatic systems of western Iran, more attention has been paid to parameters such as
NAO, SOI and SST. For example, changes in SST of the Mediterranean, Black and Red Seas NAO and SOI could affect
the climate conditions of western Iran (Ghasemi & Khalili, 2008; Meidani & Araghinejad, 2014). According to Meidani
and Araghinejad (2014), a significant relationship was found between the stream flow of southwest Iran and the SST of
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the Mediterranean Sea. The results of their study showed that the application of SST (as predictors of stream flow in
southwest Iran) led to better performance than when using NAO, PDO, and AMO indices. In the research by Ghasemi
and Khalili (2008), the wet conditions in Iran were found to be characterized by a negative SST anomaly in the Med-
iterranean and the Black Sea, while dry conditions were found to be characterized by a positive SST anomaly in the
Mediterranean and the Black Sea. The results of this study also revealed that the winter precipitation in Iran is mainly
related to the Black and Mediterranean and Red Seas. Nazemosadat, Samani, Barry, and Molaii Niko (2006) investi-
gated the effects of ENSO on the 49-year precipitation distribution in Iran. The results revealed that around the mid-
1970s, the precipitation has significantly enhanced in the southwest and north of Iran as a result of a consistent increase
in the frequency and intensity of El Nifo events. Nazemosadat and Ghaedamini (2010) demonstrated a strong linkage
between Madden-Julian oscillation (MJO) and daily, monthly, and seasonal precipitation over Southern Iran and Ara-
bian Peninsula. Sabziparvar, Mirmasoudi, Tabari, Nazemosadat, and Maryanaji (2011) studied the impacts of different
ENSO phases on reference evapotranspiration variability and demonstrated significant correlations between ENSO
events and seasonal evapotranspiration variations in 54% of their study sites. The variations of the NAO and SOI could
affect drought events in southwestern parts of Iran (Dezfuli, Karamouz, & Araghinejad, 2010). The anomaly in SSTs of
the Persian Gulf and the Red Sea could affect the monthly precipitation in western Iran (Rahimikhoob, 2010). Winter
and autumn precipitations in the west of Iran are also related to previous season anomalies of Mediterranean SST and
the cooler condition of the sea in autumn leads to wetter winter (Rezaebanafsheh, Jahanbakhsh, Bayati, & Zeynali,
2011). Oceanic-atmospheric parameters such as ENSO, NAO, and SOI, along with SSTs could be applied to predict
hydroclimatic events, but in areas surrounded by seas, using SSTs could take precedence ( Nourani, Najafi,
Sharghi, et al., 2021). Hydroclimatic indices such as PDO, NAO, AMO and SOI along with SSTs could be used as pre-
dictors of the long-term precipitation, but in regions surrounding by seas, priority could be on using the SSTs of the
surrounding seas. Previous studies have mostly focused on the correlation of ENSO and NAO with Iran’s hydrological
cycle, while Iran is surrounded by seas, and the use of their SSTs could improve the forecasting results (Meidani &
Araghinejad, 2014; Nazemosadat et al., 2006; Nazemosadat & Ghaedamini, 2010; Sabziparvar et al., 2011). This
may be due to the fact that the Mediterranean, Black and Red Seas as sources of moisture of Iran western are placed
on west of Iran, affecting various areas around. In addition, practically these seas as main sources of Iran precipitations
are affected by ocean-atmospheric indices such as ENSO and NAO. Thus, the SSTs of the Mediterranean, Black and
Red seas could be used as predictors for the prediction of Tabriz and Kermanshah maximum monthly precipitation
(MMP) events located at Iran northwest. According to the literature, it could be concluded that the surrounding seas of
studied stations (Tabriz and Kermanshah) along with NAO and SOI indices could affect the MMP events of studied
stations, and could be used as predictors to predict MMP events.

In dealing with complex and uncertain systems such as hydroclimatic extreme events that are affected by remote
factors, data mining may be a useful alternative to conventional approaches such as regression-based methods that are
widely used for the detection of possible teleconnection and point prediction (Nourani, Najafi, Sharghi, et al., 2021).
Data mining is a technique that allows decision-makers to extract hidden predictive information from big databases,
allowing them to make knowledge-based judgments. The goal of data mining is to improve ways of detecting relevant,
significant, and unexpected relationships in huge datasets that cannot be detected using traditional methods or man-
ually. It is possible to discover causal linkages, describe which factors have a substantial influence on the problems of
interest, and develop models that anticipate the future using data mining approaches (Dadaser-Celik, Celik, & Dokuz,
2013). (i) Anomaly detection, (ii) classification, (iii) clustering, (iv) time series forecasting, and (v) association rules are
the five primary branches of data mining (Han, Kamber, & Pei, 2011). Outlier and aberrant data are identified using the
anomaly detection approach. Data may be grouped into groups or clusters using classification and clustering. Due to
the complexity and uncertainty of the long-distance teleconnection processes and weak correlation between predictors
and predictands, the use of conventional methods and point prediction will have poor performance. Association rule
mining is a technique for identifying relevant and unforeseen patterns in large datasets that cannot be detected using
traditional methods or manually. By extracting patterns that demonstrate the cause-effect connection between differ-
ent inputs, association rule mining can be used to investigate processes with high complexity and uncertainty such as
hydroclimatic extreme events (Changpetch & Lin, 2013). Although association rules are widely employed in many
disciplines of research, their application to hydroenvironmental issues is quite restricted. For example, teleconnection
patterns exist among several oceanic-atmospheric parameters and drought events of Nebraska in United States
(Tadesse et al., 2004). For India, precipitation time series were investigated to extracts association rules between
large-scale ocean-atmospheric parameters and floods and droughts events (Dhanya & Nagesh Kumar, 2009). For
Kzlrmak River Basin in Turkey, by utilizing association rules, the connections between stream flow and meteorological
factors were investigated (Dadaser-Celik et al., 2013). Extracted patterns using the binary genetic programming and
association rules demonstrated the teleconnection between SSTs of Red, Black and Mediterranean seas and monthly
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rainfall over the northwest of Iran (Mehr et al., 2017). Also, extracted patterns by the association rule mining were used
to construct if-then rules (to model using a new fuzzy logic tool named Z-numbers) for predicting drought events in the
northwest of Iran (Nourani, Najafi, Sharghi, et al., 2021).

Changes in climate variability and extreme events have significant consequences for sectors with strong connections
to the environment, such as water, agriculture, and health. As the novelty of this research, in this study, association rule
mining by extracting teleconnection patterns was used to investigate the changes in climate variability and extreme
events. This chapter investigates the historical changes in maximum monthly precipitation (MMP) events, four data
division strategies with different thresholds of 25%, 50%, and 75% of total samples were considered for extracting the
teleconnection patterns. To find teleconnection patterns among MMP events and SSTs of Red, Black and Mediterra-
nean seas, NAO, and SOI indices, association mining was applied. According to previous studies, the SSTs of the Per-
sian Gulf and the Caspian Sea have no effect on precipitation over northwestern Iran, perhaps due to the obstruction of
the Alborz and Zagros mountains (Nourani, Najafi, Sharghi, et al., 2021) and as a result, their SST was not used in the
present research. In this regard, after extracting the patterns between the three parameters (i.e., SSTs, NAO, and SOI)
and MMP events of Tabriz and Kermanshah stations (in northwestern Iran), the historical changes in the MMP events
were investigated by comparing the extracted teleconnection patterns for each data division strategy.

2 Materials and methods

2.1 Study area

Monthly precipitation observations from two stations in the northwestern (Tabriz city, 38.05°N, 46.17°E and Ker-
manshabh city, 34.21°N, 47.90°E) of Iran and SSTs of surrounding seas (Black, Mediterranean and Red Seas), NAO and
SOI parameters have been considered to the association mining (Figs. 6.1 and 6.2, and Table 6.1). Both stations are
located in the northwest of the country with an elevation about 1350 m above sea level. The selection of these gauges
is based on their locations and length of available measurements that provide an appropriate situation for both tem-
poral and spatial assessments of the results. The two stations are approximately 422 km apart and have different cli-
matic conditions. The elevations of these cities are 1361 and 1318.6 m above sea level, respectively. The mean monthly
precipitation at the Kermanshah synoptic station is about 12mm greater than the mean monthly precipitation at the
Tabriz synoptic station and also the mean monthly temperatures at the Kermanshah synoptic station is about 2.5°C
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FIG. 6.1 Location of the Tabriz and Kermanshah synoptic stations and adjacent seas.



106

6. Historical changes in hydroclimatic extreme events over Iran

180

(a) Strategy | Strategy 2 Strategy 3 Strategy 4
160 |« (1955-1971) - (1971-1987) - (1987-2003) (2003-2019)
140 90th Percentile = 56.06 mm

=
[~
o

-
[=4
(=}

0
=]

|‘||l|| Tl | ‘| In”

ki

Jan-55 Jan-59 Jan-63 Jan-67 Jan-71 Jan-75

Tabriz precipitation(mm)
D
o

B
o

[N
o

T

Jan-95 Jan-99 Jan-03 Jan-07 Jan-11 Jan-15 Jan-19

m

Jan-79  Jan-83 Jan-87 Jan-91

Time (month)
(b) Strategy 1 Strategy 2 Strategy 3 Strategy 4

56, (1955-1971) . (1971-1987) P (1987-2003) (003-2019)
e 90th Percentile = 90.16 mm
g 250
E
g
=
2 200
£
o
2
S 150 ‘
=
=}
2
=
Foo | ] |||. ]l Lon LI | 1 ||l
EY
M

" L | IJ i

Jan-55 Jan-59 Jan-63 Jan-67 Jan-71 Jan-75 Jan-79 Jan-83 Jan-87 Jan-91 Jan-95 Jan-99 Jan-03 Jan-07 Jan-11 Jan-15 Jan-19
Time (month)

FIG. 6.2 Monthly precipitation time series and threshold limit for synoptic stations of (A) Tabriz and (B) Kermanshah.

TABLE 6.1 Statistics of observed monthly precipitation and used SSTs and indices.

Parameter Location Mean Maximum Minimum Std.
SST (°C) Black Sea 11.88 26.11 -1.59 7.54
Mediterranean Sea 20.08 28.03 14.18 4.08
Red Sea 25.42 31.76 16.76 414
MP (mm) Tabriz 23.56 128.41 0 23.36
Kermanshah 36.87 295.41 0 42.8
NAO - 0.003 3.04 -3.18 1.029
SOIL - 0.132 29 -3.6 0.949

warmer than the Tabriz. Tabriz has a semiarid climate with regular seasons but the Kermanshah climate is heavily
influenced by the proximity of the Zagros mountains, classified as a hot dry summer Mediterranean climate.

The Zagros and Alborz Mountains as the two large mountain chains of Iran are situated in Iran’s northwest, west,
and north. Fig. 6.3 depicts the spatial distribution of annual precipitation in western Iran. Precipitation fluctuations of
different regions of Iran are not significant and such fluctuations can be found only in western Iran (Fig. 6.3). It is only
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FIG. 6.3 (A) The map of Iran representing the topographic height, and (B) spatial distribution of the annual mean precipitation (mm).

the west of Iran that is affected by SSTs of the Red, Mediterranean and Black Seas. Thus, the data of Tabriz station (in
northwestern Iran) and Kermanshah station (close to the center of western Iran) which have data with appropriate
quality and quantity were used as the representative of western Iran and could be used to investigate the historical
changes in hydroclimatic extreme events. It is notable that, in the proposed methodology, different combinations of
inputs with different lag times were tested to get the best possible combination of inputs. This study did not claim that
exactly the same inputs (SSTs, NAO and SOI) or even the same combination of antecedents are suitable for all over
IRAN stations. But claimed that, the association rule mining could be applied to identify the teleconnection factors that
affecting the precipitation of each station over the considered time periods.

2.2 Data

The statistics of monthly time series of precipitations of Tabriz and Kermanshah stations, SSTs of the Black Sea,
Mediterranean Sea and Red Sea, SOI and NAO parameters for the study period are presented in Table 6.1. Monthly
precipitation data running from 1955 to 2019 used in this research was sourced from the Iran Meteorological Orga-
nization (http://www.irimo.ir/) (Specialized products and services weather, 2021).

The SSTs were sourced from the National Oceanic and Atmospheric Administration (NOAA, http://www.esrl.
noaa.gov/psd/cgi-bin/data/timeseries/timeseries1.pl). The data has a resolution of 1° grid squares of the seas. In
this research, the mean value of the selected grid points (monthly SSTs) was used as SST time series (Kalnay et al.,
1996). The overall gridded data region consists of 14, 10 and 101 cells for Red, Black and Mediterranean Sea, respec-
tively. The average monthly values of SSTs for the selected grid points were used in this analysis. Furthermore, the SOI
and NAO monthly time series were retrieved from NOAA (https://www.ncdc.noaa.gov/teleconnections/)
(Teleconnections, 2021).

According to the climatic regions of western Iran which is predominantly arid to semiarid, precipitation above the
threshold of the 90th could be considered as an extreme event. Fig. 6.2 shows the threshold of the 90th percentile
applied for classifying the monthly precipitation data into two categories of high (H) and low (L) values. The threshold
precipitation of 90th percentile that represents 56.06 mm for Tabriz and 90th percentile that is equivalent to 90.16 mm
for Kermanshah synoptic stations were determined and applied to the data. Ordinarily, there is no standard threshold
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for the determination of extreme events. For example, Rahimikhoob (2010) considered T=25% (or percentile 75) as
extreme eventswhile Mehr et al. (2017) examined different thresholds (15%, 25% and 35%) as extreme events for
the precipitation monitoring. In this regard, due to the arid to the semiarid condition of western Iran, the threshold
precipitation of T=10% (or percentile 90th) was determined and applied to the data (but other threshold values may be
also tried within the suggested methodology). The data was divided into four equal parts according to thresholds of
25%, 50% and 75% of total samples (four strategies) to investigate the historical changes in MMP events (Fig. 6.2).

2.3 Methodology

The data analysis process involved four distinct phases (preprocessing, data dividing, association rule mining, and
finally analyzing and assessing the obtained results). In this research utilizing two indices (i.e., NAO and SOI) and SST
values, the historical changes in MMP events were investigated. The methodology employed is schematically shown in
Fig. 6.4. In the continuation of this subsection, each of the four phases is described in detail.

Firstly, the monthly SSTs and NAO data were discretized in groups called very high (VH), H, medium (M), L and
very low (VL) (Table 6.2). The monthly SOI data were discretized in groups called extremely high (EH), VH, H, M, L,
VL and extremely low (EL). Also, the monthly precipitation time series of the stations were discretized into H (MMP
events) and L groups by defining the 90th percentile as the threshold of maximum precipitation in this study (but
definitely other threshold values may be also tried within the proposed methodology). This discretization was per-
formed using scientific judgment (as well as trial and error) and earlier researches, so the discretized group numbers
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FIG. 6.4 Schematic of the proposed methodology.
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TABLE 6.2 The groups of used monthly parameters (i.e., SSTs, NAO, and SOI).

EL VL L M H VH EH
Black Sea SST (°C) - <0.57 (0.57)~(4.34) (4.34)-(19.41)  (19.41)-(2320)  >23.20 -
Mediterranean Sea SST (°C)  — <13.97 (13.97)(16.00) (16.00-(24.15)  (24.15)-(26.19)  >26.19

Red Sea SST (°C) - <19.23 (19.23)-(21.29) (2129)-(29.55)  (29.55)-(31.62)  >31.62

NAO - <=3.00 (=3.00~(=2.00)  (=2.00)-(2.00)  (2.00)~(3.00) >3.00

SOI <-131  (-131)(-0.87)  (-0.87)-(~0.40)  (—0.40)-(0.55)  (0.55)~(1.00) (1.00)-(1.47)  >147

in the antecedents and consequent may vary. To this end, according to confidence and support criteria, the possibility
of extracting appropriate patterns by association mining was investigated. In this way, for each trial with specified
numbers of discretized groups for each variable, if the extracted patterns by association mining were acceptable in
terms of confidence and support criteria (e.g., existing some patterns with confidence >0.6), the assumed number
of groups for each variable was confirmed.

The data was then divided into four parts with defining different thresholds of 25%, 50% and 75% of the total time
series for extracting the teleconnection patterns (four strategies). Due to the considered threshold for extreme events
(90th percentile), the occurrence of MMP extreme events is rare. So to the extraction of teleconnection patterns with
association mining, sufficient data for each strategy must be considered (in this research about 16 years of monthly data
for each strategy was considered). To this end, datasets were divided into four parts to be appropriate both in terms of
the length of data (for each strategy) and in terms of the number of parts to investigate changes in the MMP events.

Thirdly, the patterns between the three parameters (i.e., SSTs, NAO, and SOI) and MMP were discovered using the
association rule mining technique. Fourthly, the results of all strategies were evaluated and compared with each other.

Association rule mining can be used to discover the common patterns in large datasets. An association rule C=D
states that if C happens as an antecedent, D occurs as a consequent with a certain possibility. Confidence and support
criteria are used to assess the reliability of extracted association rules. The ratio of simultaneous C and D events to all
events is seen in the support of the rules (Eq. 6.1). The ratio of simultaneous C and D events to total C events is seen in
the confidence of rules (Eq. 6.2; Han et al., 2011).

Support (C— D) =P(CUD) 6.1)

Support (CUD)

Confidence (C— D) =P(C| D) = Support (C)

6.2)
In general, each interestingness measure is associated with a threshold, which may be controlled by the user. For exam-
ple, rules that do not satisfy a confidence threshold of, for instance, 60% can be considered uninteresting. Rules below
the threshold likely reflect noise, exceptions, or minority cases and are probably of less value. Rules that satisfy both a
minimum support threshold and a minimum confidence threshold are called strong.

In this work, the a priori algorithm was applied to generate association rules. Among the best-known algorithms for
association rule induction is the a priori algorithm (Agrawal, Imielinski, & Swami, 1993; Agrawal, Mannila, Srikant,
Toivonen, & Verkamo, 1996; Borgelt & Kruse, 2002). This algorithm works in two steps: first, the frequent itemsets are
determined. These are sets of items that have at least the given minimum support. In the second step, association rules
are generated from the frequent itemsets found in the first step. Usually, the first step is the more important because it
accounts for the greater part of the processing time. In order to make it efficient, the a priori algorithm exploits the
simple observation that no superset of an infrequent itemset (i.e., an itemset not having minimum support) can be
frequent (can have enough support).

3 Results and discussion

The association rule mining is used in this work to investigate teleconnections between parameters of SSTs, NAO
and SOI and MMP events. According to the IPCC reports (IPCC, 2014, 2021), each of the last four decades has been
successively warmer than any decade, and there has been a positive trend in global temperatures. In this regard, four
data division strategies with different thresholds of 25%, 50% and 75% of total time series (according to the quality and
quantity of available data) were considered for extracting the teleconnection patterns. Following the categorization of
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the hydroclimatic parameters (to interval sets such as VL, VH, etc.), the association mining was applied to find the
teleconnection patterns between the three parameters (i.e., SSTs, NAO, and SOI) and MMP events for each data divi-
sion strategy. Finally, the historical changes in the occurrence of MMP events were investigated by comparing the
extracted teleconnection patterns for each data division strategy.

For association rule mining, the data should be first classified into some classes (Dadaser-Celik et al., 2013; Mehr
et al., 2017; Dhanya & Nagesh Kumar, 2009; Nourani, Najafi, Sharghi, et al., 2021; Tadesse et al., 2004). To this end, as
indicated in Table 6.2, the considered parameters as antecedents were discretized into several groups within bounds of
u=£jo (4 as mean and o as std.). Different scenarios had to be tested to identify the best thresholds and class numbers for
categorizing input parameters (SSTs, NAO, and SOI) and extracting rules through association mining. According to
the literature (Mehr et al., 2017; Nourani, Najafi, Sharghi, et al., 2021; Tadesse et al., 2004), various values for j were
checked, including j=1,1.5;j=0.5,1.5;j=0.5,1, 1.5; j=2, 3. However, the approach that uses j=1, 1.5 for SSTs, j=0.5, 1,
1.5 for SOI and j=2, 3 for the NAO provided the appropriate patterns with high confidence and support. Monthly
precipitation was also discretized into two groups of L and H (MMP events). These discretized groups influence
the derived patterns from association mining. Therefore, with improper discretization, the extracted patterns may
be weak (according to the confidence and support of extracted patterns).

The extracted teleconnection patterns between the SSTs, NAO and SOI parameters and MMP events with confi-
dence >0.6 and support >0.01 (at least 2-time occurrence) were investigated (see Tables 6.3 and 6.4). Detection of effec-
tive time lags of antecedents is an important step in extracting suitable patterns (Tabari & Willems, 2018). The
comparative analysis indicated that using lag 1 for all inputs as antecedents could lead to the extraction of better pat-
terns according to confidence and support metrics. So, the teleconnection patterns were extracted among the MMP(f)
and SST(t—1), NAO(t—1) and SOI(t—1) as:

MMP; = f (SST’;,l, NAO;_1, SOl ) 6.3)

where k (1, 2, and 3) denotes the SST of the related sea.

It is notable that according to the binary assumption of precipitation in this study (L or H), the MMP events (i.e.,
H events) were rare compared to the L events, consequently, the extracted association rules for L precipitation events
were much more than MMP events (e.g., Tables 6.3 and 6.4 that in each considered time periods, only a few association
rules were extracted for MMP events). Tables 6.3 and 6.4 indicate the extracted patterns for MMP events of Tabriz and
Kermanshah stations. According to Tables 6.3 and 6.4, for both stations, although similar patterns are found between
strategies 1 to 3 (e.g., for Tabriz station, pattern 2 for strategy 1 and pattern 1 for strategy 2), there are no similar pat-
terns in strategies 4. Due to climate change and global warming, extracted teleconnection patterns have changed over
time (strategy 1 to strategy 4) and practically different patterns were obtained for different considered strategies. For

TABLE 6.3 The extracted association rules for Tabriz station.

Antecedent Consequent

(if...occur) (then...occur)

Tabriz monthly

Black Sea Mediterranean Sea Red Sea NAO SOl precipitation

Num. t-1) -1 -1 -1 -1 ) Confidence
Strategy 1 (1955-1971) 1 M - M L M H 1

2 - L M M VH 0.75

3 - - M L M 0.67

4 - M M EL 0.67

5 L L M M VH 0.67
Strategy 2 (1971-1987) 1 - L M M EH 0.75

2 L L - M EH 0.67

3 M L M M EH 0.67
Strategy 3 (1987-2003) 1 - L M M M 0.67
Strategy 4 (2003-2019) 1 H - M M L 1
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TABLE 6.4 The extracted association rules for Kermanshah station.

111

Antecedent Consequent
(if...occur) (then...occur)
Black Sea  Mediterranean Sea  Red Sea NAO  SOI Kermanshah monthly
precipitation
Num. (t—1) t-1) t-1) t-1) @¢-1) ® Confidence
Strategy 1 (1955-1971) 1 L M - M M H 1
2 M L L M M 1
3 M L L M - 0.75
4 - M VL M M 0.67
Strategy 2 (1971-1987) 1 L L L M M 0.75
2 - VL M EH 0.67
Strategy 3 (1987-2003) 1 L L L M M 0.67
2 L L - M M 0.6
Strategy 4 (2003-2019) 1 L L M M EL 0.67

both stations, a combination of SSTs of all considered seas, NAO and SOI parameters is the most repeating pattern.
However, the discrete classes of these antecedents are different for different strategies. Also, the number of extracted
patterns has decreased over time which for strategy 4 only one pattern was extracted. This can be due to the climate
change and rapid changes during the strategy 3 and 4 (last 33 years) and also reduction of extreme events with the
approach of the present time (see Tables 6.5 and 6.6) which makes it difficult to predict the MMP extreme events
in the future. For both stations, according to the extracted patterns for lag 1, MMP events happened when SSTs from
the M, L, and VL classes were combined, but no SSTs from the H or VH classes were included in the derived rules
except for strategy 4 of Tabriz station (the period of 2003 to 2019) which antecedent contains the H class of Black
Sea. This might also be due to climate change and global warming.

TABLE 6.5 The number of MMP events for Tabriz station.

Winter Spring Summer Autumn
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Sum.
Strategy 1 (1955-1971) 1 1 4 9 6 1 0 0 0 1 4 2 29
Strategy 2 (1971-1987) 0 0 2 7 6 1 0 0 0 1 3 0 20
Strategy 3 (1987-2003) 0 0 1 5 2 0 0 0 0 3 2 2 15
Strategy 4 (2003-2019) 0 1 0 7 1 0 0 0 0 2 1 1 13
TABLE 6.6 The number of MMP events for Kermanshah station.
Winter Spring Summer Autumn
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Sum.
Strategy 1 (1955-1971) 4 1 5 6 2 0 0 0 0 1 3 1 23
Strategy 2 (1971-1987) 1 4 5 1 0 0 0 0 0 0 3 4 18
Strategy 3 (1987-2003) 2 1 6 2 1 0 0 0 0 2 2 3 19
Strategy 4 (2003-2019) 2 1 3 4 1 0 0 0 0 2 3 1 17
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The frequencies of MMP events were 13% for winter, 58% for spring, 0% for summer and 29% for autumn for Tabriz
station (Tables 6.5 and 6.6). For Kermanshah station, the frequencies of MMP events were 45.5% for winter, 22% for
spring, 0% for summer and 32.5% for autumn. So, for both stations, the frequencies of MMP events (with the threshold
of 90th percentile) were 0% for summer. By summer occurrence, SSTs of H and VH, the MMP events were uncommon
and virtually no patterns with H or VH SST group were found (except for strategy 4 of Tabriz station). This confirms a
previous study (Ghasemi & Khalili, 2008) that the wet conditions in Iran are characterized by a negative SST anomaly
in the Mediterranean and the Black Sea. Also for both stations, in addition to the decrease in extreme events over time,
due to climate changes, the rate of extreme events in winter has decreased and has been added to spring and autumn.

Previous studies (Dezfuli et al., 2010; Hosseinzadeh Talaee, Tabari, & Sobhan Ardakani, 2014; Nazemosadat et al.,
2006; Raziei, Saghafian, Paulo, Pereira, & Bordi, 2009) mostly focused on the correlation of ENSO and NAO and Iran’s
regional climate. However, Iran is surrounded by seas and using their SSTs might enhance the quality of the findings.
The results of this study confirmed this hypothesis and indicated that SSTs along with NAO and SOl indices are appro-
priate variables for the investigation of historical changes of MMP events in western Iran. This may be due to the fact
that approximately 70% of Iran precipitations are originated either in the Black Sea or the Mediterranean Sea. The other
30% originates in North Africa and the Red Sea and comes to Iran via Saudi Arabia and the Persian Gulf ken
(Ghasemi & Khalili, 2008; Kendrew, 1922).

In this work, two classes of output (binary) were considered in the modeling (i.e., high or low monthly precipita-
tion); however, the output could be classified into more classes if needed. The monthly precipitation events of only two
stations were investigated but in order to further investigate the historical changes of MMP events, it is recommended
to apply it to multiple precipitations series, with diverse characteristics over the whole country. Although only the
SSTs, NAO and SOI are applied herein as predictors (inputs), other indices such as AMO, and PDO could be consid-
ered to extract teleconnection patterns between hydroclimatic parameters.

Indeed, the hydroclimatic extreme events are complex systems because of the highly nonlinear and interacting com-
ponents. Consequently, the application of association rule mining might be an appropriate manner for investigating
such complex processes. When compared to other techniques, especially the conventional correlation approaches, data
mining has four major advantages:

(i) In time series analysis, data mining can offer a lot of precision when it comes to finding relationships between
different parameters that exist at the same time or with time lags.
(ii) The rules and models provided by data mining are simple to comprehend.
(iii) Using data mining methods, a researcher would be able to get a broad view of the relationships between the
various parameters by identifying all possible patterns in datasets.
(iv) When vast volumes of data with several variables are processed, data mining can be used as a reliable method for
tracking extreme events like MMP.

4 Conclusions

Climate variability is expected to increase as climate change continues following globe warming. Changes in the
climate variability and in the frequency, severity, spatial extent and timing of extreme events are unavoidable conse-
quences of climate change (Field, Barros, Stocker, & Dahe, 2012; Thornton et al., 2014). Changes in extreme events will
have major implications for both human and natural systems. To cope with such anthropogenic impacts, it is impor-
tant to analyze changes in hydroclimatic extreme events. Large-scale oceanic-atmospheric teleconnection patterns
could be used to investigate hydroclimatic extreme events including MMP events. In this study, to investigate the his-
torical changes in MMP events, four data division strategies with different thresholds of 25%, 50%, and 75% of total
samples were considered for extracting the teleconnection patterns. The association mining was applied to find the
rules between the SST, NAQO, and SOI parameters and MMP events for each data division strategy. Finally, by ana-
lyzing and comparing the extracted teleconnection patterns for each data division strategy, the historical changes in
MMP events were investigated.

It is evident that the large-scale parameterssuch as the SSTs of surrounding seas SOI and NAO could be applied as
predictors to predict MMP events over northwestern Iran (with over 67% confidence in both stations). For both Tabriz
and Kermanshah stations, the number of extracted patterns from about 5 patterns for strategy 1 (1955-71) has
decreased to only one pattern for strategy 4 (2003-19). This can be due to the climate change and rapid changes during
strategies 3 and 4 (last 33 years) and reduction of extreme events with the approach of the present time (strategy 4)
which makes it difficult to predict the MMP extreme events in the future. Also, the extracted teleconnection patterns
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for strategy 4 were different from other strategies (strategy 1 to 3). Practically, this proves the changes in MMP extreme
events during the last 65 years (1955-2019) and the need to define new patterns for the prediction of MMP events in the
future.

Reliable outcome of the data mining for investigating the teleconnection patterns between MMP events and SSTs,
NAO, and SOI, recommends its employment to investigate historical changes of other hydroclimatic extreme events
such as drought and flood.
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1 Introduction

Precipitation-related extremes are among the most impact-relevant consequences of a warmer climate (Akinsanola,
Kooperman, Reed, Pendergrass, & Hannah, 2020; Zhang, Zhou, Zou, et al., 2018). Globally, extreme precipitation
events have significantly increased in frequency and magnitude under climate change, causing more water-related
disasters such as droughts, floods, and even landslides and debris flows in mountainous areas (Amarnath et al,,
2017; Dai, 2013; Milly, Wetherald, Dunne, & Delworth, 2002; Trenberth et al., 2014). Many studies based on both obser-
vations and global climate models (GCMs) have demonstrated a general increase in extreme precipitation events (e.g.,
Fischer & Knutti, 2016; Kharin, Zwiers, Zhang, & Wehner, 2013; Lehmann, Coumou, & Frieler, 2015; Li et al., 2020;
Noor, Ismail, Shahid, & Nashwan, 2020; Scoccimarro, Gualdi, Bellucci, Zampieri, & Navarra, 2013;
Uranchimeg, Kwon, Kim, & Kim, 2020; Westra, Alexander, & Zwiers, 2013). In recent decades, these climate
change-induced natural disasters, such as the severe flood in northern India in 2013, heavy rainfall over northern Paki-
stan in July 2010, severe debris flow in northwest China in 2010, the winter floods in southern England in 2014, and the
persistent drought in California in 2014 (Agha Kouchak, Cheng, Mazdiyasni, & Farahmand, 2014; Cho, Li, Wang,
Yoon, & Gillies, 2016; Lau & Kim, 2012; Schaller et al., 2016; Wang, Wang, & Hong, 2016) have caused enormous loss
of lives and destruction of property, and have therefore become a major threat to human security and sustainable socio-
economic development ( Jongman et al., 2014; Jonkman, 2005; Smith & Katz, 2013). Considering the continued global
reliance on fossil fuels and the associated emissions of greenhouse gases (GHGs), the world’s population is likely to
be exposed to increased hazards that could have adverse impacts on human systems and the economy (Mora et al.,
2018). Thus, assessments of changes in precipitation extremes in response to global warming are critical for mitigation
and adaptation management.

The United States is vulnerable to precipitation-related extremes from a variety of storm types ranging from orga-
nized thunderstorms (e.g., Haberlie & Ashley, 2019) to hurricanes (e.g., Kunkel & Champion, 2019; Liu & Smith, 2016;
Reed, Wehner, Stansfield, & Zarzycki, 2021) to atmospheric rivers (e.g., Lavers & Villarini, 2013; Slinskey, Loikith,
Waliser, Guan, & Martin, 2020), and associated disasters have resulted in significant loss of lives and properties. Many
studies have investigated future changes in climate extremes anticipated for the United States under different scenarios
of GHG emissions (e.g., Kirchmeier-Young & Zhang, 2020; Lopez-Cantu, Prein, & Samaras, 2020; Prein et al., 2017;
Sillmann, Kharin, Zwiers, Zhang, & Bronaugh, 2013; Wuebbles et al., 2014) and most recent of these results are based
mainly on the GCMs simulations available from the Coupled Model Intercomparison Project phases 5 & 6 (CMIP5 &
CMIP6). For example, Janssen, Sriver, Wuebbles, and Kunkel (2016) and Janssen, Wuebbles, Kunkel, Olsen, and
Goodman (2014) reported that the observed increase in heavy precipitation events will continue in the future in CMIP5
scenarios with moderate and high GHG increases. Similarly, Akinsanola, Kooperman, et al. (2020) documented a
robust intensification of winter precipitation extremes under the CMIP6 high emissions scenario, particularly over
the northern parts of the United States, despite pronounced uncertainty that dominates the summer season for most
of the country (with the exception of a consistent increase in consecutive dry days in the Central United States). While
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previous studies have detailed the potential changes in future precipitation extremes at the end of the 21st century in
CMIP5 simulations, an updated synthesis based on CMIP6 of the impacts of climate change on annual precipitation
extremes over the United States at the middle and end of the century is needed.

In view of this, this chapter aims to document the future changes in annual precipitation extremes in the United
States by employing multimodel projections from the CMIP6 models. In this chapter, dry and wet precipitation
extremes are assessed using two indices defined by the Expert Team on Climate Change Detection and Indices
(ETCCDI, Zhang et al., 2011); maximum consecutive dry days (CDD) and maximum 5-day precipitation
(RX5day), respectively. These two indices encapsulate the most consistent seasonal changes previously identified
over the United States in CMIP6 simulations (Akinsanola, Kooperman, et al., 2020) and severe to illustrate changes
on both sides of precipitation extremes. The CDD is derived as the maximum number of consecutive days with daily
precipitation less than 1 mm and is often used as one of the meteorological drought or dryness indicators; while the
RX5day is a frequently used extreme precipitation index in flood risk assessments (Seneviratne et al., 2012; Zhang
et al., 2011).

2 Data and methodology

Daily precipitation data from 19 CMIP6 model simulations (Eyring et al., 2016; details in Table 7.1) from the first
realization (“r1ilp1f1”) for both the historical and the projected fossil-fuel-based economic (i.e., high greenhouse gas
emissions) scenario (Shared Socioeconomic Pathways; SSP5-8.5; O'Neill et al., 2016) experiments were used for the
analysis presented in this chapter. Both experiments included fully coupled simulations with interactive atmo-
sphere, land, ocean, and sea-ice components. The SSP5-8.5 scenario is closely related to the CMIP5 RCP8.5 scenario,
which produces a radiative forcing of about 8.5Wm > by the end of the 21st century. The National Oceanic and
Atmosphere Administration Climate Prediction Center Unified Gauge-Based Analysis (CPC) daily precipitation
data at 0.25° x 0.25° resolution was used for model validation (Chen and Knutson, 2008). The present-day and pro-
jected simulations cover the period of 1985-2014 and 2015-99, respectively. The model outputs and observations
were regridded to a common grid of 2.81° x 2.81° using a distance-weighted interpolation method in the Climate
Data Operators (https:/ /code.zmaw.de/projects/cdo) to produce multimodel summary statistics based on the low-
est model resolution. This approach uses the first-order conservative regridding method described in Jones (1999)
and reflects the viewpoint that precipitation output from climate models represents an area-average over the grid
cell (Chen & Knutson, 2008). In order to reduce uncertainty, we used the multimodel ensemble mean of all the
CMIP6 simulations, referred to herein as “EnsMean,” but include several metrics to assess the consistency and
spread across models.

The CDD and RX5day indices defined by the ETCCDI (Klein Tank, Zwiers, & Zhang, 2009; Zhang et al., 2011)
were used as indicators for dry and wet extreme precipitation, respectively. These are nonparametric indices
that describe moderate extremes with a recurrence time of at most a year and are calculated from daily precip-
itation. These indices were calculated for the individual models on the common grid and averaged to form the
EnsMean.

Previous studies have shown that the spatial characteristics of precipitation extremes can differ significantly across
seasons (Akinsanola et al., 2020; Srivastava, Richard, & Paul, 2020). Therefore, to have a complete explanation of the
projected changes in annual and seasonal precipitation extremes over the United States, all the analyses and calculations
presented in this study for annual (maps) and seasonal (time series) timescales are defined herein as: ANN (January-
December), DJF (December-January-February)), MAM (March-April-May), JJA (June-July-August), and SON
(September-October-November), which were integrated over the United States and further assessed over the seven sub-
regions defined in the National Climate Assessment Report (https://nca2018.globalchange.gov/; see Fig. 7.1).

The ability of the CMIP6 models to reproduce the annual dry and wet precipitation extremes is first evaluated by
comparing the present-day simulations with CPC observations (Section 3.1). Broad spatial assessment and several
summary statistics (pattern correlation coefficient, PCC, and normalized root mean square error, NRMSE) were used
to evaluate the models. The projected changes were computed by comparing two 30-year time slices from the projec-
tions, 2040—69 and 2070-99, to the present-day period of 1985-2014. Furthermore, to assess the intermodel agreement
and robustness of the results, we assessed grid points where at least 70% of the ensemble members agree on the sign of
change in the ensemble mean. We further assessed grid points where the changes are statistical significant based on
student t-test. Changes in annual mean precipitation, maximum consecutive dry days, and maximum 5-day precip-
itation are presented in Sections 3.2, 3.3 and 3.4, respectively; followed by a summary of the major conclusions and
implications in Section 4.


https://code.zmaw.de/projects/cdo
https://nca2018.globalchange.gov/;
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TABLE 7.1 Information of the 19 CMIP6 climate models used in this study.

Resolution
S/N  Model Institute (lon x ‘lat) References
1 ACCESS-  Commonwealth Scientific and Industrial 1.88x1.25 Dix, Bi, Dobrohotoff, Fiedler, et al. (2019a, 2019b)
CM2 Research Organisation
2 ACCESS- Commonwealth Scientific and Industrial 1.88x1.24 Ziehn, Chamberlain, Lenton, et al. (2019a, 2019b)
ESM1-5 Research Organisation
3 CanESM5  Canadian Earth System Model 2.81x2.81 Swart et al. (2019a, 2019b)
4 CESM2- National Center for Atmospheric Research 1.25x0.94 Danabasoglu (2019a, 2019b)
WACCM
5 CMCC- Euro-Mediterranean Centre on Climate 1.25x0.94 Lovato and Peano (2020a, 2020b)
CM2-SR5  Change coupled climate model
6 CMCC- Euro-Mediterranean Centre on Climate 1.25x0.94 Lovato, Peano, and Butenschon (2021a, 2021b)
ESM2 Change Earth System Model
7 EC- EC-EARTH consortium 0.70 x 0.70 EC-Earth Consortium (EC-Earth) (2021a, 2021b)
Earth3-
CC
8 EC- EC-EARTH consortium 0.70 x 0.70 EC-Earth Consortium (EC-Earth) (2019a, 2019b)
Earth3
9 EC- EC-EARTH consortium 1.13x1.13 EC-Earth Consortium (EC-Earth) (2020a, 2020b)
Earth3-
Veg-LR
10 EC- EC-EARTH consortium 0.70 x 0.70 EC-Earth Consortium (EC-Earth) (2019¢, 2019d)
Earth3-
Veg
11 INM- Institute of Numerical Mathematics 2.00 x 1.50 Volodin, Mortikov, Gritsun, Lykossov, et al. (2019a, 2019b)
CM4-8
12 INM- Institute of Numerical Mathematics 2.00 x 1.50 Volodin, Mortikov, Gritsun, Lykossov, et al. (2019¢, 2019d)
CM5-0
13 IPSL- Institute Pierre-Simon Laplace (IPSL) 2.50x%x1.26 Boucher, Denvil, Caubel, and Foujols (2018, 2019)
CM6A-
LR
14 MIROC6 Japanese Modeling Community 1.41 x1.41 Tatebe and Watanabe (2018) and Shiogama, Abe, and Tatebe
(2019)
15 MPI- Max Planck Institute 0.94 x 0.94 Jungclaus, Bittner, Wieners, Wachsmann, et al. (2019) and
ESM1-2- Schupfner, Wieners, Wachsmann, Steger, et al. (2019)
HR
16 MPI- Max Planck Institute 1.88x1.88 Wieners, Giorgetta, Jungclaus, Reick, et al. (2019a, 2019b)
ESM1-2-
LR
17 MRI- Meteorological Research Institute (MRI) 1.13x1.13 Yukimoto, Koshiro, Kawai, et al. (2019a, 2019b)
ESM2-0

18 NESM3 Nanjing University of Information Science 1.88x1.88 Cao and Wang (2019) and Cao (2019)
and Technology Earth System Model

19 TaiESM1 Taiwan Earth System Model 1.25x0.94 Lee and Liang (2020a, 2020b)

3 Results and discussion

3.1 Evaluation of present-day annual dry and wet extremes

The spatial distributions of annual CDD and RX5day are presented in Fig. 7.2 for the CPC observation and the
CMIP6 EnsMean. The observed CDD averaged over the period of 1985-2014 shown in Fig. 7.2A is dominated by a
zonal dipole, with the maximum (minimum) values located west (east) of the Rocky Mountains. This spatial pattern
is reasonably reproduced by the CMIP6 EnsMean (Fig. 7.2B), although the magnitude of the CDD is considerably
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FIG. 7.1 Study domain showing the seven CONUS subregions (NW, Northwest; SW, Southwest; NGP, Northern Great Plains; SGP, Southern
Great Plains; MW, Midwest; SE, Southeast; NE, Northeast; US, all of United States). The color scale shows topography in meters.
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FIG. 7.2 CPCand EnsMean annual mean extreme precipitation indices for (A,B) consecutive dry days (CDD), (C,D) maximum 5-day precipitation
(RX5day). Bottom left values in (B,D) are the pattern correlation coefficient (PCC) and normalized root mean square error (NRMSE) of EnsMean
relative to CPC.

underestimated over the northwest, southwest, northern great plains, and southern great plains subregions. Relative
to CPC observation, the CMIP6 EnsMean has a pattern correlation coefficient (PCC) of 0.91 and Normalized root mean
square error (NRMSE) of 0.54; with a span from 0.78 to 0.88 and 0.51 to 1.08 across ensemble members for PCC and
NRMSE, respectively (Table 7.2).

We further show the observed and simulated spatial patterns of the RX5day index over the United States. The
observed RX5day increases from the western to eastern United States (Fig. 7.2C), with a maximum center in southeast
(Gulf coast) subregion (higher than 65mm). The locations of the observed dry/wet centers are well captured by the
CMIP6 EnsMean, but the CMIP6 EnsMean underestimates the magnitude of RX5day, particularly over the southeast
subregion (Fig. 7.2D). Relative to CPC observation, the CMIP6 EnsMean exhibits considerable skill with PCC of 0.88
and NRMSE of 0.56. Also, RX5day characteristic is reasonably reproduced by the individual ensemble members, with
PCC and NRMSE spanning from 0.79 to 0.85 and 0.56 to 0.85, respectively (Table 7.2). Our results are consistent with
previously detailed evaluation studies over the United States who have separately reported similar biases in CDD and
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TABLE 7.2 Descriptive statistics values of CMIP6 models relative to CPC observations.

CDD RX5day
Model PCC NRMSE PCC NRMSE
ACCESS-CM2 0.86 0.51 0.85 0.56
ACCESS-ESM1-5 0.83 0.81 0.84 0.62
CanESM5 0.83 0.65 0.8 0.63
CESM2-WACCM 0.85 0.67 0.84 0.63
CMCC-CM2-SR5 0.82 0.59 0.82 0.74
CMCC-ESM2 0.83 0.57 0.82 0.79
EC-Earth3-CC 0.87 0.56 0.85 0.64
EC-Earth3 0.87 0.61 0.84 0.66
EC-Earth3-Veg-LR 0.86 0.57 0.85 0.73
EC-Earth3-Veg 0.88 0.57 0.84 0.66
INM-CM4-8 0.83 1.02 0.79 0.85
INM-CM5-0 0.84 1.08 0.81 0.73
IPSL-CM6A-LR 0.83 0.71 0.81 0.64
MIROC6 0.84 0.69 0.84 0.57
MPI-ESM1-2-HR 0.84 0.71 0.83 0.62
MPI-ESM1-2-LR 0.8 0.73 0.83 0.78
MRI-ESM2-0 0.83 0.77 0.82 0.64
NESM3 0.78 0.65 0.85 0.62
TaiESM1 0.84 0.58 0.83 0.73

RX5day (Akinsanola et al., 2020; Srivastava et al., 2020), and a long-standing tendency of global models to simulate
precipitation that is too frequent and weak compared to observations (Sillmann, Kharin, Zhang, Zwiers, & Bronaugh,
2013). Based on the descriptive statistics presented in Table 7.2 and consistent with previous studies, we found that the
CMIP6 EnsMean outperforms most individual models at capturing the two extreme precipitation indices, particularly
in comparison to CPC observations, and thus will be the main focus of subsequent sections.

3.2 Projected changes in annual mean precipitation over the United States

Before investigating the potential future changes in dry and wet precipitation extremes over the United States, it is
important to investigate how the mean annual precipitation would change under global warming. The spatial distri-
bution of projected changes in mean annual precipitation over the United States is shown in Fig. 7.3 for the period
2040-69 and 2070-99 relative to the present-day period of 1985-2014. Consistent with previous assessments based
on CMIP5 RCP8.5 simulations (e.g., USGCRP, 2014, 2017), CMIP6 SSP5-8.5 projected increases of about 20% (10%)
are evident in annual mean precipitation over most northern parts of the United States in the 2070-99 (2040-69) period.
This increase is robust as at least 70% of the ensemble members agree on the sign change in the EnsMean and changes
in most grid point is statistically significant at 95% level.

There is also a slight reduction (around —8%) over the southern great plains and southern parts of the southwest
subregion, but this is only robust in the 2070-99 period. The spatial pattern is generally consistent between the two
time periods, but the magnitude of the projected changes is higher at the end of the 21st century (2070-99) than at the
mid-century (2040-69). This expected future increase in annual precipitation at higher latitudes across the United States
should have great impacts on the regional agriculture and water resources of the United States.
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FIG. 7.3 Projected changes in annual precipitation over the period of (A) 2040-69, (B) 2070-99 relative to the reference period 1985-2014. Hatching
indicates grid points where at least 70% of the GCMs agree on the sign of the change in EnsMean, and areas with statistically significance differences
at 95% level are marked with black stippling.

3.3 Projected changes in maximum consecutive dry days over the Unites States

The projected changes in annual CDD under SSP5-8.5 for the mid and end of the 21st century are presented in
Fig. 7.4A-D. Spatial changes of the index are shown for the EnsMean (Fig. 7.4A and B), and area-weighted
changes for the entire United States and its subregions are shown for each individual model and EnsMean
(Fig. 7.4C and D).

The CDD index is designed to assess the maximum length of dry periods and is generally inversely related to other
precipitation indices (Akinsanola & Zhou, 2019). Robust projected increases in CDD are evident over many parts of the
United States at the end of the 21st century, while the mid-century changes are smaller in magnitude and less statis-
tically significant. Also, the projected changes in 2040-69 exhibit high inter-model spread as fewer models agree on the
sign of change in the EnsMean. In the 2070-99 period, the NW, SGP, and NE subregions have the largest projected
increase in CDD (similar to CMIP5 RCP8.5; USGCRP, 2014), between 8% and 18% for EnsMean and up to 58% for
individual ensemble members. There is also strong intermodel agreement among the ensemble members in these
regions, with at least 70% of the models agreeing on the sign of statistically significant changes for many grid points.
In particular, all but three models agree on the overall sign of the change in the NW, all but four agree in most sub-
regions and the entire United States (Fig. 7.4D).

Furthermore, in order to quantify the relative contributions of seasonal changes in CDD to the overall annual
changes, the area-weighted temporal evolution of the projected changes in seasonal and annual CDD is assessed
for all the subregions and the entire United States (Fig. 7.5).

Across the northern United States, the JJA and SON (DJF and MAM) seasons exhibit a future increase
(decrease) in CDD alongside the annual time-scale over the MW, NE, NGP, and NW subregions (Fig. 7.5A—
D). The increases are most pronounced after 2050, with JJA (SON) having a higher increase in the MW and
NGP (NE), while the annual and JJA evolution is similar over NW subregion. In the southern subregions and
United States as a whole, the MAM season shows the largest increases by the end of the century, which is most
significant in the SW. All seasons alongside the annual have pronounced increases in the SGP subregion, while
the SE subregion changes are less distinct and the SW exhibits a decrease in JJA (Fig. 7.5E-G). Across the entire
country, except SGP, there is a small decrease or no change in DJF. Overall, the robust projected annual increase
in CDD over the MW, NE, NGP, and NW subregions, especially after 2050, is largely contributed by increases in
the JJA and SON seasons.
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FIG. 7.4 Projected changes in annual maximum consecutive dry days (CDD) over the period of (A,C) 2040-69, (B,D) 2070-99 relative to the ref-
erence period 1985-2014 for (A,B) spatial changes, (C,D) area-weighted subregional changes (NW, Northwest; SW, Southwest; NGP, Northern Great
Plains; SGP, Southern Great Plains; MW, Midwest; SE, Southeast; NE, Northeast; US, all of United States). Hatching in (A,B) indicates grid points
where at least 70% of the GCMs agree on the sign of the change in EnsMean, and areas with statistically significance differences at 95% level are
marked with black stippling. Gray bars in (C,D) is the EnsMean values. Figures (C,D) are computed as % change in regional weighted-average.

3.4 Projected changes in maximum 5-day precipitation over the Unites States

The spatial and subregional distributions of the projected changes in annual RX5day are shown in Fig. 7.6. Robust
intensification (about 30%) of RX5day is projected over the entire United States. This is consistent with earlier CMIP5
RCP8.5 results (USGCRP, 2014), regardless of the CDD changes. There is a high intermodel agreement in the projected
changes as at least 70% of the ensemble members agreed on the sign of change in the EnsMean and the changes at most
grid points are statistically significant at the 95% level. The projected increase in RX5day is evident in both the mid and
end of 21st century, although the magnitude is higher in the latter (Fig. 7.6A and B). The projected increase by the
EnsMean (individual models) range from 8% to 12% (—3% to +28%) for 2040-69 and 15% to 30% (—1% to +47%)
for 207099 over the United States as a whole and its subregions (Fig. 7.6C and D).

Interestingly, all of the seasons contributed positively to the increase in the annual RX5day across all the subregions
of the United States, except for JJA in NGP and NW where the temporal evolution is almost zero (Fig. 7.7). In fact, the
JJA RX5day changes are the smallest and most uncertain across all the US subregions, while the projected increase in
the other seasons is consistently high in most subregions (except the SW during MAM) and the US-average. This result
is consistent with Akinsanola, Kooperman, et al. (2020) who reported that the summer season wet extreme precipita-
tion projections in the United States is dominated by pronounced uncertainty, but the winter has a significant
amplification.
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FIG. 7.5 Annual and seasonal maximum consecutive dry days (CDD) changes (%) relative to the reference period (1985-2014) mean for the 21st
century under the SSP5-8.5 scenario averaged over the entire United States and its subregions. Solid lines indicate the EnsMean and the shadings show
95% confidence in the CMIP6 ensemble members. Time series are smoothed with a 20-year running mean filter. The figures are computed as %
change in regional weighted-average (y-axis).

4 Summary and conclusion

In this chapter, we examined the projected changes in two ETCCDI extreme precipitation indices over the United
States, which are based on daily precipitation data as simulated by the CMIP6 multimodel ensemble under the SSP5-
8.5 forcing scenario. The present-day representations of precipitation statistics from CMIP6 models were first validated
against CPC observations using both spatial distribution assessment and two descriptive statistics (PCC and NRMSE),
and results suggested that the CMIP6 EnsMean can reasonably reproduce both the CDD and RX5day extreme precip-
itation indices, although noticeable biases exist, consistent with previous extreme precipitation evaluation studies over
the United States (e.g., Akinsanola et al., 2020; Srivastava et al., 2020). The CMIP6 EnsMean outperforms most indi-
vidual models across the two extreme precipitation indices, which is in line with previous multimodel studies



4 Summary and conclusion 125

2070 - 2099
50N =55
F 40N F
I 30N
A 120W 90W sow (B) 120w 90W 60W
(A) T T [ | %]
-30 -24 -18 12 6 O 6 12 18 24 30
2040 - 2069 2070 - 2099
50 50
X
40 40 % "
30 - s 2 4 » ¢ B % .
o % g # £
® 20 4 X = + 20 ;f: ‘5% !-i'; % i ® B
: £ 2 B z 2 e X & W
ﬁ é " > ® * X &
10 4 B s |2 104 ® R @ g
= = ¥ i W - %
o ’—%—| %T < £ & *
& A &
0 L2} L 0 <)
-10 \ T T T T T T — -10 T T T T T T T T
NW SW NGP SGP MW SE NE US NW SW NGP SGP MW SE NE US
<+ ACCESss-cM2 A CMCC-ESM2 INM-CM4-8 ¥ MPI-ESM1-2-LR
3 ACCESS-ESM1-5 EC-Earth3-CC INM-CMS-0 > MRI-ESM2-0
O CanESMS5 <» EC-Earth3 © IPSL-CMBA-LR 4+ NESM3
> CESM2-WACCM EC-Earth3-Veg-LR WV MIROCE A TaiEsSMA
CMCC-CM2-SR5 P> EC-Eartha MPI-ESM1-2-HR
(C) (D)

FIG. 7.6 (A,B) Same as Fig. 7.4 but for maximum 5-day precipitation (RX5day). (C,D) Same as Fig. 7.4 but for maximum 5-day precipitation
(RX5day).

(Akinsanola & Zhou, 2019; Sillmann, Kharin, Zhang, et al., 2013; Zhou, Wen, Xu, & Song, 2014) and is the primary
focus of the analysis in this chapter. Before assessing the projected changes in the precipitation extreme indices, we
documented the future changes in mean annual precipitation, and the results show a projected increase of about
20% (10%) over most northern and southeastern parts of the United States in the 2070-99 (2040-69) period. In the
Southwest and Southern Great Plains subregions, there is a decrease evident, which becomes robust and statistically
significant by the end of the century (2070-99 period).

Furthermore, a projected intensification of both dry and wet annual precipitation extremes is evident over much
of the United States; and the patterns and magnitude of the changes remain consistent with earlier projections
based on CMIP5 models (USGCRP, 2014, 2017). The magnitude of the projected changes is higher at the end
(2070-99) than middle (2040-69) of the 21st century. While robust future intensification dominates the RX5day
changes across the mid and end of 21st century, only the 2070-99 period is robust for CDD changes, as the mag-
nitude of the 2040-69 projection is smaller and less significant. Compared to the earlier CMIP6-based projection
studies, this chapter documented the annual changes in future precipitation extremes in the United States and its
subregions, and also quantified the relative contribution of different seasons to the annual change. Across all of the
United States and its subregions, all seasons except summer significantly contributed to the annual projected
increase in RX5day, with the winter season having major dominance in most subregions. The seasonal contribu-
tions to the CDD annual projection can vary across US subregions, but tends to occur in summer for the northern
United States. Uncertainties in the projection are evident in CDD and are generally larger in the mid-century
projection.

The projected increase in both dry and wet extremes, especially at the end of 21st century implies a higher prob-
ability of combined precipitation-related natural disasters and may threaten the available water resources for the coun-
try. This also has implications for the regional availability of the food supply, sustainability of natural ecosystems,
maintenance of infrastructure, and flood-related damages and loss of life. Therefore, these projections provide valu-
able information for informing adaptation strategies and mitigation measures to combat the potential impact of these
climate extremes.
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1 Climate variability in the past millennium

The past millennium has seen two remarkable changes in climatic conditions, suggesting a subdivision into three
phases (Fig. 8.1 gives an overview of most relevant quantities and their evolvement over time, while Table 8.1 compiles
the data sources):

(i) The Medieval Climate Anomaly (MCA, until ~1250CE): In this period, temperatures were above average (in
comparison to the entire millennium 1000 CE to 2000 CE), suggesting that viniculture was even possible in England
and Norway (Sirocko, 2009). In this period, total solar irradiance was higher than average (Lean, 2018). Summers
were warm and dry as a consequence of higher persistence of high pressure zones through blocking conditions
(Mann et al., 2009). Consequently, MCA was subject to dryer conditions when compared to today’s climate, which
has been reconstructed from tree ring analyses (dendroclimatic reconstruction) and is characterized by the
coinciding dryness in Europe and regions affected by El Nifio Southern Oscillation (ENSO). Especially the coupled
atmosphere—ocean system of ENSO reflected much smaller variability than today with no El Nifio related flooding
in Peru (Helama, Merilainen, & Tuomenvirta, 2009; Rein, Luckge, & Sirocko, 2004). At the same time, the
Multidecadal Atlantic Oscillation was subject to positive anomalies in the MCA, which explains the high persistence
of high pressure zones and this coincidence of dryness in the Pacific region and Europe is related to teleconnections
between ENSO and AMO. Another important driver for positive temperature anomalies in Europe is that
northward monsoonal transport was highest, which is in line with increased meridional transport of energy
(Sirocko, 2009).

(ii) The Little Ice Age (LIA) followed the MCA. As the name of this period suggests, cold temperatures prevailed
throughout this period, which extends from ~1350 CE to ~1850 CE. Major drivers of change are a decrease in sun
activity and volcanic activity (Fig. 8.1A). The Wolf minimum of solar activity (reconstructed from Carbon and
Beryllium isotopes) is one of the major minima of solar activity in the past millennium. As a consequence,
temperature decreased throughout the 13th century and the increase in extreme coincides with the decrease in
solar activity and volcanic eruption (Fig. 8.1C). Around 1400 CE, temperatures increased again but did not reach
the level of the MCA. Instead a second major minimum of solar irradiance was observed, the Sporer minimum.
Even though first half of the 16th century was subject to only small negative temperature anomalies, the second
cold phase of the LIA started around 1560, which was likely sustained through the occurrence of the third
minimum of solar activity (Maunder minimum). Lower irradiance triggered a southward shift of precipitation-
bearing westerlies during winter (Ait Brahim et al., 2018). As a consequence, winters were cold and as discussed
later, the intensified accumulation of snow led to more intensive snowmelt floods in spring. At the same time
glaciers expanded (Fig. 8.1E). The last decade of the 20th century reached temperatures peaks that have only been
reconstructed only 14 times before, in the last millennium (Guiot et al., 2005), suggesting that climate conditions
markedly changed after the end of the LIA.

Climate Impacts on Extreme Weather 13 1 Copyright © 2022 Elsevier Inc. All rights reserved.
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FIG. 8.1 The past millennium and hydroclimatic extremes. Changes in hydroclimatic extremes in the past millennium, including (from upside-
down): (A) Total Solar Irradiance (TSI), (B) CO2 concentration, (C) air temperature, (D) Atlantic Multidecadal Oscillation (AMO) index and North
Atlantic Oscillation (NAO) index, (E) changes in glacier length, (F) Self-calibrated JJA Palmer Drought Severity Index (scPDSI), (G) changes in 10-min
heavy precipitation percentiles, and (H) scaled volume of flood-rich periods. Please refer to Table 8.1 for details on data sources. No permission
required.

(iii) The Current Warm Period (CWP, since 1850) represents the most recent period and extends until now. It is mostly
characterized by a temperature increase that is associated to the rise in CO, concentration (Fig. 8.1B) and hence to
anthropogenic forcing. While the first part of this period is mostly linked to a temperature increase related to
increased solar activity, anthropogenic forcing is the major driver that determines the unprecedented rise in air
temperature in the most recent decade. The radiative forcing effect on air temperature associated to greenhouse
gas emissions amounts to ~0.6 in the period 1951-2010 (Jones, Stott, & Christidis, 2013). For this period our
knowledge about hydroclimatic extremes is best, since it coincides with the instrumental period, for which direct
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TABLE 8.1 Sources of data.

Hydroclimatic quantity Source

(a) Total Solar Irradiance (Wm™?), Volcanoes Lean (2018), Schneider, Smerdon, Pretis, Hartl-Meier, and
Esper (2017)

(b) CO2 concentration (ppm) Rubino et al. (2019) and Thoning, Crotwell, and Mund (2021)

(c) Air temperature (°C) PAGES 2k Consortium (2013)

(d) Atlantic Multidecadal Oscillation (AMO) index and North Atlantic Oscillation =~ Mann et al. (2009), Ortega et al. (2015)
(NAO) index

(e) Changes in glacier length (m) Leclercq et al. (2014)

(f) Palmer Drought Severity Index (PDSI) (—), droughts in Germany and Czech Biintgen et al. (2021), Glaser and Kahle (2020), Brazdil et al.
Republic (2013)

(g) Anomalies in high percentiles of heavy precipitation (%) Forster and Thiele (2020)

(g) Scaled flood volume in flood-rich periods (—) Bloschl et al. (2020)

measurements of numerous hydroclimatic quantities exist, like, for instance, rainfall intensity, water levels and
discharge as well as glacier mass balances. The temperature increase in the 20th century relates to 98% of the globe
and this magnitude of spatially coherent warming has not been observed in the past two millennia (Neukom,
Steiger, Gémez-Navarro, Wang, & Werner, 2019).

2 Precipitation extremes

Short and intensive rainfall events can cause severe flooding (pluvial floods) affecting, e.g., small creeks which
might turn into torrents or urban areas whose drainage structure is not capable of draining rainfall events that exceed
the intensity of typical design rainfall events. Precipitation extremes are expected to change either as a response to
changes in circulation patterns or to changes in temperature. A lot of research has been carried out to unravel the rela-
tionship between temperature and rainfall which follows the Clausius—Clapeyron (CC) equation suggesting that rain-
fall extremes increase by 7% per °C of warming (Berg et al., 2009; Lenderink & Van Meijgaard, 2008; Zeder & Fischer,
2020) or even exceeding this rate (Berg, Moseley, & Haerter, 2013; Lenderink, Barbero, Loriaux, & Fowler, 2017; Westra
et al., 2014). The latter is called super CC scaling which can be explained by an amplified atmospheric moisture con-
vergence holding responsible for this increase in scaling (Tabari, 2020). Some authors also found a decrease in rainfall
rates above 24°C, which might be associated to limited moisture availability or arid surface conditions not considered
by the CC and super CC scaling, respectively (Lenderink, Mok, Lee, & Van Oldenborgh, 2011; Westra et al., 2014).
Other researchers argue that this decrease could be explained by undersampling, i.e., a small sample size of events
(Boessenkool, Biirger, & Heistermann, 2017).

In contrast to other past quantities, reconstructing past precipitation is challenging, especially when considering
short temporal scales. While rainfall events on larger temporal and spatial scales (e.g., over weeks and spatial extent
at the catchment scale) can be reconstructed from river bed or lake sediments, like, e.g., the Magdalena flood in 1342
(Herget et al., 2015), less information are available for small-scale events, like thunderstorms. While it is virtually
impossible to reconstruct quantitative rainfall estimates from different sources of historic documentary, first recording
rain gages emerged in the late 19th century (Kurtyka & Madow, 1952; Strangeways, 2010), which allowed a continuous
of rainfall intensities with small temporal increments (e.g., subdaily recordings). Fig. 8.2 shows an example plot of a
recording rain gage, which plots mass curves on paper. Even early devices were capable to reconstruct rainfall events
on subdaily increments of time, like, e.g., the rainfall station at Uccle, Belgium, which provides subdaily rainfall record-
ings from 1898 onward (Demarée, 2003). However, this station is a remarkable exception, which is why most studies
focusing on past changes in heavy precipitation frequency and magnitude consider daily recordings. These historical
daily recordings of precipitation are more readily available, since rain gages haven been emptied and read each day,
but they mostly also cover the second half of the CWP. Therefore, instrumental evidence on historical changes in
extreme precipitation is limited to the most recent decades in the CWP and only some combined observational
and modeling studies allow for extending the study period further into the past.
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FIG. 8.2 Sample plot of mechanically recording rain gage. Sample plot of registering rain gage. These types of recordings were common types of
recordings before digital recordings techniques emerged. Source: Own measurement at 51.00N, 9.15E on May 30, 2008. The maximum hourly pre-
cipitation intensity amounts to 57.4mm/h, which corresponds to a 20years return period, and the precipitation total is 64.4 mm. No permission
required.

For instance, Lupikasza (2017) analyses daily precipitation recordings from 1950 onward across Europe and in all
seasons positive significant trends are identified in all seasons, expect for summer when positive and negative trends
have been reported similarly (Lupikasza, 2017; Zolina, 2012). The study moreover concludes what has been already
identified as most challenging in analyzing changes in extreme over time, more specifically that “significant extreme
precipitation trends [are] rare” (Lupikasza, 2017). This can be related to relatively short record lengths in comparison to
temperature, which is obvious from the brief summary on trends in heavy precipitation based on observational data.
Moreover, upward trends are detectable for all seasons, except for summer when negative trends are found to the same
extent (Lupikasza, 2017; Zolina et al., 2014). Similar analyses considering subdaily data exist, especially those which
focus on short-term rainfall that might cause erosion. These studies confirm an overall increasing trend in frequency
and magnitude over Europe also for subdaily time series in Czechia and Germany, respectively (Hanel, Pavlaskovd, &
Kysely, 2016; Mueller & Pfister, 2011). Mueller and Pfister report an increase in 0.5 events per year increase for the
highest intensity class. In contrast to the trend analyses that focus on rainfall extremes of daily recordings, which also
reveal negative trends in summer (Lupikasza, 2017; Zolina et al., 2014), the authors found that the most pronounced
increase of heavy precipitation events, relevant for erosion (i.e., subdaily scale), occurred in summer (Mueller &
Pfister, 2011).

Other work also acknowledges the fact that natural climate variability affects the detection trends (Martel, Mailhot,
Brissette, & Caya, 2018). Ntegeka and Willems (2008) investigate the trends and oscillations in a 107-year time series of
10-min rainfall data from Uccle station in Belgium (Ntegeka & Willems, 2008). They consider different aggregation
levels of precipitation intensities up to the monthly scale, and utilize different moving windows from 5 to 15years
for analyzing the trend and oscillations. Results show considerable changes in rainfall quantiles persisting for periods
of 10 to 15 years. They also analyze the changes for different seasons and the results imply that for summer and winter,
high extremes are prevailing in the 1910s-20s, 1960s, and 1990s. Willems (2013) uses the same method as in Ntegeka
and Willems (2008) to further investigate the mentioned oscillations and to check the consistency of these findings
using daily long rainfall records at 724 stations in Europe and the Middle East. Here, rainfall peaks over threshold
are considered as extremes and therefore used in calculating the oscillations. Results show that multidecadal oscilla-
tion in the precipitation extremes exist over the Europe. The driving forces have been addressed in a more recent study,
which demonstrates a correlation between NAO and ENSO winter anomalies and extreme precipitation anomalies in
winter, and even a delayed effect on the following seasons is detected (Tabari & Willems, 2018).
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Likewise, Lenderink et al. (2011) investigate the relationship between subdaily precipitation extremes and near sur-
face humidity using observations from two regions with completely different climates namely Hong Kong and the
Netherlands (Lenderink et al., 2011). They analyze the dependency of hourly precipitation extremes (considering
the 95th, 99th, and 99.5th percentiles) on the dew point temperature. Results show that with increasing dew point
temperature, an increase in hourly precipitation extremes by 14% per degree is observed, which is twice as large
as the CC relation (super CC scaling). However, this dependency is only valid for dew point temperatures up to
23°C, eventually highlighting the relevance of undersampling (Boessenkool et al., 2017). Surprisingly, the results
obtained for both study areas, are very similar in spite of different climates but show different phases in terms of multi-
decadal oscillations.

In order to extend changes in rainfall intensities back in time beyond the instrumental period of subdaily precip-
itation recordings, modeling studies might help to understand the variability of heavy precipitation events. For
instance, Regional Climate Models (RCM) can be used to downscale atmospheric reanalysis data (Forster & Thiele,
2020). In this study, subdaily precipitation intensities in Central Europe have been obtained this way and changes
in high percentiles have been derived through adopting the methods from Willems (2013) and Lenderink et al.
(2011) (Fig. 8.1G). This study underlines that high percentiles in heavy precipitation (e.g., 10min duration) have
increased in the past decades from the end of the LIA onward, whereby the signal is subject to multidecadal oscilla-
tions, thus confirming earlier work (Lenderink et al., 2011; Willems, 2013). The modeling results are confirmed by
observational evidence. However, the modeling study allows to extend the analysis beyond the instrumental period
for a few stations to larger spatial scales (Forster & Thiele, 2020). In essence, it could be shown that in the last two
decades heavy precipitation intensities have been higher than ever before in the last 150 years in Central Europe.

Similarly, a study unraveling millennial scale signal from General Circulation Models (GCM) reveals that the
increase in heavy rainfall occurred in the CWP, similar to the findings of the previous study, while precipitation
extremes reflect quasistationarity in earlier periods of the past millennium, suggesting that precipitation extremes have
not changed throughout the MCA and the LIA. The increase in the CWP is therefore unprecedented in the past mil-
lennium and assumed to be linked to anthropogenic forcing (Zhang, Villarini, Scoccimarro, & Vecchi, 2017). The
impact of anthropogenic effects on extreme precipitation amounts to up to 26% in Central and Northern Europe
between 50° and 60° (Tabari, Madani, & Willems, 2020), while the anthropogenic influence is found to be lower in
Southern Europe (8%), where extreme precipitation is mostly convective and uncertainties in modeling those events
is expected to be related to higher uncertainties (Tabari et al., 2020; Tabari, Hosseinzadehtalaei, Aghakouchak, &
Willems, 2019). The anthropogenic contribution changes in extreme precipitation amount to 26%, 26%, 22%, and
24% in winter, spring, summer, and autumn, respectively (Tabari et al., 2020). The lowest value occurs in summer
due to the more convective events, for which the signal is masked by internal variability to a greater extent
(Martel et al., 2018; Tabari et al., 2020).

However, the majority of modeling studies that aim to predict future changes in heavy precipitation provided by
climate changes projections agree on the fact that heavy precipitation increases in terms of frequency and magnitude as
a response of global warming and the associated (super) CC scaling effect (Ban, Schmidli, & Schar, 2015; Berg et al.,
2019; Martel, Mailhot, & Brissette, 2020; Prein et al., 2017). Myhre et al. (2019) conclude that the “precipitation from
these intense events almost doubles per degree of warming, mainly due to changes in frequency, while the intensity
changes are relatively weak” (Myhre et al., 2019). However, especially rare events are expected to intensify more than
less rare events (Hosseinzadehtalaei, Tabari, & Willems, 2020). Regarding the spatial distribution of change signals,
projected changes in extreme precipitation show a bipolar pattern, characterized by an increase in Northern Europe
and decrease in Southern Europe, related to thermodynamic effects (i.e., scaling) in the North and dynamic effects (i.e.,
changes in circulation patterns) in the South (Hosseinzadehtalaei, Tabari, & Willems, 2019; Tabari et al., 2020).

3 Glacier mass balances

Glaciers are often regarded one of the most linear recorders of climatic change; their mass changes considered a
direct consequence of atmospheric variables (Rupper & Roe, 2008). This mass change, summarized in the term glacier
surface mass balance (SMB), refers to the difference between glacier ablation and accumulation, and is an essential
characteristic of glacier health (Gardelle, Berthier, & Arnaud, 2012; Harrison, Cox, Hock, March, & Pettit, 2009). Con-
currently, it is an important parameter in the analysis of past and present climatic change. As the climate has evolved
over the last millennium, so have glaciers and their seasonal cycles, mainly through the length of the accumulation and
ablation periods. This seasonal cycle is essential in the global hydrological cycle, being the driver of water supply in a
large part of the world: seasonal snow and glacier melt comprises the main water resource for up to 22% of the global
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population (Immerzeel et al., 2020; Kaser, Grofshauser, & Marzeion, 2010). In the past, inhabitants of glacier-dominated
regions have been spared when drought was imminent through lack of precipitation (Pritchard, 2019), such as in the
1540 drought in Central Europe (Brazdil et al., 2013; Pfister, 1999). Beyond these indirect impacts, SMB change can
affect and cause other hydroclimatic events, including extremes such as droughts and floods. Single, negative, cumu-
lative glacier SMB values have been observed periodically over the last century, with significant overall retreat since
the mid-nineteenth century, in line with global temperature trends (Intergovernmental Panel on Climate Change
IPCC, 2020; Roe, Baker, & Herla, 2017). In order to understand the relationship between climate, glacier surface mass
balance, and hydroclimatic extremes over the last millennium, glacier and climate reconstructions are essential.

Historical glacier reconstructions are among the most ubiquitous records of climatic change in many parts of the world
(Clapperton, Sugden, Birnie, & Wilson, 1989; Porter & Orombelli, 1985). These are based on historical material, ranging
from pictorial documents to verbal descriptions, as well as early measurements of glacier lengths and terminus location,
paleogeomorphological information (Le Quesne, Acuia, Boninsegna, Rivera, & Barichivich, 2009; Leclercq & Oerlemans,
2012; Matthews et al., 2005; Nussbaumer & Zumbtihl, 2012). From these reconstructions, climatic conditions at the time
are inferred, based on the assumption that glaciers respond sensitively and relatively linearly to changes in climate. This
simplifies the complex relationship between glacier SMB and climate, but is found to hold largely true on the regional to
global scale and in the case of temperate glaciers (Beniston, 2012; Leclercq et al., 2014). On temperate glaciers, this is
because accumulation is almost solely the consequence of winter precipitation and ablation is largely driven by melt,
with sublimation and condensation being negligible (Braithwaite, 1981; Sicart, Hock, & Six, 2008). The seasonal melt
variability is governed by short-wave radiation, which correlates well with air temperature (Pellicciotti et al., 2008). Con-
sequently, the changes in the dynamical system of a glacier can, to an extent, be directly related to changes in regional
climate (Oerlemans & Hoogendoorn, 1989; Thibert, Eckert, & Vincent, 2013).

Prime examples of these types of reconstructions are the work by LeClercq and Oerlemans (2012) and Nussbaumer
and Zumbtihl (2012). The former operate on a global scale, whereas Nussbaumer and Zumbtihl focus on the LIA
history of the Glacier de Bossons (Mont Blanc massif, France) through glacier length reconstruction. The Glacier
des Bossons is one of the most well-documented glaciers globally, with the reconstructed length record now dating
back to the late 16th century. As Nussbaumer and Zumbiihl also note, the Mont Blanc area includes another very well
documented glacier: the Mer de Glace. The centennial length record of these two glaciers, as well as the U. Grindelwald
Glacier in the Swiss Alps, are depicted in Fig. 8.1E (Leclercq et al., 2014). For the Glacier des Bossons, the team evaluates
250 historical documents, yielding a length record from 1570 to 2005, clearly depicting the LIA maximum in 1818 and
various other maxima. The results for all three reconstructed glaciers are remarkably similar and in line with available
temperature records, such as seen in Fig. 8.1C. LeClercq and Oerlemans (2012) use these glacier length reconstructions
as part of a larger dataset of 308 glaciers, to reconstruct temperature over the last two centuries. They produce a
decadal temperature proxy, entirely independent of other temperature time series. The method is based on the
assumption discussed above, resulting in the use of a linear response equation and analytical glacier model. Their find-
ings of global cumulative warming of 0.94+0.31K over the period 1830-2000 and a cumulative warming of
0.84 £ 0.35K over the period 1600-2000 are in good agreement with observed temperature data and other, multiproxy
temperature reconstructions, thus confirming the usefulness of glacier fluctuation in informing us of past climatic
change. The same was concluded on a longer time-scale, focusing on the past millennium, in a comprehensive study
by Goosse et al. (2018), using global climate models to drive the Open Global Glacier Model (OGGM) (Goosse et al.,
2018; Maussion et al., 2019).

Rather than inferring climate from glacier reconstruction, there is a multitude of modeling efforts to reconstruct
glacier mass balance from climatic records too, with methods ranging from climate data reanalysis, glacier models
to complex deep learning applications (Bolibar, Rabatel, Gouttevin, & Galiez, 2020; Hanna et al., 2011; Malles &
Marzeion, 2020). Regular glacier surface mass balance (SMB) observations have only become common in the 20th cen-
tury, but models can be successfully validated using the few longer observational records available, as well as includ-
ing previously mentioned data such as length records (Eis, van der Laan, Maussion, & Marzeion, 2021). These SMB
reconstructions help us link climate minima and maxima to hydrological extremes, e.g., in the case of flooding through
the bursting of proglacial lakes, in years of extremely high melt (Pfister, 1999). The research by Wilhelm et al. (2012)
reconstructs a flood calendar of the past 270years, which, through the comparison of climatic records, glacier records
and paleolimnological information, suggests the relationship between flood hazard and melt peaks through higher
temperatures (Wilhelm et al., 2012). The other side of the coin relates glacier mass balance to drought, which becomes
a hazard after the peak water of a glacier has been reached, referring to a tipping point in a glacier with continual
negative cumulative SMB, after which runoff steadily declines (Fig. 8.3) (Huss & Hock, 2018). This can cause severe
drought in regions dependent on glacier runoff, as has been observed in the past (Beniston, 2012), and is expected to
increase as climate change progresses under anthropogenic forcing (Marzeion, Cogley, Richter, & Parkes, 2014).
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FIG. 8.3 Peak water. The volume and consequent runoff from meltwater of a hypothetical glacier over time. As the glacier loses mass (negative
SMB), runoff increases until the maximum is reached (peak water), after which it steadily declines. No permission required.

4 Floods

Reconstructing floods in the past millennium mainly covers three different periods for which different methodo-
logical approaches exist (Brazdil, Kundzewicz, & Benito, 2006): (i) The paleo-flood hydrology is based on analyzing
sediments from which a flood stratigraphy is derived. This type of data is used as proxy in order to derive floods prior
to the increasing availability of documentary reports. For instance, Schulte et al. (2015) provide a 2600 years history of
floods in the Bernese Alps (Switzerland) (Schulte et al., 2015). (ii) The emergence of documentary reports about floods
represent the transition to historical hydrology in the 13th century (Brazdil et al., 2006). Among others, information
about flooding is available in annals, chronicles, memory books and memoirs, weather diaries, correspondence (let-
ters), special prints, official economic and administrative records as well as newspapers and journals (Brazdil et al.,
2012). However, since these types of documentary are subject to possible biases due to contemporary perception, a
careful review of events has been identified as crucial step toward a systematic classification of flood events, which
is required to estimate their severity (Brazdil et al., 2006). For instance, the flooding perception level decreased over
time due to progressive human settlement toward rivers (Brazdil et al., 2006, 2006), thus representing an increase in
flood risk over time.

In medieval times, first occasional water level records complement our picture of historic floods and these obser-
vations can be related to the period of (iii) instrumental hydrology, which has seen major advance in observational
methods, leading to continuous time series of hydrometric data from the 19th century onward. The different types
of reconstructing historic floods highlight that especially the documentary reports requires expert knowledge to relate
them to classifications in a homogeneous way (i.e., to make them comparable to instrumental in terms of magnitude
and frequency). Therefore, studies that systematically unravel flooding in the past centuries rely on expert judgment
regarding individual events from preinstrumental periods (Bloschl et al., 2020).

As an example of flooding in Europe in the past millennium, is the study from Schulte et al. (2015). They analyzed
highly resolved delta plain sediments in a floodplain in the northern slope Swiss Alps in order to study flooding in the
past 2600years. For the past millennium, they identified several flood-rich periods: 1250-1350, 1420-90, 1550-1620,
1650-1720, and 1811-67 (Schulte et al., 2015). These flood-rich periods mostly coincide with at least one of the follow-
ing climate anomalies in the LIA: cool summers, lower solar irradiance, volcanic eruptions (see, Fig. 8.1), and periods
with dryer spring temperatures (Schulte et al., 2015). The authors argue that especially colder climate suggests a
greater fraction of winter precipitation that is accumulated in the snowpack, which might suggest higher floods
and spring higher base flow that extends until summer.

Bloschl et al. (2020) analyzed spatiotemporal clusters of flood events across Europe in order to identify flood-rich
periods from 1500 onward. In contrast to Schulte et al. (2015) their study relies on documentary data of floods (his-
torical hydrology) and more than 100 individual flooding time series in Europe. The flood-rich periods they identified
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TABLE 8.2 Flood-rich periods in Europe.

Temperature anomaly (relative to

Period #  Temporal range Spatial range 1000-2010 CE)
1 150020 Western and Central Europe 0.1°C
2 1560-80 Western and Central Europe —0.1°C
3 1590-1640 Iberian Peninsula and Southern France —-0.5°C
4 1630-60 Western Europe and western part of Central Europe and Northern Italy —0.2°C
5 1750-1800 Western, Central and Southern Europe, Scandinavia 0.0°C
6 1840-80 Western and Southern Europe —0.0°C
7 1860-1900 Eastern Central Europe —-0.0°C
8 1910-40 Scandinavia 0.4°C
9 1990 to present Western and Central Europe, Italy 1.1°C

Adopted from Bloschl, G., Kiss, A., Viglione, A., Barriendos, M., Bohm, O., Brizdil, R., ... Wetter, O. (2020). Current European flood-rich period exceptional compared with past
500 years. Nature, 583(7817), 560-566. https://doi.org/10.1038/541586-020-2478-3.

are displayed in Fig. 8.1H and their characteristics are compiled in Table 8.2 including temporal and spatial coverage as
well as the temperature anomaly (in contrast to Bloschl et al. (2020) anomalies relative to 1000 to 2010 are computed in
this chapter). In this chapter the scaled volume is visualized in Fig. 8.1H together with major flood events along the
Rhine River from the Undine platform. The latter also includes flood events prior to 1500, thus, also covering the Mag-
dalena flood (1342), which is viewed as the “millennium” event in Central Europe, as it exceeded in damage any other
reported event in historic and recent times (Herget et al., 2015). This flood event coincides with the transition from the
MCA to the LIA, which was accompanied with a decrease in annual average temperatures and an increase in the occur-
rence of weather extremes (Sirocko, 2009). Events of similar magnitude have not been observed in Europe, which is
why it is viewed as unprecedented flood event or even the “millennium” event. The fact that the Magdalena flood
affected a region subject to below average precipitation totals in Central Europe highlights the relevance of studying
past extremes.

However, a more coherent picture of flooding in Europe is only available from 1500 onward if one is interested in
historic changes in floods on the continental scale. For this very reason Bloschl et al. (2020) compared the past 500 years
with the instrumental period in terms of both frequency and magnitude of floods. They identified nine flood-rich
periods in total (see Fig. 8.1H and Table 8.2) including the past three decades, which constitutes the last flood rich
period in their record. In contrast to former flood-rich periods the most recent periods (i.e., 1910-1940 in Scandinavia,
and 1990 to present in Central and Western Europe as well as in Italy) coincide with positive temperature anomalies. In
contrast, the flood-rich-periods of the LIA also occurred during negative temperature anomalies and these periods
were on average 0.3 lower than corresponding interflood periods (Bloschl et al., 2020). However, this suggests that
the flood mechanisms differ between LIA floods and those observed in the CWP.

In the most recent flood-rich period, which is characterized by anthropogenic climate change, increasing temper-
atures led to both an increase and a decrease of floods, since a decrease in snowmelt resulted in a decrease in flooding in
Eastern Europe (Bloschl et al., 2019). Likewise, increases in autumn and winter rainfall led to increasing trends in flood-
ing in Northwestern Europe, while the temperature-driven evapotranspiration increase in Southern Europe resulted in
a decrease in flooding (Bloschl et al., 2019). Therefore, seasonality of floods is also sensitive to changes in the climate: In
the same period, a shift in timing of floods can be observed, which is linked to earlier snowmelt and lower glacier melt
after peak water, increased flooding activity in winter due to polar warming and the higher number of winter storms
(Bloschl et al., 2017). Compared to earlier flood-rich periods in the past millennium, the current flood-rich period is
characterized by a change in flood frequency toward the dominant flood season (Bloschl et al., 2020), suggesting a
higher frequency of summer floods in Central Europe, winter floods in Western Europe, and autumn floods in South-
ern Europe. These changes are linked to climate change induced shifts in processes (Bloschl et al., 2017): earlier snow-
melt and fewer icejam floods in Central Europe, more frequent winter storms in Western Europe, and enhanced
convection in autumn in Southern Europe (Bloschl et al., 2020).

Bloschl et al. (2020) conclude that “hydroclimatic conditions over Europe have shifted to their millennial boundaries
with a dry anomaly in southern Europe and a wet anomaly in central and northern Europe,” which might be linked to
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more frequent low pressure systems with higher persistence, which is also expressed by the positive AMO anomaly
(Fig. 8.1D). This bipolar pattern was also found for extreme rainfall (Hosseinzadehtalaei et al., 2019; Tabari et al., 2020),
suggesting that spatial patterns in floods follow those of extreme precipitations. However, Bloschl et al. (2020) also
emphasize that the “exact mix” of atmospheric drivers that cause flood-rich periods on the millennial scale still remains
unknown. However, it is concluded that—based on evidence from GCM simulations—future intensification might be
more linked to thermodynamic effects (i.e., the (super) CC effect) than to changes in circulation patterns (Bloschl et al.,
2020). This effect is most pronounced in regions where water availability increases (Tabari, 2020), which confirms the
bipolar pattern of recent and projected changes across Europe, with a more pronounced intensification in the North.
Future projections suggest an increase in magnitude and intensity of flood peaks in Western and Central Europe, while
a reduction is detected for Spain and Scandinavia as a result of higher evapotranspiration and less snow, respectively
(Alfieri, Burek, Feyen, & Forzieri, 2015). Floods above the 100-year return period are projected to rise in terms of fre-
quency in most parts of Europe, which even holds for regions where the overall number of events decreases (Alfieri
et al., 2015).

5 Droughts

Historical droughts are usually reconstructed from proxy data (such as tree rings, which are sensitive to drought
stress and temperature) and different sources of documentary (Brazdil, Kiss, Luterbacher, Nash, & Reznickova, 2018).
When considering the past millennium and the occurrence of droughts in Europe, particular dry conditions were pre-
vailing in the MCA with dry summer especially between 1010 and 1165 (Biintgen et al., 2010; Cook et al., 2015), while
the LIA between 1430 and 1720 was subject to overall drier conditions (e.g., 15th and 16th centuries) but less pro-
nounced compared to the MCA (Biintgen et al., 2010). Severe droughts occurred in 1540, 1590, 1616, and 1718 includ-
ing 1719 (Brazdil et al., 2013). Even though their analyses focus on the Czech Republic, the authors of this study assume
that this region is representative for surrounding areas in Central Europe, since they form a homogeneous region,
which acknowledges the fact that droughts are large-scale events in terms of both spatial (up to continental scale)
and temporal dimension (several months and beyond). For numerous historic drought events, the exact timing cannot
be reconstructed accurately in terms of the affected period within in the year from the available sources, even though
exceptions exist (Brazdil et al., 2013). The 1540 drought, for instance, was especially severe in terms of its length, since it
covered a dry period from March 1540 until October 1540. In agreement with the previous study, 1540 was also severe
in Switzerland with only 6 days of rainfall between mid of March until end of September (Pfister, 1999), which is why it
is sometimes called a “black swan” event. A black swan has a low probability and it is “a high-impact event of an
unimaginable magnitude” (Pfister, 2018). Though droughts exhibit homogeneity over large scales, drought patterns
and characteristics are not uniform over Europe, as depicted in (Stagge, Kingston, Tallaksen, & Hannah, 2017), who
show a divergence in drought likelihood between Northern and Southern Europe in a changing climate.

Different concepts exist for quantifying droughts from data that is more readily available, such as temperature
reconstructions or proxy data. A very common approach is representing interannual drought variability through
employing the Palmer drought severity index (PDSI) and a modification, called the self-calibrated PDSI (scPDSI),
which replaces empirical constants by dynamically calculated parameters in order to make different locations better
comparable (Wells, Goddard, & Hayes, 2004). The scPDSI represents a moisture estimation based on temperature and
in this way it was the first comprehensive method to quantify moisture storage (Mishra & Singh, 2010). It is a stan-
dardized index, generally spanning from —10 to 10, while the former is related to extreme dry conditions and the latter
to extreme wet conditions.

Besides the PDSI and scPDSI, droughts can be quantified through different metrics, in particular precipitation,
evapotranspiration and runoff. From precipitation data, droughts are commonly quantified using the Standardized
Precipitation Index (SPI), describing the onset of drought through precipitation deficit on different time scales and
in different climatic regions (Cancelliere, Mauro, Bonaccorso, & Rossi, 2007; Guttman, 1998; McKee, Doesken, &
Kleist, 1993). The 1998 study by Guttmann, comparing historical time series of the PDSI and the SPI, shows that
the former varies from site to site, whereas the latter does not. It also shows that the complexity and long memory
of the PDSI, while the SPI is an easier to interpret moving average. Similar to the SPI in its calculation is the Standard-
ized Precipitation Evapotranspiration Index (SPEI), developed and suggested for use in 2010 (Vicente-Serrano,
Begueria, & Lopez-Moreno, 2010). The difference is that the SPEI uses climatic water balance—precipitation minus
reference evapotranspiration—as input, rather than precipitation (Begueria, Vicente-Serrano, Reig, & Latorre,
2014). Finally, also based on the SPI is the Standardized Runoff Index (SRI), used to derive hydrological drought from
runoff (Shukla & Wood, 2008). These indexes are often used together, to provide a more comprehensive picture of
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droughts in the framework of different climatic zones or time scales, e.g., in Li, Zhou, and Hu (2016) and Touma,
Ashfaq, Nayak, Kao, and Diffenbaugh (2015).

A dataset which is based upon scPDSI data is the Old World Drought Atlas (OWDA) (Cook et al., 2015), which
provides spatiotemporal distributions of the scPDSI (i.e., a map of Europe for each year). In this chapter, we visualize
the temporal evolution of the June-July—-August (JJA) scPDSI in Europe for the past millennium (Fig. 8.1F), based on
data from (Buintgen et al., 2021). In contrast to earlier reconstructions, this dataset suggests a significant multimillennial
drying trend in Europe, exhibiting a decrease in scPDSI of 0.12 per century. Individual events superimpose this evolve-
ment over time, suggesting that the more recent droughts reflect lower initial values of the scPDSI than earlier events.

In addition to the scPDSI time series for Europe, severe drought events from documentary sources in the Czech
Republic and Germany are plotted in Fig. 8.1F (Brazdil et al., 2013; Glaser & Kahle, 2020). The reason which might
hold responsible for the low number of events in the MCA might be related to an underestimation of frequency
due to the small number of documentary sources (Brazdil et al., 2019). Therefore, deriving frequencies from this type
of data is challenging. However, a visual inspection reveals that droughts have been reconstructed in all centuries in
the past millennium (subject to lower evidence in the MCA from documentary sources). This also includes wet periods
with positive values of scPDSI. However, the density of points is higher in the 15th and 16th centuries, which is in line
with the identification of a “megadrought” period from 1437 to 1473 (Cook et al., 2015), which falls into the transition
period between MCA and LIA—period lower solar irradiance, a drop in temperature and more weather extremes. In
contrast, a drought poor period coincides with the LIA pluvial (wet period between ~1600 and 1800). As possible
driver of this drought rich periods might be the cold state of the Atlantic Ocean with winter atmospheric blocking
(Ionita, Dima, Nagavciuc, Scholz, & Lohmann, 2021), which is expressed by a lower AMO index (see, Fig. 8.1D).
As will be shown in the next section, more flood-rich periods occurred in this period.

Studies in other continents likewise exist. Similar to Europe, Sinha et al. (2011) identified monsoon droughts in
China in the 14th and 15th centuries with duration up to decades, which coincide with the onset of the LIA (Sinha
et al., 2011). These results are confirmed by Hao et al. (2020) who analyzed harvests. They also identified drought-rich
periods between 1481 and 1530 and 1581-1650. Compared to the MCA, droughts in the LIA were less severe, which is
why the authors conclude that a warmer climate could weaken the impact of droughts on harvests. Changes in climate,
such as exhibited here, have always had an impact on drought occurrence and severity. Recent advances in paleocli-
matology and the use of standardized indices have made attribution studies more prevalent, ranging from global stud-
ies to regional climatic change discussion. Examples of these studies of climatic changes and their impact on drought
and drought effects are the works by (Polemio & Casarano, 2008), looking at a historical record for Italy, and (Blintgen
et al., 2010; Cook et al., 2015), who look at different climatic drivers of drought over time, including precipitation
decline and increased evapotranspiration linked to higher temperatures. A comprehensive overview on droughts
worldwide is given by Brazdil et al. (2018).

The most recent drought events in 2003, 2015, and 2018 occurred within a relatively short period of time and these
droughts have been compared to the historical droughts previously discusses. Biintgen et al. (2021) conclude that espe-
cially the 2015 event is unprecedented in the past 2110 years in terms of severity due to the multimillennial drying trend
and its impact on the overall lower moisture situation prior to the events. Another study highlights that most recent
severe drought events are not unprecedented compared to the historical droughts in the LIA, since they are within the
range of natural climate variability (lonita et al., 2021). However, the latter study focuses on the meteorological aspects
rather than on the trends in scPDSI but emphasizes that the recent droughts have been warmer. Hanel et al. (2018) also
highlight that they are less uncommon in terms of precipitation deficit when reviewed in a historical context consid-
ering the past 250 years. However, under consideration of the hydrological relevance of soil moisture for the emergence
of droughts and the intensified increase of temperature suggest that the impact of droughts might change in the future
(Hanel et al., 2018). This is of great relevance given that projected future changes suggest an increase in droughts for all
of Europe, with an intensification, especially in spring and summer, and a decrease in Northern European winters
(Spinoni, Vogt, Naumann, Barbosa, & Dosio, 2018).

6 Summary on past changes in hydroclimatic extremes

In this chapter we compiled reconstructions of several hydroclimatic quantities and how their extremes evolved over
time in the past millennium in Europe. For these extremes, direct measurements—as they are available to us for current
events nowadays—are virtually unavailable, which is why historic changes in hydroclimatic extremes have been com-
piled from proxy data, such as tree ring analyses, which reflect the temperature and rainfall conditions in each year in the
past, or from different written sources, such as books or other documentary sources in libraries. Apart from documentary
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sources and proxy data, models help to gain insight into the question how hydroclimatic extremes have evolved over
time (Bronnimann, 2017).

Our brief review reveals that concurrent (or at least more recent extremes) are not generally unprecedented but that
event frequencies of a certain magnitude might suggest a shift toward more extreme weather conditions, associated
with anthropogenic climate change. This holds especially true for heavy precipitation, floods and droughts. Studies
suggest an increase in drought severity and occurrence, amplified by anthropogenic climate change, causing glacier
mass loss and evapotranspiration increase through rising temperatures, as well as past and recent decreases in pre-
cipitation rates (Hanel et al., 2018). For floods and especially heavy precipitation, the (super) CC scaling suggests an
intensification of both types of hydroclimatic extremes (Bloschl et al., 2020; Lenderink & Van Meijgaard, 2008). A look
into the past is therefore also helpful in case of hydroclimatic extremes, since it complements our picture of the possible
magnitude of extreme events that might undergo a change in terms of frequency in the future.
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1 Introduction

Drought is a natural hazard that relates to prolonged lack of rainfall that leads to a temporary deficit in natural water
availability (Spinoni, Naumann, Carrao, Barbosa, & Vogt, 2014). The temporary period of rainfall deficit is relative to
the statistical multiyear mean of a region and may range from a season, a year, or several years. Drought constitutes
lack of water for needs in economic sectors (such as agriculture, livestock, and industry) and human population.
According to the World Meteorological Department (WMO, 2006), droughts are often characterized by three main
aspects: intensity, duration, and spatial coverage. To better monitor and quantify drought, various drought indicators
and indices have been developed. Indicators are variables (such as rainfall, temperature, stream flow, and soil mois-
ture) used to describe drought conditions, while indices are computed numerical representations of drought severity
(WMO and GWP, 2016).

There are different types of droughts—meteorological, agricultural, hydrological, and socioeconomic (Dai, 2011;
Mishra & Singh, 2010). Meteorological drought is a period of months or years with below normal rainfall. Agricultural
drought refers to a period with declining soil moisture and consequent crop failure without any reference to surface
water resources. Hydrological drought occurs when river stream flow and water storages in aquifers, lakes, or reser-
voirs fall below long-term mean levels. Socioeconomic drought is associated with failure of water resources systems to
meet water demand for some commodity or economic goods such as water, livestock forage and hydroelectric power
generation. There is a fifth category of drought—ground water drought (Mishra and Singh, 2010), although there is
lack of clarity on how different it is from hydrological drought. From these definitions, it is observed that unlike mete-
orological drought, agricultural, hydrological and socioeconomic droughts place emphasis on human and biophysical
aspects of drought. According to WMO (2006), all other types of drought originate from and occur less frequently than
meteorological drought.

Droughts in Sub-Saharan Africa are fairly well documented; in West Africa (Padgham et al., 2016), Southern Africa
(Ujeneza & Abiodun, 2015) and the Great Horn of Africa (Lyon, 2014; Nicholson, 2014). These droughts pose a threat to
the population through loss of livelihoods and lives (FAO, 2017; Gbetibouo, Ringler, & Hassan, 2010; Nikoloski,
Christiaensen, & Hill, 2018). In addition, droughts act as catalysts for malnutrition (Davenport, Grace, Funk, &
Shukla, 2017), environmental degradation (Gizaw & Gan, 2017), and, in some cases, civil conflicts (Uexkull, 2014).
These challenges have prompted actions that range from humanitarian assistance (USAID, 2018) to the use of seasonal
weather forecasts in decision-making (Poterie et al., 2018) and promotion of climate risk management practices at
household level (Padgham et al., 2016). Thus, the importance of droughts in Sub-Saharan Africa needs not to be over-
emphasized. In the Great Horn of Africa (GHA) region (which constitutes, among others, Kenya, Ethiopia, Somalia,
Eritrea, and Djibouti), droughts have increased in severity and frequency, impacting on eco- and livelihood systems
within and across national borders. According to Bartel and Muller (2007), more than 60% of the area coverage of each
of the GHA countries is susceptible to drought—way ahead of other hazards such as floods and locust infestation.
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A number of studies have been undertaken on drought in the GHA. The role of sea surface temperatures and El
Nifio Southern Oscillation (ENSO) in the prediction of droughts in Africa has been captured by Lyon (2014) (GHA
region), Gizaw and Gan (2017), Yuan et al. (2013) (Africa), Ujeneza and Abiodun (2015) (Southern Africa), and
Uhe et al. (2018) (Kenya). In addition, fluctuations in rainfall amounts in Sub-Saharan Africa are influenced by mon-
soons, the Intertropical Convergence Zone (ITCZ), subtropical anticyclones and African jet streams, among others
(Onyango, 2014). These studies, whereas they contribute to improvement of the skill of drought predictions, fail to
examine spatial coverage, frequency and magnitude of past drought events. Other drought related studies have
focused on recent droughts (Nicholson, 2014) (1998-2012) and Klisch and Atzberger (2016) (2001-2012). While studies
by Asfaw, Simane, Hassen, and Bantider (2018), Elkollaly, Khadr, and Zeidan (2018), Geng et al. (2016), and Al-Qinna,
Hammori, Obeidat, and Ahmed (2011) focused on the occurrence of droughts at regional and subregional levels with
reliance on satellite and gridded data. Use of satellite and gridded data in drought studies is often attributed to limited
record length of in situ data in most developing countries (Kaluba, Verbist, Cornelis, & Ranst, 2017; Washington et al.,
2006). Most of the satellite data, although available, does not perform well in Africa and does not take into account the
complex terrains that characterize the continent (Nicholson, 2014). In Kenya, Nathan et al. (2020) compared satellite
and observed rain gauge data in the tropical central highlands. This study, however, focused on onset, cessation, rain-
fall trends and length of growing seasons. Ochieng, Recha, and Bebe (2017), Karanja, Ondimu, and Recha (2017), and
Onyango (2014) had varied findings on the magnitude (severity) of droughts in the North Rift Valley and North East-
ern regions. Okal, Ungetich, and Okeyo (2020) used selected indices to establish the occurrence of droughts in the
Upper Tana River watershed of Kenya. In these studies, findings have delved into annual drought events and not
rainfall seasons. Yet, crop farming and livestock activities are influenced by seasonal rainfall. Barret et al. (2020)
and Klisch and Atzberger (2016) explored forecasting vegetation indices for drought monitoring in Kenya. It is impor-
tant to note that accuracy of drought prediction is largely dependent on the quality/type of data used.

This work sought to establish the frequency and magnitude of droughts in Eastern Kenya, which is dominantly arid
and semiarid land (ASAL). More than 80% of Kenya’s land surface is ASAL and 71% of land area has a 25% to 50%
drought probability (Bartel & Muller, 2007). For the period 1998 and 2011, the Kenyan government and international
humanitarian agencies spent a combined total of US$ 1278.9 on drought mitigation (USAID, 2018). To reverse this
situation, the Kenyan government has put in place four components dubbed the Kenya Drought Management System
that targets the arid and semiarid counties. These are drought early warning systems, county level contingency plans,
National Drought Emergency Fund (NDEF) and drought coordination and response structures (USAID, 2018). At a
regional level, the government of Kenya will need stronger cross-border approaches to solving the impacts of
droughts. This should include regional monitoring and coordination (FAO, 2017). To actualize these plans, details
of local level characteristics of drought are required. Eastern Kenya, a semiarid region, is prone to drought. Against
this background, the study used both in situ and gridded rainfall data to analyze the characteristics of meteorological
droughts for March-May (MAM) and October-December (OND) rainfall seasons in Eastern Kenya. Specifically, the
study sought to provide answers to the questions; (i) what is the spatial and temporal spread of meteorological
droughts in Eastern Kenya?, and (ii) what is the difference between gridded and in situ data in revealing meteorolog-
ical droughts in Eastern Kenya?

Analysis of drought, depending on the type, can be based on different time-scales as exemplified by Fabeku and
Okogbue (2014), World Bank (2013), and (Elkollaly et al., 2018). This study focused on meteorological drought with the
rainfall amount as the indicator of analysis. The period of analysis based on two main rainfall seasons: MAM
and OND.

2 Materials and methods

2.1 Study area

The study area is Eastern Kenya, an ASAL that falls within the former Eastern Province of Kenya. Fig. 9.1 shows a
map of the study area—counties, altitude, and in situ rainfall stations. Moyale and Isiolo, part of the former Eastern
province, were excluded because they are predominantly under pastoralism (Cecchi et al., 2010). According to the 2019
national census (Republic of Kenya, 2019), the six counties of study (Makueni, Machakos, Embu, Kitui, Tharaka-Nithi,
and Meru) have a total population of 6,093,262, accounting for 13% of the country’s population. The study area has a
varied elevation that ranges from about 600m to 1600ma.s.L.

Eastern Kenya falls within the tropics, a factor that explains the bi-modal rainfall season that characterizes the area.
The two main growing seasons in Kenya are MAM and OND. Although both seasons are used for crop farming, OND
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FIG. 9.1 A map showing the study area and distribution of in situ rainfall stations.

rainfall has been found to be more reliable and dependent on by the agro-pastoralists in the region (Hansen & Indeje,
2004). Both the timing and length of growing seasons vary from year to year due to the high interannual variability of
rainfall that characterizes the area (Ngugi, Rao, Oyoo, & Kwena, 2014). A variety of cereals (maize, sorghum, and mil-
let), industrial crops (tea and coffee), and legumes (beans, cowpeas, green grams and pigeon peas) are cultivated in the
region. The choice of the study area was informed by the following reasons. First, Eastern Kenya, in terms of area
coverage, has the largest agro-pastoral system in Kenya (Cecchi et al., 2010). Thus, study findings on drought occur-
rence will offer grounds for understanding the effect of drought on the region’s economic mainstay—agro-pastoralism.
Second, the diversity of agro-ecological zones—f{rom the upper midland in the highlands (north) to the inner lowlands
(southern and eastern) ( Jaetzold, Schmidt, Hornetz, & Shisanya, 2006)—would suggest variations in the magnitude of
droughts. Identification of the spatial spread and frequency of droughts gives a platform for county-level drought
intervention strategies.

2.2 Data collection

First, the choice of counties in this study was purposive, guided by the region’s national level contribution to dry-
land crop farming. Second was the selection of in situ rainfall stations. The choice of in situ rainfall stations was guided
by representation of the agro-ecological zones (Jaetzold et al., 2006) in Eastern Kenya (Table 9.1). The selection of agro-
ecological zones was guided by areal coverage (size), availability of in situ rainfall data exceeding 20 years (WMO and
GWP, 2016) and representation of each county. Based on these, a total of 22 rainfall stations were identified and a
request was made to the Kenya Meteorological Department (KMD). Due to gaps (missing data) and cost for data,
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TABLE 9.1 Rainfall stations and their respective altitude and agro-ecological zones.

Rainfall data length

Sr. Agro-ecological Altitude in m No. of % of missing data (in
County no. Rainfall station zone as.l Period  years situ)
Makueni 1 Kibwezi Lower Midland 5 914 1985- 30 10
2014
Machakos 2 Machakos Agro- Upper Midland 4 1600 1970- 47 0
met 2016
Kitui 3 Tseikuru Inner Lowlands 6 594 1970- 47 23
2016
4 Mutomo Lower Midland 5 914 1974 38 22
2011
Embu 5 Embu Met Upper Midland 3 1494 1976— 41 0
2016
Tharaka- 6 Chogoria Forest Upper Midland 1 1372 1970- 44 8
Nithi 2013
7 Marimanti Inner Lowlands 5 587 1969— 28 14
1997
Meru 8 Meru Met Upper Midlands 2 1524 1970- 46 1
2015
9 Meru Forest Lower Midlands 3 1585 1970- 44 13
2013

rainfall stations were reduced to nine as shown in Fig. 9.1 and Table 9.1. Significantly, all counties and major agro-
ecological zones in Eastern Kenya were represented.

Two types of rainfall data sets were used in this study—gridded and in situ. The gridded monthly data was down-
loaded from the University of Delaware at 0.5° x 0.5° horizontal resolution version 4.01 while in situ data was acquired
from the KMD. In selecting the University of Delaware gridded data version 4.01, it was found to have a reasonably
high resolution, longer temporal records with no missing observation at no cost (Matsuura & Wilmott, 2015). In addi-
tion, gridded data mitigated the uneven spread and incomplete in situ data that characterize Eastern Kenya. Informed
by the findings of Manzanas, Amekudzi, Preko, Herrera, and Gutiérrez (2014), in situ and gridded rainfall data sets of
nine stations for the period of 40 years, 1973-2013 were compared.

The period of analysis was considered because a majority of the study sites had in situ data falling within this period
(Table 9.1). According to WMO and GWP (2016), analysis of drought using SPI should ideally have a minimum of
30years of data. Thus, although gridded data was available for the period 1900-2014, its use in this study was confined
to the period 1974-2013.

2.3 Data analysis

The first step in data analysis was to check the quality of data and fill in missing values. There was no missing data
for the gridded data. In situ data were, however, found to have gaps as shown in Table 9.1. Although WMO sets the
threshold for filling in missing data at 10%, this study set the threshold at 15% for purposes of increasing representation
in the study area. Thus, because in situ data for Tseikuru and Mutomo stations exceeded 15% (Table 9.1), they were
excluded. Multiple imputation methods were used to fill in missing data because it does not suffer from the problem of
underestimating the sample error as it appropriately adjusts the standard error of the missing data (Enders, 2010).
A paired t-test was applied to determine a significant difference between gridded and in situ data for OND and
MAM seasons.

The Standard Precipitation Index (SPI) was used to estimate the occurrence of drought for the 3 months of the main
rainfall seasons in Eastern Kenya; MAM and OND seasons. Analysis SPI based on 3 months—for MAM and OND—
was to capture the impact of droughts on agriculture as the study area has a bimodal rainfall. The choice of SPI was
informed by its computational flexibility for multiple timescales. Second, SPI’s probabilistic nature (which involves
fitting a Gamma probability density function) gives it a historical context. Thirdly, SPI uses rainfall data only as



3 Results and discussions 149

the input parameter. For scarce data regions such as Eastern Kenya, SPI is the most common method to quantify rain-
fall deficit. Overall, the SPI ranks top among drought indicators, and is robust and reliable (Spinoni et al., 2014). How-
ever, SPI has limitations as well. According to Mishra and Singh (2010) and WMO (2012), similar and consistent results
are observed when the SPI values are computed from different lengths of record. This is because SPI applies a similar
Gamma distribution over the same period. To address this limitation, 19742013 was the set period of analysis.

McKee, Doesken, and Kleist (1993) came up with values to measure the severity (or magnitude) of droughts as illus-
trated in WMO (2012) and Tigkas, Vangelis, and Tsakiris (2015). Accordingly, a drought event occurs when the SPI is
continuously negative and reaches an intensity of —1.0 or less. Thus, in this study, the severity of droughts should be
measured and classified as moderate (—1.0 to —1.49), severe (—1.5 to —1.99) and extremely dry (—2 and less). This
should exclude the mild drought which occurs at SPI values of between —0.0 and —0.99. Drought Indices Calculator
(DrinC) software version 1.5.73 was used to calculate the SPI. DrinC software was selected because it was freely avail-
able, user friendly and has an in-built distribution function (Gamma and log-normal). By using DrinC, monthly rainfall
data was arranged in the Ms Excel spreadsheet in the format from October of that year x to September of the subsequent
year. This was to conform to the DrinC requirements. Data was then imported into DrinC (from Ms Excel). For each
station, data was run into DrinC for calculation of SPI values for MAM and OND seasons for both gridded and in situ
data. Occurrence rate of drought severity (moderate, severe and extreme) for MAM and OND between 1973 and 2013
was calculated. For example, the occurrence rate of moderate drought was calculated as using Eq. (9.1)

MD = (#1nds + 11ds) X 100% 9.1)

where MD is Moderate Drought, 71,45 is the total number of moderate drought months in a given season for the period
on record, and n4s is the total number of months for the period on record. The same formula should apply for severe
and extreme droughts, symbolized as SD and ED respectively. Drought occurrence rate for MAM and OND was
calculated.

A t-test was used to test the null hypothesis “there is no difference between gridded and in situ data to cause var-
iations in the occurrence of meteorological drought.” As such, the means of seasonal rainfall-MAM and OND for
gridded and in situ data were compared. To carry out a t-test, mean, standard deviation, and standard error of mean
were calculated for each of the datasets—gridded and in situ. The hypothesis was tested at 95% confidence level.

Asnoted in Table 9.1, there were variations in data availability for in situ data. Thus, four stations (Machakos Agro-
Met, Chogoria, Meru Met, and Meru Forest) which had complete data for 1973 to 2013 were used for comparison
between gridded and in situ data.

3 Results and discussions

3.1 Spatiotemporal occurrence of meteorological droughts

Results in Fig. 9.2A show that extreme drought was recorded at all stations during the 2000 MAM season. Extreme
drought events during the MAM season were also recorded in 1984 (Marimanti) and 2007 (Kibwezi). Severe droughts
were experienced in 1984 (on 5/9 stations) and 2009 (7/9 stations). Although moderate droughts were the most com-
mon, they highly varied in space and time. In terms of spatial spread, Tseikuru recorded the highest number of MAM
droughts—seven (4—moderate, 2—severe, and 1—extreme drought). Stations in the north (Embu, Chogoria, Mari-
manti, Meru Met and Meru Forest) experienced six droughts during the MAM season. Kibwezi and Machakos
Agro-Met stations had five drought events each for the period of study during the MAM season.

Extreme droughts were not experienced during the OND in Eastern Kenya (Fig. 9.2B). However, severe and mod-
erate droughts occurred at various time scales. For instance, 1987 (6/9 stations) and 2005 (7 /9 stations) were years of
severe drought in Eastern Kenya during the OND season. Moderate droughts were recorded in most stations in
1973, 1975, 1985, 1998 and 2000 during the OND season. There are noticeable spatial distinctions in the occurrence
of droughts. An example is 1987 where stations in the south (Kibwezi, Machakos Agro-Met and Mutomo) recorded
moderate drought; while stations in the north (Tseikuru, Embu, Chogoria, Marimanti, Meru Met and Meru Forest)
experienced severe drought. The spatial variation of drought is further reflected in 1980 (moderate drought at sta-
tions in the south), 1985 and 1998 (moderate drought at stations in the north) and 2010 (moderate drought at stations
in the south). Overall, stations in Kitui County, a lowland, had the highest number of OND droughts on record
(Mutomo—9; Tseikuru—=8). Machakos Agro-Met station had the least number of OND droughts—six. All the other
stations had seven drought events each for the period on record.
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FIG.9.2 (A)SPIresults of gridded data
for MAM rainfall season. (B) SPI results of
gridded data for OND rainfall season.
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In Eastern Kenya, there were instances when the two rain seasons failed in the same year or followed each other
(Table 9.2). The years 2000 and 2005 experienced droughts during MAM and OND seasons. It was further observed
that whereas the 2000 drought was spread in the whole region, the drought of 2005 was limited to stations in the north.
In 1975-1976 season, Tseikuru, Mutomo and Marimanti experienced moderate droughts during OND and MAM sea-
sons. These three stations fall in the inner lowlands (IL) 5 and 6 agro-ecological zones—the driest in Eastern Kenya.

TABLE 9.2 Subsequent drought incidences in Eastern Kenya.
Year Station (s) Sequence | Magnitude
of of drought
seasons
1975-1976 Tseikuru, Mutomo, Marimanti OND
MAM
1983-1984 Mutomo OND
MAM
1996 Mutomo MAM
OND
2000 Kibwezi, Machakos Agro-Met, Tseikuru, M
Mutomo, Embu Met, Chogoria, Meru Met, | OND
Meru Forest

2005 Tseikuru, Embu, Chogoria, Meru Met, | MAM
Meru Forest OND

2007 Kibwezi MAM

2008

2009

2010-2011 Machakos Agro-Met OND
MAM

Key [[] Moderate drought

[ severe drought [l Extreme drought




3 Results and discussions 15 1

Consecutive droughts aggravate the impact of droughts on livelihoods and natural resources upon which people
depend on.

Temporarily, 1984, 2000, 2005, 2009, 2011 (MAM), 1973, 1975, 1985, 1987, 1998, 2000 and 2005 (OND) were years of
moderate, severe and extreme droughts in Eastern Kenya. The findings in part, corroborate Okal et al. (2020) who
established drought years in 1984, 1996, 2000 and 2008. Ayugi et al. (2020) established extreme drought incidences
in 1984, 1987, 2000, 2006, and 2009 using a 3-month Standardized Precipitation-Evaporation Index (SPEI). In this study
however, extreme drought was only observed in 2000 in all stations during MAM.

The spatial and temporal variation of droughts in Eastern Kenya is an indication of the contrasting processes
involved in the development of drought. For instance, Lott, Christidis, and Stott (2013) attributed failure of the
2010 OND rains to La Nina, and the 2011 MAM rains to human influence. Similarly, Benitez and Domecq (2014) estab-
lished spatial variations and the influence of La Nina events in the occurence of droughts in Paraguay. Marthews et al.
(2019) determined that human-induced climate change may have resulted in Lake Victoria and Northern Kenya
regions receive less rainfall during the MAM rains of 2014. These findings suggest that human activities such as defor-
estation, overgrazing and cultivation of land in semiarid environments (which opens up the soil to evaporation of soil
moisture) are potential determinants of occurrence of droughts. This is in addition to the teleconnections associated
with the oceans, atmosphere, and land. This calls for improvement of climate forecast skills where land surface char-
acteristics are included in the modeling at regional or local levels.

The distinct variation in the occurrence of droughts between the lowlands (Kibwezi, Mutomo, and Tseikuru) and
highland areas on the leeward side of Mt. Kenya (Chogoria, Embu, Meru Forest, and Meru Met) underscore the place
of relief in influencing droughts. There is a likelihood that proximity to Mt. Kenya is influencing the magnitude of
drought in Eastern Kenya. These findings are supported by Buttaffuoco, Caloiero, Ricca, and Guagliardi (2018)
who established a strong relationship between orography and Reconnaissance Drought Index (RDI) in southern Italy.
Similarly, Ramkar and Yadav (2018) and Mbiriri, Mukwanda, and Manatsa (2018) found that highland areas were
more prone to droughts in the Upper Girna Basin (India) and Free State Province (South Africa), respectively. But
the exact contribution of altitude and relief needs further investigation since there are instances when lowlands expe-
rience droughts of high magnitude than highland areas. An example is 1980 and 2010 OND seasons when the lowlands
(Kibwezi and Mutomo) experienced moderate drought while the highland areas (Embu, Chogoria, Meru Met and
Meru Forest) experienced mild drought. The findings corroborate Okal et al. (2020) who found the lowlands of the
Upper Tana River recorded the worst drought in 2014 and 2013 when compared to highland areas.

There could also be a possibility that distance from the Indian Ocean is influencing magnitude of drought in Eastern
Kenya. This would explain why stations in the south (Kibwezi, Mutomo, and Machakos Agro-Met) experienced mod-
erate or mild droughts in 1984, 2009 (MAM), and 1987 (OND) when stations in the north experienced a higher severe or
extreme droughts. Spatial variation in the occurrence of drought also highlights the centrality of agro-ecology in
increasing climate resilience as articulated by Leippert, Darmaun, Bermoux, and Mpheshea (2020). Noting distinctions
in occurrence of droughts between the highlands and lowlands of Eastern Kenya, climate change adaptation—
especially when planning for drought events, must be take cognizance of agro-ecological zones.

Moderate droughts have the highest occurrence rate in Eastern Kenya during MAM and OND rainfall seasons. Dur-
ing MAM, the highest occurrence rate of moderate drought was about 10% at Mutomo, Meru Met, Embu and Chogoria
(Fig. 9.3A). While during OND season, the highest occurrence rate of moderate drought was at Meru Forest (18%),
Embu (18%), and Chogoria (17%) (Fig. 9.3B). All stations had an occurrence rate of less than 10% for severe and extreme
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Mutormo ‘ Tseikuru \
Meru et | o
Meru Forest ‘ ED Meru Forest f—— ED
Marimanti s = SD Marimanti
Machakos Met ‘__ . MD Machakos. . — m SD
Kibwezi | Kibwezi | = Mb
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Chogoria ‘ Chogoria |
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FIG. 9.3  Occurrence rate of drought events in Eastern Kenya. (A) MAM and (B) OND. Key: ED, extreme drought; SD, severe drought; MD, mod-
erate drought.
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droughts for both MAM and OND season. The likelihood of severe drought was highest during the MAM season than
OND season in the study area. Drier areas of Inner Lowlands 5 (Marimanti—8%) and Lower Midlands 5 (Mutomo—
8%) had the highest occurrence rate of severe droughts during MAM and OND seasons respectively. In a related study,
Benitez and Domecq (2014) established the occurence of severe and extreme drought events in Paraguay. A study by
Haile et al. (2020) showed that the East Africa region is likely to experience an increase in area affected by extreme
drought, more than severe and moderate droughts. This view is reinforced by Naumann et al. (2018) who established
that the magnitude of droughts in Eastern Africa (alongside Australia, Central Argentina and North-Eastern Brazil)
would double within the 21st century. This would call for incorporation of extreme drought events in climate change
adaptation planning especially at county levels in Kenya.

The vulnerability of OND season to drought when it’s the most dependent (Recha, Makokha, Shisanya, & Mukopi,
2017) on by the agro-pastoralists of Eastern Kenya is of concern. The relatively high occurrence rate of severe droughts
in the lowlands of Kitui County (Tseikuru), Tharaka-Nithi (Marimanti), Makueni (Kibwezi) (MAM) and Mutomo
(OND) underscores their vulnerability to a variable climate. These findings corroborate Mutua and Runguma
(2020) who found a deterioration of the MAM rains. The likelihood of severe droughts during MAM season in Eastern
Kenya could be a pointer or a justification of why farmers invest less in the season when compared to OND season.
Recha et al. (2017) established that households in Tharaka-Nithi County commit more land area to crop farming in the
OND season than MAM season. Although it is important to note that the probability of occurrence of severe and
extreme droughts in most parts of the world lower than that of moderate droughts (Geng et al., 2016). Thus, the
low occurrence rate of moderate droughts during MAM season should be used to encourage farmers to invest more
in the season. The occurrence rate of more than 15% during OND season when compared to Geng et al. (2016) should
be of concern as this poses a risk to the agro-pastoral enterprise that characterize Eastern Kenya. The high occurrence of
moderate droughts in Eastern Kenya is in agreement with the findings of Ayugi et al. (2020) who established a high
frequency of moderate droughts across Kenya.

3.2 Gridded verses in situ data: A comparison of meteorological drought events

The study sought to compare occurrence and magnitude of meteorological drought events based on gridded and in
situ datasets. t-test results show that there is a difference between gridded and in situ data in all the four stations that
were compared as shown in Table 9.3A and B. Indeed, gridded data had much lower values for rainfall data when
compared to in situ data—a factor that contributed to the lower mean values of rainfall. Previous studies conducted
in Eastern Kenya such as Mutua and Runguma (2020), Shisanya, Recha, and Anyamba (2011), and Recha, Shisanya,
Anyamba, and Okolla (2014) show that MAM and OND seasonal rainfall are in the range of 200 to 500 mm and 300 to
900 mm, respectively. For these studies, in situ (or gauged data) was used. The similarity in gridded values between
Meru Forest and Meru Met can be attributed to the two stations being within a range of less than 55km apart.

TABLE 9.3 t-Test results of comparison between gridded and station data sets for MAM (A) and OND (B) rainfall seasons.

(A) MAM—Gridded MAM—In situ

Station Mean (mm) SD SEM Mean (mm) SD SEM t-Value p-Value
Chogoria 28.7 11.9 1.8 909.8 385.3 60.2 15.0 0.0001
Machakos Agro-Met 27.8 9.3 15 2814 123.9 19.4 13.7 0.0001
Meru Forest 29.1 11.9 19 489.2 154.4 24.1 20.3 0.0001
Meru Met 29.1 11.9 1.9 450.8 178.6 27.9 16.0 0.0001
B) OND—Gridded OND—In situ

Station Mean (mm) SD SEM Mean (mm) SD SEM t-Value p-Value
Chogoria 35.2 18.6 29 897.3 304.5 47.6 19.0 0.0001
Machakos Agro-Met 25.7 14.1 22 280.8 126.3 19.7 14.0 0.0001
Meru Forest 35.2 18.6 2.9 702.7 311.2 48.6 14.5 0.0001
Meru Met 35.2 18.6 29 698.5 298.9 43.6 16.1 0.0001

95% confidence interval, df=40. Key: SD, standard deviation; SEM, standard error of mean.
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The difference in the two data sets is further reflected in the number of drought events and when the droughts
occurred. Fig. 9.4A and B shows drought events and their magnitude for both MAM and OND seasons. It is evident
that the number of drought events and when they occurred varied between gridded and in situ data sets. For instance,
at Machakos Agro-Met, there were a total of four (1984, 2000, 2009, and 2011) and five (1983, 1984, 1987, 1993, and 2000)
drought events under gridded and in situ data sets, respectively, during MAM season. Similarly, Chogoria, Meru Met
and Meru Forest experienced each six droughts during MAM season under gridded data. But under in situ data, Cho-
goria, Meru Met, and Meru Forest stations, respectively, experienced five, six, and four droughts in the period
1973-2013. During the OND season, gridded data show that all the four stations experienced 6 to 7 droughts
(Machakos Agro-Met-6; Chogoria, Meru Met, and Meru Forest—7 droughts each). But under in situ data, Machakos
Agro-Met had the lowest number of droughts (3), while Meru Met had the highest number of droughts (9). Signifi-
cantly, these drought events occurred at different times (years) and varied in magnitude. For instance, at Chogoria,
2005 and 2010 experienced moderate droughts under gridded data and normal rainfall under in situ data. Similarly,
Meru Forest experienced seven droughts (1973, 1975, 1985, 1987, 1998, 2000, and 2006) under gridded data and four
droughts (1973, 1987, 1998, and 2000) under in situ data during the OND season. In 2009 MAM season, results of
gridded data show severe drought in all stations while in situ data presented varied magnitudes of drought in the
four stations. In 1983, a severe drought was recorded at Machakos Agro-Met for in situ data during the MAM season;
but all other stations (for both in situ and gridded) recorded mild drought. Gridded and in situ data show that the 1985
OND season experienced moderate and mild droughts respectively. In 1998, the drought of the OND season was cap-
tured by both data-sets but with varying magnitudes again. In the 1999 MAM season, gridded and in situ data had +ve
and —ve SPI values, respectively—but all fell within a near normal range (—0.99 to 0.99).

There were also instances of concurrence between gridded and in situ data. This is reflected in the extreme drought
0f 2000 and the severe drought of 1984 during the MAM season. It is also observed that for most drought years, such as
1983, 2009, 2011 (MAM), 1973, 1987, and 2000 (OND), both data sets indicated below normal rainfall (but with varying
magnitude).

Rarieya and Fortun (2010), Mateche (2011), and Huho, Ngaira, and Ogindo (2010) identified droughts in the period
1970s to the 2000s. Their findings are in agreement with analysis of gridded data for OND. For in situ data, the MAM
seasons of 1975 and 1977 experienced mild drought (—0.00 to 0.99) and near normal (—0.99 to 0.99) rainfall respec-
tively. The 1984 MAM drought is well documented in most studies (Huho et al., 2010; Mateche, 2011; Tilahun,
2006) and is captured by both data sets in this study. According to Rarieya and Fortun (2010), 1992-1993,
1996-1997, 1999-2000, 2005-2006, and 2008-2009 were disaster years in Kenya. A run through these individual years
confirmed that at most stations the rains were below normal and in some instances, drought occurred. The findings are
also in agreement with Nathan et al. (2020) who established that in the Central highlands of Kenya, both in situ
(observed rain gauge) and satellite data had a similar trend, but with a varying magnitude.

Variation in magnitude of droughts for the two datasets puts into focus the criteria for declaration of national disas-
ters and vulnerability thresholds for affected counties. In Kenya, the National Drought Management Authority
(NDMA) uses gridded rainfall data (WFP-VAM, CHIRPS/MODIS) alongside household livelihood status (e.g., live-
stock death, milk quantity, and distance to water points) and vegetation conditions to establish thresholds for drought.
This is in combination with other impact indicators such as the vegetation condition index (www.ndma.go.ke/). In
India, however, in situ rainfall data (alongside other variables) is primarily used to determine droughts
(Government of India, 2016).

Analysis of gridded data shows that Meru Met (10.0%) and Meru Forest (10.0%) had the highest occurrence rate of
moderate droughts during the MAM season (Table 9.4A). Occurrence of severe droughts during MAM season was
highest at Meru Forest (7.5%—gridded data), Chogoria (6.7%—gridded data), Machakos Agro-Met (6.7%—in situ
data), and Meru Met (6.7%—gridded data). These results do not show a clear pattern in the occurrence rate of droughts
for gridded and in situ data sets for the MAM season.

In the OND season, gridded data had higher values for moderate drought in all the stations (Table 9.4B). Meru
Forest (18.3%), Meru Met (16.7%) and Chogoria (16.7%) had the highest occurrence rate of moderate droughts using
gridded data. Occurrence rate of moderate droughts was lowest at Meru Forest (3.3%) under in situ data during the
OND season. At Machakos Agro-Met, the occurrence rate of moderate droughts was the same for both in situ and
gridded data. In situ data appeared to yield a high occurrence rate for severe droughts at Chogoria (4.2%), Machakos
Agro-Met (7.5%) and Meru Forest (6.7%) during the OND season. Similarly, in situ data yield high values for extreme
drought at Chogoria, Machakos agro-Met and Meru Forest.

Findings of high values of occurrence rate for moderate droughts during OND contradict Nathan et al. (2020) who
found that satellite data underestimate observed rain gauge data. Quesada-Montano, Wetterhall, Westerberg,
Hidalgo, and Halldin (2019) compared Climate Hazards Group Infra-Red Precipitation (CHIRPS), Climate Research
Unit (CRU) and station data-sets and large differences between the datasets were established. In this study, large
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TABLE 9.4 A comparison of gridded and in situ drought occurrence rate in percentage.

Chogoria Machakos Agro-Met Meru Forest Meru Met
Stations/drought severity G I G I G I G I
(A) MAM
Moderate drought 10.0 7.5 5.8 42 7.5 8.3 10.0 10.8
Severe drought 6.7 42 42 6.7 7.5 42 6.7 3.4
Extreme drought 0.0 5.8 42 1.7 0.0 3.3 0.0 2.5
(B) OND
Moderate drought 16.7 5.8 8.3 8.3 18.3 3.3 16.7 15.0
Severe drought 2.5 42 42 7.5 0.8 6.7 3.3 3.3
Extreme drought 0.0 2.5 0.8 6.7 0.0 0.0 0.0 1.7

NB: G, gridded data; I, in situ data.

differences between in situ and gridded data were observed at Chogoria and Meru Forest for moderate droughts dur-
ing the OND season. Although there are also instances of concurrence, such as at Machakos Agro-Met (moderate
drought) and Meru Met (severe drought) for the OND season. The notable difference between in situ and gridded
data makes data-set selection an important aspect in the characterization of drought. The results are a pointer to
the need for more studies to compare and determine ideal sources of climate data for prediction and estimation of
droughts. This should subsequently improve the quality of forecasts and management of droughts.

4 Limitations of the study

A limitation of the study was lack of adequate in situ stations in the study area, and a high cost of climate data levied
by the Kenya Meteorological Department (KMD) (rainfall data is charged by station and length of duration). Although
there was data for 22 stations, only 12 rainfall stations had adequate data to support a climatological analysis. Based on
the rates of KMD, a fee of KES 244,200 (approx. US$2442) was required to purchase data for 12 stations. This cost was
way off what the project offered for the purchase of data. To mitigate the limitation of adequacy of stations and rep-
resentation of the study area, gridded data was used to compliment available in situ climate data. While missing data
was filled using the approach as described in Section 2.3.

5 Conclusions

This chapter sought to; (i) analyze the spatial and temporal spread of meteorological droughts in Eastern Kenya,
and, (i) determine the difference between gridded and in situ data in analyzing meteorological drought in Eastern
Kenya. DrinC software was used to calculate SPI values for the main rainfall seasons; March-May and October-
December. The study established that Eastern Kenya has experienced more moderate droughts during the MAM
and OND seasons for the period 1973-2013. Whereas stations close to Mt Kenya (Tseikuru, Meru Met, Meru Forest,
Chogoria, Marimanti, and Embu) had the highest number of drought events during MAM, stations in the lowlands (in
Kitui County) had the highest number of droughts during OND. In Eastern Kenya, there are times when droughts
occur consecutively for the two rainy seasons of MAM and OND as was recorded in 1975, 1984, 2000 and 2005 for
some stations. The occurrence rate of moderate droughts was higher during OND than MAM rainfall seasons. The
occurrence rate of severe drought was highest in the driest agro-ecological zones of Inner Lowlands 5 (at Tseikuru
and Marimanti) and Lower Midlands 5 (Kibwezi) during the MAM rainfall season. A comparison of gridded and
in situ data shows concurrence in the occurrence of drought; there is, however, variation in magnitude. There is no
discernible pattern in the occurrence of drought using both gridded and in situ during the MAM season. However,
during the OND season, the occurrence of moderate droughts is highest using gridded data, while the occurrence of
severe and extreme droughts was highest using in situ data. Based on these findings, it is recommended that the lower
vulnerability of Eastern Kenya to MAM season droughts (compared to OND) should be explored with a view to tap-
ping the season’s full potential in supporting livelihoods. It is also of importance to give significance to land surface
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characteristics (including agro-ecology) in climate forecasting and climate change adaptation at subnational levels.
Noting that there is a significant difference between gridded and in situ data sets, more research is required to offer
insights on each, and therefore inform in the management of droughts.
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1 Introduction

Rainfall across Africa exhibits high spatiotemporal variability. The economy of most regions across the continent
including East Africa (see Fig. 10.1) is heavily reliant on rain-fed agriculture. This makes the region vulnerable to cli-
mate variability given that weather and climate extremes are known to cause massive destruction of property and loss
of lives. East African region and the Greater Horn of Africa (GHA) as a whole whose most of the landmass is arid and
semiarid land (ASAL) is prone to unusual weather occurrences. This is known to limit socio-economic growth of the
region since the region’s livelihood is mainly driven from rainfall dependent sectors. The occurrence of climate
extremes causes crop failure that leads to food insecurity and the related suffering.

Droughts are recurrent phenomena across Africa owing to rain failure in one season or up to one or more years
(Masih, Maskey, Mussa, & Trambauer, 2014). As a result, the most common extreme events in the region are floods
and droughts (Ayugi et al., 2020; Haile et al., 2020; Onyutha, 2020). Between 1960 and 2017, a total of 9, 15, 6, 10, and 6
severe drought episodes occurred in Uganda, Kenya, Burundi, Tanzania, and Rwanda, respectively, according to
Emergency Events Database (EM-DAT, 2018). Considering 1964-2015, Haile et al. (2020) observed more frequent, per-
sistent, and intense droughts events in Sudan and Tanzania. Furthermore, a number of severe droughts were expe-
rienced in Somalia, Ethiopia, and Kenya. With increasing frequency of occurrence, the magnitude of droughts tends to
be low. For instance, major droughts in Kenya occur every 10 years while the minor ones are experienced every 3 to
4 years (Global Water Partnership Eastern Africa (GWPEA), 2015). In Uganda, a total of 7 minor droughts with varying
severities occurred between 1991 and 2000. Over the period 19912007, Karamoja region in the northeastern part of
Uganda experienced severe droughts that led to a depletion of pasture and acute water shortage (GWPEA, 2015).
Between 1960 and 2020, various drought episodes across the entire East African region led to a huge economic loss
of not less than 1.5 million USD and more than 57,000 deaths (Haile et al., 2020; Onyutha, 2020). The total number
of people affected by droughts in Uganda, Kenya, and Tanzania over the periods 1967-2010, 1965-2012, and
1967-2011 was at least 4,975,000, 47,200,000, and 12,737,000, respectively (EM-DAT, 2018). In 2015-16, the GHA expe-
rienced a severe drought that left nearly 21.6 million people without food and water.

Among the documented disastrous droughts, the 2011 East African drought (from July 2011 till mid-2012) was quite
outstanding in terms of its severity in many countries of East Africa (Nicholson, 2014). The drought that was as a result
of failure of October to December 2010 seasonal rainfall left over 8 million people without food (OCHA, 2011). During
drought, the severity of food insecurity is higher among pastoralists that mainly inhabit ASALs as compared to
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FIG. 10.1 Location of East African countries considered as the study area (enclosed in black rectangle) in Africa along longitudes 28°E—42°E and
latitudes 12°S-5°N and the map on the right shows elevation (m) and physical features. The digital elevation model (DEM) datasets was obtained
from shuttle radar topography mission (SRTM) 90 m spatial resolution (3 arcsec). The Lowest elevation is represented by red color in the eastern sides
while highest elevation by deep blue (Mt Rwenzori in the southwest, Mt Elgon in the east, and Mt Kenya in central Kenya region).

nonpastoralists (Coughlan de Perez et al., 2019). Occurrences of drought tend to be influenced by a number of climatic
variables such as precipitation amount and intensity, evaporation rates, soil moisture, and temperature. These climatic
variables across East Africa and the GHA have been found to be characterized by changes due to natural variability
(Liebmann et al., 2014; Lyon & Dewitt, 2012; Ngoma, Wen, Ojara, & Ayugi, 2021; Niang et al., 2014; Ongoma & Chen,
2017; Ongoma, Chen, & Gao, 2018; Onyutha, 2016, 2017). Lyon (2014) observed that the occurrence of drought over the
region is partly dependent on the behavior of Sea Surface Temperature (SSTs) in the tropical Pacific and Indian Oceans.
The study further reported that this may develop in response to, or independent of El Nino Southern Oscillation
(ENSO). Composite analysis of the 10-driest rainfall seasons between 1950 and 2010 associated an anomalous Walker
circulation cell across the Indian Ocean with the March-May (MAM) drought over GHA (Lyon, 2014). It is thus imper-
ative to understand how global SSTs may impact drought events across East Africa during the recent decades, owing
to low adaptive capacity to cope with the frequent reoccurrence of drought events witnessed over the recent years.

Unfortunately, timely detection and monitoring of drought remains a challenge not only in East Africa but in many
parts of the world. The challenge is very common in most developing countries that have limited observed data (Funk
etal., 2015). The datasets available in understanding drought do not only dictate the length and spatial coverage of the
study but the choice of indices of climate extremes. The index of choice has an influence on the outcome of the study.

For informed planning to save lives and minimize destruction of property, a systematic framework which can ade-
quately detect and provide information on drought onset and termination along with severity, duration, and propa-
gation is important (Onyutha, 2020). One way to provide such information is to analyze drought under natural climate
variability. This is something considered to be central to the present work since it was not undertaken before especially
for the case of East Africa.

2 Materials and methods

2.1 Area of study

The study area comprises five countries: Uganda, Kenya, Tanzania, Rwanda, and Burundi (Fig. 10.1). Kenya and
Tanzania have coastlines, the Indian Ocean coast. However, Uganda, Rwanda and Burundi are land-locked countries.
Based on the latest data https:/ /data.worldbank.org/indicator/AG.LND.TOTL.K2 (accessed: 10th April 2021), land
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areas covered by Rwanda, Burundi, Uganda, Kenya and Tanzania are 24,670, 25,680, 200,520, 569,140, and
885,800 kmz, respectively. The lowest point in Uganda is about 615m at the border with South Sudan. The highest
points in Uganda, Kenya and Tanzania are Margherita Peak (5111m) in the Rwenzori Mountains, Batian peak
(5199 m) of Mount Kenya, and Mount Kilimanjaro (5895 m), respectively. Mounts Kilimanjaro, Kenya, and Rwenzori
are the first, second, and third highest mountains in the African continent, respectively. The study area has the Great
Rift Valley and African Great Lakes. The African Great lakes include Lake Victoria (the second largest fresh water lake
in the world in terms of area), Lake Tanganyika (the world’s second largest freshwater lake in terms of volume and
depth), and Lake Malawi. Examples of other lakes in East Africa are Lake Kyoga, Albert, Edward, Kyoga, Turkana,
Naivasha, Baringo, Magadi, Eyasi, Natron, Manyara, Rukwa, Kivu, Muhazi, and Ihema. The study area has the East
African Rift valley consisting of the western and eastern branches also called the Albertine Rift and Gregory Rift,
respectively. The western Rift Valley runs along the western border of Uganda, and also the western boundary of Tan-
zania. In the study area, the western rift valley transects Uganda, Rwanda, Burundi, and Tanzania. The Eastern rift
value transects through Kenya and Tanzania.

Rainfall over East Africa region shows high variability in both space and time. Lying in the tropics, the region is
generally warm throughout the year. The months of December to February (DJF) are the warmest while June-August
(JJA) season is the coldest in the region. The region’s rainfall seasonality is mainly influenced by the north-south oscil-
lation of the Intertropical Convergence Zone (ITCZ). This explains the region’s two dominant rainfall seasons: March-
May (MAM “long rains”) and October-December (OND “short rains”). Local factors such as topography and large
water bodies greatly influence the spatial variability of rainfall, ranging from relatively wet mountainous areas to
dry lowlands. The ENSO, Indian Ocean Dipole (IOD), Madden-Julian Oscillation (MJO), and phase of the quasi-
biennial oscillation (QBO) have a remarkable influence on the region’s interannual rainfall variability (Indeje,
Semazzi, & Ogallo, 2000; Lyon, 2014; Vellinga & Milton, 2018). Some studies have shown that decadal and multide-
cadal variability in the rainfall (a major determining factor for drought) across East Africa is linked to variation in the
SST of the Atlantic Ocean. For instance, the recent (1983-2012) significant drying for the Central Equatorial Africa was
highly correlated with Atlantic Multidecadal Oscillation (AMO) during boreal summer and autumn (Diem, Ryan,
Hartter, & Palace, 2014). Furthermore, Ltidecke, Miiller-Plath, Wallace, and Liining (2021) showed that the coefficients
of correlation between AMO and January precipitation in Uganda, Kenya, and Tanzania (the three countries consid-
ered in our study) were in the ranges —0.5 to —0.59, —0.3 to —0.39, and >—0.3, respectively. However, it is worth noting
that the debate on the forcing mechanism controlling AMO or the North Atlantic SST variations has been considerable
since the 1980s (Delworth & Mann, 2000; Folland, Palmer, & Parker, 1986; Mann et al., 2009; Ottera, Bentsen, Drange, &
Suo, 2010; Parker et al., 2007). Based on several studies (Delworth & Mann, 2000; Folland et al., 1986; Mann et al., 2009;
Parker et al., 2007), one side of the debate holds that the North Atlantic SST variations is dominantly characterized by
multidecadal variability. In other words, AMO is forced by the internal ocean variability and is related to multidecadal
fluctuations in the Atlantic Meridional Overturning Circulation (Knudsen, Jacobsen, Seidenkrantz, & Olsen, 2014).
Eventually, AMO possesses potential impacts on regional climate (Knight, Folland, & Scaife, 2006). Another side of
the said debate argues that variations of the North Atlantic SSTs especially over the past century were driven by vol-
canic and anthropogenic emissions of aerosols (Booth, Dunstone, Halloran, Andrews, & Bellouin, 2012). However, a
follow-up study (Zhang et al., 2013) showed a considerable discrepancy between observations and model results
thereby casting substantial doubt on whether aerosol forcing drives the bulk of multidecadal variability in North
Atlantic SST. Nevertheless, to reconcile the opposing theories on the origin of the AMO, Knudsen et al. (2014) sug-
gested that the linkage of North Atlantic SSTs with external forcing could be importantly explored based on the
Atlantic Meridional Overturning Circulation. Notwithstanding these arguments, this work considers that AMO
may potentially impact regional climate.

2.2 Data

Monitoring of drought has been hampered in most parts of Africa by limited quality observed data. The available
reanalyzed, satellite, and model datasets present an opportunity to improve drought detection and monitoring. Ana-
lyses in this study were performed using different datasets which were obtained from various sources.

2.2.1 Self-calibrating Palmer Drought Severity Index (scPDSI)

Monthly scPDSI based on the Climatic Research Unit—Time Series version 4.04 (or CRU TS 4.04) (Barichivich,
Osborn, Harris, Schrier, & Jones, 2020) for global land over the period 1901-2019 was obtained in gridded (0.5°
latitude-longitude resolution) form via https://crudata.uea.ac.uk/cru/data/drought/ (accessed: 15th December 2020).
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ThescPDSImetricwasintroduced by Wells, Goddard, and Hayes (2004) to overcome the problem of the inconsistentbehav-
ior of theoriginal PDSIacross different climate regimes. ThescPDSIlautomatically adjusts theempirical constants in the PDSI
derivation with dynamically calculated values. Calculation of scPDSI requires monthly precipitationseries, monthly poten-
tial evapotranspiration, and information on available soil water capacity of the soil layer. The details of how to compute
scPDSI can be found in Wells et al. (2004).

2.2.2 Climate indices

Four monthly climate indices based on SST including the AMO, Nifo 3 index, IOD, and QBO were obtained from
various sources.

1. The AMO index is defined as the SST averaged over 25-60° N, 7-70° W minus the regression on the global mean
temperature (van Oldenborgh, te Raa, Dijkstra, & Philip, 2009). The monthly AMO index (Enfield, Mestas-Nufiez, &
Trimble, 2001; Rayner et al., 2003) covering the period 1985-2020 was obtained from https://psl.noaa.gov/gcos_
wgsp/Timeseries/ AMO/ (accessed: 20th January 2021).

2. The Nifo 3 (Rayner et al., 2003) is the area-averaged SST for the Tropical Pacific region 90° W to 150° W and 5° N to
5° S. The monthly Nifio 3 data covering the period 1870 to 2020 was obtained via https://psl.noaa.gov/gcos_
wgsp/Timeseries/Nino3/ (accessed: 25th January 2021).

3. The IOD is the climate mode associated with the state of the SST over Western (50° E to 70° E and 10° S to 10° N)
Equatorial and Southeastern (90 to 110° E and 10° S to 0° N) Indian Ocean (Saji, Goswami, Vinayachandran, &
Yamagata, 1999). The monthly IOD series obtained from the Japan Agency for Marine-Earth Science and
Technology (JAMEST) via the link http:/ /www jamstec.go.jp/frcgc/research/d1/iod (accessed: 20th January
2014).

4. The QBO is a regular variation of the winds that blow high above the Equator (Met Office, 2021). The QBO is a
tropical, lower stratospheric, quasiperiodic oscillation of the equatorial zonal wind between easterlies and
westerlies, with an average period of about 28 months. Monthly QBO data from 1948 to February 2019 was
downloaded via https:/ /www.daculaweather.com/4_gbo_index.php (20th February 2021).

2.3 Methods

Spatial variation in the long-term characteristics of the scPDSI across the study area was assessed in terms of the
standard deviation (STDEV) and the average (or MEAN) of annual scPDSI series. The MEAN measures central ten-
dency of a given dataset while STDEV is a measure of spread around the mean. These metrics MEAN and STDEV were
computed using annual scPDSI of each grid point. Spatialization of the computed statistics was obtained through
interpolation. Several methods exist for spatial interpolation including an ordinary kriging, universal kriging, and
inverse distance weighted (IDW) approach. The IDW approach was adopted for this study though we deemed that
the influence from the choice of a particular interpolation on the results was minimal given that the scPDSI series were
obtained at equidistant grid points. Another method of spatialization of statistics from climatic data is regionalization.
However, this was out of the scope of this work.

The association of annual scPDSI variations with changes in large-scale ocean-atmosphere conditions was
assessed in terms of wavelet coherence. Through bivariate wavelet analysis, wavelet coherence allows estimation
of the measure of correlation between the variables under consideration at all the periodicities in time. Annual
scPDSI was averaged over the entire spatial domain considered in this study. Before analysis of wavelet coherence,
each series was standardized. In the standardization, the mean of the data was subtracted and the next procedure
was division by the standard deviation. Wavelet coherence was finally computed for the various combinations of the
climatic variables including (i) scPDSI and AMO, (ii) scPDSI and IOD, (iii) scPDSI and Nifio 3, (iv) scPDSI and QBO.
To each pair of the climatic series, continuous wavelet transform was applied to determine the regions in time fre-
quency where the two-time climatic series covary. Significance of the coherence was quantified using a total of 1000
Monte Carlo randomizations.

We applied empirical orthogonal function (EOF) to analyze climate variability. For EOF, let a collection of all pre-
cipitation time series comprise a set referred to as a H. Furthermore, consider that we have m precipitation time series in
H. In other words, each location has a separate precipitation time series. Importantly, the average of each of the m series
should be removed such that each column has a zero mean. The time series can be arranged in such a way that we
obtain m columns in H. At each location, the sample size or number of data points is . From every row of H we can
obtain one map. Thus, k; can be taken as the position vector of the ith row in m dimensional space. Any irregularities in
the data would force the observations to be ordered along a particular direction; otherwise, we would have a “blob” in
space in case the points are completely random. We can establish a new coordinate system for the m-dimensional space
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such that there can be a coordinate system going through each cluster (or organized set) of points. To do so, the method
of EOF analysis determines a set of orthonormal basis vectors s,, that can maximize the projection of h; on the basis
vectors (Bjornsson & Venegas, 1997). So, the mathematical problem in the EOF analysis is to maximize the sum of
squared product of s,, and h; (Eq. 10.1) following (Bjornsson & Venegas, 1997) such that

n

> (swhi) (10.1)

i=1
for w =1, ..., m, subject to an orthonormality condition on s, such that

Sf 5j= (31']'. (102)
When we consider the covariance metric R such that R=H'H the expression in Eq. (10.1) leads to Eq. (10.3)

n
> (swhi)? =s,H'Hsl, = s,Rs, (10.3)
i=1

Let V denote the gradient operator while A is the Lagrange multiplier. Maximizing Eq. (10.1) subject to constraint in Eq.

(10.2) yields
V(thy) -V (yty) =0 (10.4)
Manipulation of Eq. (10.4) while taking advantage of the symmetry of R yields
Ry=21y. (10.5)
Eq. (10.5) is another form of the eigenvalue problem such that
RC=Cnh (10.6)

where A is a diagonal matrix containing the eigenvalues 4; and the c; columns of C contain eigenvectors of R represent-
ing the eigenvalues . The size of A or Cin Eq. (10.6) is m by m. For each selected eigenvalue, a corresponding eigenvector
can be found. Each of these eigenvectors is what we regard as the EOF or a map and the eigenvectors can be ordered
according to the size. The eigenvector associated with the first, second, ..., and kth biggest eigenvalue is EOF1, EOF2,
..., and EOFK, respectively. An eigenvalue indicates the measure of the fraction of the total variance in R explained by
the mode. The eigenvector matrix C comprises the typical property that C'C = CC' = I where I is an identity matrix
thereby indicating the EOFs are uncorrelated over space (or the eigenvectors are orthogonal to each other) (Bjornsson &
Venegas, 1997).

Based on the symmetry of R (following the spectral representation theorem), the eigenvalues and the eigenvectors
for the EOFs decompose R in such a way that (Bjornsson & Venegas, 1997)

R=Jicici+Acacy++2CpC, (10.7)

On the basis of Eq. (10.7)

EOF =2 (10.8)

n

P
i—1

Given the rationale behind EOF analysis (i.e., reducing the data to few modes of variability), a few of the eigenvalues
can dominate others. Each EOF can be taken as a mode of variability while how it oscillates in time becomes the prin-
cipal component (or expansion coefficients of the variability mode).

Localized structures expectedly tend to emerge over the spatial domain of analysis. Eventually, rotation of the
eigenvectors can be considered to reduce the effect of orthogonality constraint and achieve more stable spatial patterns
(Horel, 1984; Richman, 1986). Rotations allow isolation of regions with similar temporal variations. In this way, we
improve the identification of regions with the maximum correlation between the variables and the components. There
are several methods for rotation of eigenvectors such as, Orthomax, Varimax, Parsimax, Oblimin, Qartimax, Quarti-
min, Promax, and Equamax. The Varimax method preserves orthogonality, and gives more physically explainable
variability patterns than other approaches (Richman, 1986). Furthermore, Varimax also exhibits less sensitivity to
the number of variables in the EOF analysis (Onyutha & Willems, 2017).
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To apply EOF, we divided the scPDSI data over a period of about 30 years. The time slice of at least 30 years in length
is deemed suitable to characterize climate fluctuations. Eventually, EOF was applied to scPDSI over various subpe-
riods including 1901-30, 1931-60, 1961-90, 1991-2019, 1901-60, and 1961-2019. This was to determine (i) spatial var-
iation in EOF factor loadings, and (ii) temporal EOF factor scores. Furthermore, drought severity based on scPDSI
averaged over the various subperiods was compared across the study area. Correlation between climate indices
and scPDSI over the various subperiods was analyzed. The strength of the co-variation of scPDSI with climate indices
was also assessed through wavelet coherence analysis.

3 Results and discussion

The spatial variation in selected descriptive statistics obtained from annual scPDSI is shown in Fig. 10.2. The mean of
scPDSI was to indicate areas that were mostly dry or wet (Fig. 10.2). The various categories of the PDSI are presented in
Table 10.1. Areas with negative scPDSI (close to —2 indicating moderate drought) are confined to northeastern Uganda
(Karamoja region), northeastern Kenya around Lake Turkana, and southwestern Kenya near the coast. Wet conditions
existed in the western part of East Africa. Standard deviation (STDEV) of scPDSI shows spatial differences in the extent
of dry or wet conditions with respect to the reference (or long-term mean) (Fig. 10.2b). In other words, STDEV gives
insight on the variability in the scPDSI. As a common practice, coefficient of variation (CV) tends to be used to char-
acterize variability. However, the use of CV may be limited to variables with a positive mean such that CV values are
nonnegative. In this work, it is noticeable that the mean of scPDSI yielded negative values. Therefore, the use of CV as
the ratio of STDEV to mean would yield negative values of CV thereby making it inappropriate to characterize relative
measure of the variability.

Fig. 10.3 shows the spatial pattern of the first EOF of annually-averaged scPDSI. The associated temporal variation
of the first EOF after Varimax rotation is shown in Fig. 10.8. The first EOF explained 17.6% of the total variance in the
annual scPDSI across East Africa. The second to fifth EOFs explained 13.9%, 8.6%, 5.1%, and 3.8% of the total variance,
respectively. The first EOF indicates a trend in scPDSI of annual time scale, revealing areas with possible substantial
drying and wetting over time (Fig. 10.3a—f). The area of a particular subregion that loaded positively varied across
periods. Similarly, the areas with negative EOF loadings varied in size across subperiods. The magnitude (and sign)
of the EOF loading for a particular location changed from one subperiod to another. Thus, drought statistics (for
instance, severity) of a particular location or region depends on the period selected for analyses. The spatial variation
in the EOF loadings across East Africa also shows regional differences in the drought variability driving forces.
Regional differences in drought statistics (like a dry spell, precipitation deficiency) across East Africa can be influenced
by micro-climate or features such as topography and water bodies (Onyutha & Willems, 2017).
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FIG. 10.2 Long-term (a) mean and (b) standard deviation (STDEV) of annual scPDSI over the period 1901-2019.
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TABLE 10.1 Classification of PDSI (Wells et al., 2004).

PDSI value PDSI category
Above 4.0 Extreme wet spell
3.00-3.99 Severe wet spell
2.00-2.99 Moderate wet spell
1.00-1.99 Mild wet spell
0.50-0.99 Incipient wet spell
0.49 to —0.49 Normal

—0.50 to —0.99 Incipient drought
—1.00 to —1.99 Mild drought
—2.00 to —2.99 Moderate drought
-3.00 to —3.99 Severe drought
Below —4.00 Extreme drought

Fig. 10.4 shows the temporal behavior of the annual scPDSI characterized by spatial variation in EOF loadings as
presented in Fig. 10.3. It is vital to note that the division of EOF factor loadings was for the ease of visualizing the spatial
variations. Considering loadings based on the long-term period 1901-2019, the EOF factors were mainly positive from
1920 to the mid-1960s and negative afterward (mid-1960s till 2020). Thus, the East African climate cycle is suggestively
about 40 years. This, however, requires further verification using series longer than the one used herein. Nevertheless,
the findings depict how a wet subperiod tends to be punctuated by dry conditions in East Africa as a semiarid envi-
ronment. At a given location or subregion, rainfall can be below the long-term mean over a selected epoch. However,
rainfall total goes above the reference over the subsequent epoch. This suggests variation in the strength of the major
driver of the variability of wet and dry climatic conditions over time. The EOF loadings for the subperiods 1901-30,
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FIG. 10.3 Leading EOF factor loadings after Varimax rotation for annual scPDSI for the subperiods (a) 1901-30, (b) 1931-60, (c) 1961-90,
(d) 1991-2019, (e) 1901-60, and (f) 1961-2019.
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FIG. 10.4 Leading temporal EOF factor scores after Varimax rotation for annual scPDSI over the period 1901-2019 as the benchmark together
with the scores for the subperiods (a) 1901-30, (b) 1931-60, (c) 1961-90, (d) 19912019, (e) 190160, and (f) 1961-2019.

1931-60, and 1901-60 (Fig. 10.4a, b, and e) are opposite to those of the corresponding epochs when the full time series
1901-2019 were used. However, the temporal loadings for the subperiods after 1960 were found to resonate quite well
with the loadings obtained using the full time series (1901-2019) (Fig. 10.4c, d, and f).

Fig. 10.5 shows the amount of variability explained in annual scPDSI by the first five EOFs. Considering a 30-year
period, the amount of variability explained by EOF1 was 20.5% on average. The percentage reduced to about 19%
when 60-year periods were considered. For a given subperiod, the amount of explained variability reduces with
increasing EOF. The cumulative amount of variability for the first two EOFs considering a 30-year period was
36%. For a 60-year period, both EOF1 and EOF2 explained up to 34% of the variability. Considering the full time period
(1901-2019), both EOF1 and EOF2 cumulatively explained 31.5% of the variability. These results show that East Africa
is characterized by a considerable amount of temporal variability in droughts.

Fig. 10.6 shows the space-time variation in the 2011 East African drought severity. Various categories of PDSI in Fig.
10.6 followed classifications in Table 10.1 by Wells et al. (2004) and Palmer (1965). The 2011 East African drought event
occurred from July 2011 to mid-2012 and was experienced throughout the study area. From September 2011 to Decem-
ber 2011, a moderate wet condition was confined to the subregion comprising Rwanda, Burundi, northwestern Tan-
zania, and southwestern Uganda (Fig. 10.6c—f). From April 2012 to June 2012, eastern Uganda and western Kenya
experienced somewhat moderate wet conditions (Fig. 10.6j-1). The rest of the study area experienced droughts of vary-
ing severities (Fig. 10.6a-1). Extremely dry conditions (with scPDSI between —4 and —5) were confined to southeastern
Kenya and northeastern Tanzania.

A number of drought indices exist such as PDSI (Palmer, 1965), scPDSI (Wells et al., 2004), Standardized Precipi-
tation Index (SPI) (McKee, Doesken, & Kleist, 1993), Standardized Groundwater Level Index (SGLI) (Bloomfield &
Marchant, 2013), Standardized Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano, Begueria, & Lopez-
Moreno, 2010), and Standardized Nonparametric Indices of Precipitation and Evapotranspiration (SNIPE)
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(Onyutha, 2017, 2021). Each method has its own advantages and disadvantages. For instance, multiscalar feature of
these indices such as SPEI and SPI allows tailoring the drought impact for different sectors. However, most of these
methods like SPI and SPEI yield skewed indices. Moreover, interpretation of results of drought analysis may be based
on the method selected to derive the indicator of dry conditions. In this line, the application of each method can be
based on the purpose of the study or intended risk-based water resources application. Nevertheless, drought can
be caused by a number of factors such as reduced precipitation total, increased evaporation or evapotranspiration
rates, and vapor pressure deficit, mostly linked to higher temperature and low relative humidity. Other features such
as persistent circulation anomalies, possibly strengthened by land—atmosphere feedback contribute to drought occur-
rence (IPCC, 2014). Since there is no single method known to directly combine all these factors, what each drought
index indicates tends to be limited in one way or the other. For instance, SPI which is based on only precipitation
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may be limited to meteorological drought. The scPDSI, however, takes into account precipitation, evapotranspiration,
and soil water capacity, and better measures the atmospheric demand for moisture and thus the water balance for the
region under study. We remark that to avoid the uncertainty stemming from the choice of a particular method,
drought analyses and attribution (though not considered in this study for brevity) should comprise indicators of
dry conditions from various approaches.

The widespread 2011 East African drought was believed to have been caused by anthropogenic climate change
(Climate Home News, 2013; Hua et al., 2016; Lyon & Dewitt, 2012; Nicholson, 2014). However, no evidence was found
for human influence on the 2010 short rains which would have led to the 2011 drought (Lott, Christidis, & Stott, 2013).
Notably, the probability of long rains as dry as, or drier than, 2011 was found to be exacerbated by human influence
(Lott et al., 2013). The periods 2010-11 and 2011-12 were strong and moderate La Nifia years (Golden Gate Weather
Services (GGWS), 2021). It means that the 2011 East African drought was caused by natural variability. Reducing pre-
cipitation or drying trend across East Africa was thought of in terms of the Indian SSTs which was warming faster than
the Pacific SSTs (Williams & Funk, 2011). However, a follow-up study by Lott et al. (2013) established that the warming
of tropical Indian Ocean and Pacific Ocean SSTs were more uniform, though with less warming in the Arabian Sea.
Therefore, in this work, we conclude that the East African regional rainfall trend which leads to drying or wetting
trends across East Africa is driven by the changes in SSTs due to both anthropogenic and natural origin. This is also
in line with findings from other studies (Hoerling, Hurrell, Eischeid, & Phillips, 2006; Lott et al., 2013; Ngoma et al.,
2021; Ogwang, Ongoma, Xing, & Ogou, 2015; Tierney, Smerdon, Anchukaitis, & Seager, 2013).

Fig. 10.7 shows measures of possible linkage of annual scPDSI to climate indices over various subperiods. It is vital
to note that the division of the legend in Fig. 10.7 was to simplify visualization of variation in correlation coefficients
but not for assessing significance of the correlation between scPDSI and climate indices. Otherwise, for two-tailed
probabilities at « =0.01, the critical value for the correlation was 0.463 and 0.330 for the 30- and 60-year periods,
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FIG. 10.7 Correlation between subseries of scPDSI and (a-d) Nifio 3, (e-h) IOD, and (i-1) AMO.
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respectively. It is noticeable that the spatial variation in the correlation coefficients tended to differ among the subpe-
riods (Fig. 10.7a-1). For instance, coefficients of correlation between Nifio 3 and scPDSI were spatially more positive
over the period 1931-60 than those of other subperiods (Fig. 10.7a—d). In the same line, coefficients of correlation
between scPDSI and IOD (AMO) were spatially more positive (negative) over the period 1991-2012 than those of other
subperiods (Fig. 10.7e-1). In summary, the magnitude of the influence of a particular driver on the variation of dry or
wet conditions varies from one subperiod to another. This is important in exploring mechanisms which influence var-
iation in dry and wet conditions over a particular subperiod across. The question would be: why do the atmospheric
drivers of drought vary in space across the study area? Most of the large-scale ocean-atmosphere conditions (such as El
Nifo Southern Oscillation) are characterized by phases or episodes. These phases tend to be described as positive or
negative (for IOD), and warm or cold (in the case of ENSO and AMO). The variation of wet and dry conditions across
East Africa is influenced by the positive and negative phases of IOD. Furthermore, wetter and drier conditions than the
normal one are known to be brought about by the warm (El Nifio) and cold (La Nifia) phases, respectively. A major
uptake of heat by the Pacific Ocean and the heat’s storage in the Tropical western Pacific occurs during the La Nifia
phase (Trenberth, Fasullo, O’Dell, & Wong, 2010). Next, the ocean cools as the atmosphere responds with typical El
Nifno weather patterns forced from the region (Trenberth et al., 2010). This El Nifio phase tends to be a typical source of
influence on rainfall across various areas of the world. The atmospheric patterns following the positive phase of the
AMO, include increased precipitation in the eastern tropical Atlantic, and reduced wind speeds over the tropical
Atlantic; and the negative AMO leads to the opposite conditions (Alexander, Halimeda Kilbourne, & Nye, 2014).
In other words, a positive AMO (or warmer than the normal Atlantic Ocean) leads to increased rainfall in certain areas
of the world. A cooler than the normal Atlantic Ocean (or negative AMO) causes reduced rainfall in some parts of the
world. This brief background on the phases of the different measures of the large-scale ocean-atmosphere conditions
shows that a driver can be strong over one phase and weaker over the other. For instance, the Indian Walker cell can be
strong during one subperiod and weak over another (Nicholson, 2017). Over corresponding periods like for the Indian
Walker cell, the strength of the descending or ascending poles of the Atlantic or Pacific cell can also change (Nicholson,
2017). Over a particular period in which the negative phase of IOD is more dominant than the positive one (or when
there are more La Nifia than El Nifio events), the East African region may experience an increased number of drought
events.

When considering the long-term (1901-2012) series of scPDSI, 10D, AMO, and Nifio3 as well as the entire QBO from
1948 to 2012, the correlation over the various subperiods got averaged (Fig. 10.8a—d). Again, division of the legend in
Fig. 10.8 was for the ease of visualizing the variation in the correlation. Otherwise, for two-tailed probabilities at
a=0.01, the critical correlation value was 0.236 for AMO, IOD, and Nino 3 (Fig. 10.8a—) and 0.31 for QBO
(Fig. 10.8d). It is noticeable that the variability in scPDSI was mainly linked to the variation in IOD and Nifio 3
(Fig. 10.8b—c). Furthermore, results from Figs. 10.4 and 10.5 show that the predictability of the drought variability
across East Africa can be based on a number of predictors (such as the negative IOD or La Nifia phase of the ENSO).
However, it is worth noting that the correlation between scPDSI and climate indices may merely indicate statistical
measures of association. Thus, the correlation (for some factors such as intercorrelation among the climate indices, and
high signal-to-noise ratio) may not adequately quantify the measure of real dynamics regarding how the variation in
drought statistics (like severity) across East Africa which may be influenced by large-scale ocean-atmosphere condi-
tions. The existence of interconnection among climate indices may inflate the correlation between extreme events and
atmospheric circulations and lead to biased results (Tabari & Willems, 2018). Furthermore, other factors may need to be
taken into consideration to enhance the predictability of the variation in dry conditions across East Africa. Such factors
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include; possible nonlinearity of the relationship between drought indicators and the drivers, and time lag or prece-
dence of variation in large-scale ocean-atmospheric conditions by the drought variability. In this regard, oceanic-
atmospheric circulation patterns were found to be influential not only concurrently on European climate anomaly,
but in a delayed way on the anomaly in the following seasons (Tabari & Willems, 2018). Duzenli, Tabari, Willems,
and Yilmaz (2018) also found a superiority of nonlinear models to explore the relationships between precipitation
extremes and large-scale atmospheric drivers.

The results of wavelet coherence analysis are shown in Fig. 10.9. The strength of the co-variation of scPDSI with
climate indices was patchy through time (Fig. 10.9a—d). Coherence between scPDSI and AMO was strong at multiple
scales 1-3, 6-7, 14-15, and 18-30years. The coherence was strong over the periods 1901-15, 1960-90, and 1920-80 (Fig.
10.9a). The scPDSI cycled in phase with (or scPDSI was strongly influenced positively by) IOD and Nifio 3 over the
periods 1950-2000 at scales of 14-15 and 14-32 years (Fig. 10.9b and c). scPDSI cycled downward with AMO and IOD
over the periods 1960-2000 and 1935-80, respectively (Fig. 10.9a and b). This means that AMO and IOD led scPDSI by
7/2 and this was at scales 14-15 and 24-30years, respectively. scPDSI cycled upward with AMO and QBO over the
periods 1920-80 and 1901-65, respectively (Fig. 10.9a and d). This means that scPDSI led AMO and QBO by z/2 and
this was at scales 18-30 and 1620 years, respectively. The results show that the strength (and sometimes the sign) of
the co-variation of drought indicator with the possible driver can depend on the selected subperiod as already found
based on Fig. 10.7.

Drought affects various sectors in a number of ways. For instance, prolonged dry conditions can lead to (i) lack of
water for livestock which brings about competition and conflicts among the nomads (like Karamojong), (ii) water scar-
city which reduces hydroelectric power produced, (iii) increased forest fires, (iv) crop failure, and (v) increased pest
and diseases. A few of the priority activities recommended given the strong temporal variation of droughts in the
region include (Global Water Partnership Eastern Africa (GWPEA), 2015).
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FIG. 10.9 Wavelet coherence plots for (a) scPDSI and AMO, (b) scPDSI and IOD (c) scPDSI and Nifio 3, (d) scPDSI and QBO; The strength of
coherence between the time series at each period through time is shown in terms of the colors. The color at the top (bottom) of the legend bar shows
high (low) coherency. The reliable data are contained within the “cone of influence” away from the edge effects indicated by the colored region. Areas
enclosed in bold black lines were derived using the Monte Carlo randomizations and indicate significant coherency. The arrows show phase relation-
ships between the variables within the areas of strong coherence. Some arrows point to the right and left indicating that the variables are in phase and
antiphase, respectively.
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. Planting trees (plantations, agro-forestry, woodlots, fruit orchards),

. Supporting the provision of water for production,

. Strengthening the early warning systems,

. Promoting energy-efficient technologies and energy diversification,

. Promoting drought-resistant crop varieties across various agro-ecological zones,
Proper management of land to reduce the rampart degradation,

Proper pasture and rangeland management,

. Mainstreaming drought mitigation and adaptation strategies in various sectors.

PN U R WN R

Some of the national priority intervention areas in line with the strong temporal variation of drought events in the
region include (i) developing capacity for predictive adaptation to drought, (iii) ensuring national plans comprise
drought management, and (iv) embracing integrated drought management practices. The key areas which should
be of focus regarding drought management include (i) adaptation to the oscillation low period of precipitation leading
to severe droughts, (ii) disaster risk management, (iii) environmental rehabilitation, (iv) enhancing agricultural pro-
ductivity and household poverty alleviation, and (vi) development of livestock, pasture or rangelands.

4 Conclusions

This study examined the historical variations in droughts across East Africa during the period 1901-2019. To this end,
drought was characterized using the self-calibrating Palmer Drought Severity Index (scPDSI) and analyzed by empirical
orthogonal function (EOF) over different subperiods. The connections between the temporal variations of droughts and
large-scale oceanic-atmospheric circulation patterns were also determined, by exploring the correlations of scPDSi series
with AMO, Nifio 3 index, IOD, and QBO. Finally, the severity of the 2011 East African drought, as the worst drought in
60years, was assessed by means of scPDSI. The findings revealed that the droughts in East Africa were characterized by a
considerable amount of temporal variability so that both EOF1 and EOF2 cumulatively explained 31.5% of the variability
for the full time period (1901-2019). Furthermore, the variability rate explained in a particular EOF was highly dependent
on the subperiod for analysis. More specifically, the amount of variability explained by EOF1 was 20.5% for a 30-year
data period, while it decreased to about 19% for a 60-year period. The exploration of the atmospheric drivers of the
droughts in terms of the climate indices showed that the strength (and even for some cases the sign) of the
co-variation of the drought indicator and possible drivers changes with the selected subperiod. Our results further indi-
cated that the variability in dry conditions over large areas across East Africa can be mainly explained by the IOD and
ENSO phenomenon and particularly by their negative and cool phases, respectively.

This study investigated the historical variations of droughts across East Africa and their connections with large-
scale circulation patterns. Due to a relatively poor observation data coverage in the region, the occurrence of
anomalously dry or wet spells might be underestimated, which is especially the case for the early decades of the
20th century. An assessment of nonlinear and lagged relationships between the temporal variations of droughts
and large-scale patterns would also provide valuable information for a better understanding of the physical processes
triggering drought conditions and for improving the predictability of dry periods in the future. Considering the docu-
mented anthropogenic hydro-climatic changes in Africa, future research is required to investigate the influence of his-
torical and future climate change on droughts in the region.
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Revisiting the impacts of tropical cyclone
Idai in Southern Africa
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UNESCO Regional Office for Southern Africa, Harare, Zimbabwe

1 Introduction

Water-related hazards have dominated the list of disasters in terms of both human and economic toll over the past
50years (WMO, 2021). Between 1970 and 2019, weather, climate and water hazards accounted for 50% of all disasters,
45% of all reported deaths and 74% of all reported economic losses at global level (WMO, 2021). Of the top 10 disasters
that occurred during the same period, the hazards that led to the largest human losses have been droughts (650,000
deaths), storms (577,232 deaths), floods (58,700 deaths), and extreme temperatures (55,736 deaths).

Africa accounts for 15% of weather, climate and water-related disasters, 35% of associated deaths and 1% of eco-
nomic losses reported globally (WMO, 2021). Storms and floods, combined, accounted for the highest economic losses
(71%) of the total economic losses recorded in 1970-2019.

Southern Africa is vulnerable to natural hazards, the majority being hydro-meteorological in nature. The most fre-
quent hazards are floods, while recurrent droughts affect the largest number of people and also account for the highest
economic cost of damages (UNECA, 2015). Climate extremes, especially precipitation and drought extremes, interact-
ing with exposed and vulnerable human and natural systems can lead to disasters (Liu, Shen, Qi, Wang, & Geng, 2019),
resulting in environmental and infrastructural damage, economic losses and even human deaths. Other major hydro-
meteorological hazards that affect southern Africa include landslides, storms, wildfires and tropical cyclones (TCs)
that originate from the South West Indian Ocean.

Tropical cyclones are ranked after drought as the second leading cause of loss of human life due to natural disasters
(De, Khole, & Dandekar, 2004). Landfalling TCs are associated with severe weather phenomena such as strong winds,
torrential rains and storm surges that cause substantial consequences that include loss of lives and devastation of prop-
erty and livelihood (Shanko & Camberlin, 1998; Vitart, Anderson, & Stockdale, 2003). Coastal areas are particularly
prone to storm surges caused by TCs that make landfall, while widespread flooding can result over some parts of the
southern African mainland (Crimp & Mason, 1999; Reason & Keibel, 2004). The TCs also trigger weather extremes such
as intense precipitation events which result in landslides and flash floods causing fatalities and huge socioeconomic
damages (Chen, Chang, Chiu, Lau, & Lee, 2013; Czajkowski, Villarini, Michel-Kerjan, & Smith, 2013; Peduzzi et al.,
2012; Webster, Holland, Curry, & Chang, 2005). However, in some instances TCs provide useful rainfall to commu-
nities. For instance, in February 2000, ex-tropical cyclone Eline contributed significantly to the seasonal rainfall total of
southern Namibia. It is approximated that 25% of the January—February—March (JEM) 2000 rainfall over southern
Namibia was caused by this system. Furthermore, the system resulted in southern Namibia recording its wettest sum-
mer since 1976 (Reason & Keibel, 2004).

Worldwide over the 50-year period (1970-2019), TCs were responsible for 9% of all recorded disasters, and
accounted for 17% of all reported deaths and 29% of all economic losses (WMO, 2021). During the same period,
86% of disasters, 99% of deaths and 29% of economic losses associated with TCs occurred in developing economies.
The number of disasters related to TCs over the period increased, while the number of deaths markedly decreased
following a peak in the 1970s. Socioeconomic losses resulting from landfalling TCs have increased sharply worldwide
over the last decades (Pielke Jr. et al., 2008; Zhang, Liu, & Wu, 2009).
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Results from attribution studies show that human induced climate change is changing the likelihood and intensity
of extreme weather and climate events (Carbon Brief, 2021; IPCC AR5, 2013; Murakami et al., 2020), making some
extreme events more frequent and/or intense and others less so (Cattiaux, Chauvin, Douville, & Ribes, 2021). Globally,
an increasing number of extreme events has been observed over the past few decades, some of them attributed to
global warming (Hao, Aghakouchak, & Phillips, 2013; IPCC AR5, 2014; Leonard et al., 2013). Weather, climate and
water-related disasters are also on the rise worldwide, causing loss of life and setting back economic and social devel-
opment by years, if not decades (WMO, 2014). In particular, since 1950, heat waves have increased in frequency, dura-
tion and intensity in nearly every part of the world (Perkins-Kirkpatrick & Lewis, 2020), while an intensification of
drought patterns, extreme rainfall and an increase in aridity has also been observed in response to global warming
(Bonfils, Santer, & Fyfe, 2020; Sun, Zhang, Zwiers, Westra, & Alexander, 2021). An increase in the global average inten-
sity of the strongest TCs since the early 1980s has also been noticed (Knutson et al., 2019; Kossin, Knapp, Olander, &
Velden, 2020). The number of TCs has been rising since 1980 in some basins such as the north Atlantic and central
Pacific Oceans, while declining in the western Pacific and south Indian Ocean (Murakami et al., 2020).

This chapter gives an overview of TCs in general. It also seeks to establish present and future characteristics of TCs
in the South West Indian Ocean (SWIO) basin, determine how TC Idai formed and evolved, understand its charac-
teristics and document the impacts it caused in southern Africa, particularly in Malawi, Mozambique and Zimbabwe.
The study also seeks to summarize the lessons derived from TC Idai in order to minimize future impacts from extreme
weather events such as TCs.

2 Materials and methods

2.1 Study area

The study area is southern Africa, which for purposes of this study, is taken as that region south of the equator
which includes the 16 member countries of the Southern African Development Community (SADC). The region is
bordered by the Indian Ocean to the East and the Atlantic Ocean to the West. Fig. 11.1 shows a map of southern Africa.
As at 2018, the estimated SADC population stood at 345.2 million, which represents a 2.5% annual population growth
rate when compared with the 2017 population of 336.9 million (SADC, 2018).

Agriculture is an important source of livelihood for most of the rural population of southern Africa (Hachigonta,
Nelson, Thomas, & Sibanda, 2013; Wamukonya & Rukato, 2001). The sector contributes between 4% and 27% of the
Gross Domestic Project (GDP) in the different member states (SADC, 2012). The performance of this sector therefore

FIG. 11.1 Map of southern Africa. Source:
d-maps.org.
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has a strong influence on food security, economic growth and social stability in the region (SADC, 2012). About 80% of
the population in Mozambique and Malawi, and 70% of the population in Zimbabwe rely on rainfed, subsistence agri-
culture for their livelihoods. Southern Africa is also one of the world’s poorest and most vulnerable regions (Bauer &
Scholz, 2010) and suffers from poor infrastructure and low socio-economic development. Hence, the consequences of
extreme weather or climate anomalies are often devastating to both people and property. The region is prone to fre-
quent droughts and floods, some of the floods being caused by TCs that occasionally make landfall on the Mozambican
and South African coastlines, bringing significant rainfall and associated flooding to Mozambique, the northern parts
of South Africa, and Zimbabwe (Davis, 2011). One of the notable TCs to have affected the region in the past is TC Eline
which struck southern Africa in February 2000 and caused floods in northern South Africa, Mozambique and Zim-
babwe, resulting in the death of 600 people and damage to bridges, roads and other infrastructure (Dyson & van
Heerden, 2001). Prolonged periods of drought in the summer seasons of 1982-1983 and 1991-1992 also caused severe
falls in crop and stock production in many parts of the region (Harsch, 1992; Vogel, 1994).

The climate across southern Africa varies from arid conditions in the west to humid subtropical conditions in thenorth
and east, while much of the central parts are classified as semi-arid (Stringer et al., 2009). Most parts of the region, with the
exception of southwest South Africa which experiences Mediterranean conditions, and thus receives winter rains,
receives the majority of its rainfall in the summer months, between November and March. Precipitation patterns reveal
lower annual rainfall in the south versus higher annual rainfall in the north (Kandji, Verchot, & Mackensen, 2006). The
majority of the region receives between 500 and 1500 mm per year, with the more semi-arid regions receiving between
250 and 500 mm per year (Davis, 2011). In terms of temperature, southern Africa has a warm climate with a mean annual
minimum temperature ranging from 3 to 25°C while the mean annual maximum temperature ranges from 15 to 36°C.

2.2 Methodology

The study used secondary sources of information to understand the impacts experienced by each of the countries;
Malawi, Mozambique and Zimbabwe as a result of TC Idai. These sources included government reports, reports from
disaster management institutions, briefings from local and international Non-Governmental Organizations (NGOs),
policy briefs, reports from donor agencies, reports from UN agencies such as the United Nations Children’s Fund
(UNICEEF), United Nations Office for the Coordination of Humanitarian Affairs (UNOCHA), International Organiza-
tion for Migration (IOM), World Food Programme (WFP), and the World Bank, among others. Other information was
obtained from researchers’ observations and interviews with the affected people in different communities. In addition,
peer reviewed journal articles also acted as a source of valuable information particularly on historical and future char-
acteristics of TCs in the SWIO basin. Sustained wind speed (sustained 3min) in km/hour for TC Idai was calculated
from Best Track data from the US National Center for Atmospheric Research (NCAR). Estimated precipitation data
was obtained from the US National Aeronautics and Space Administration (NASA) Global Precipitation Mission
(GPM) (Probst & Annunziato, 2019). Storm surge data is based on calculations from National Oceanic and Atmo-
spheric Administration (NOAA) Hurricane Weather Research and Forecast (HWRF), a non-hydrostatic coupled
ocean—atmosphere model. The model uses observations from satellites, data buoys, and hurricane hunter aircraft
(Probst & Annunziato, 2019).

3 Results

3.1 An overview of tropical cyclones

3.1.1 Understanding tropical cyclones

Tropical cyclones are synoptic-scale low pressure systems without fronts, occurring over tropical or subtropical
waters with organized thunderstorm activity (Anthes, 1982; Holland & Lander, 1993). They form in seven specific
areas around the globe, known as basins, and in particular seasons. The basins, depending on the particular ocean
of formation are named; 1. Atlantic Basin, 2. Northeast Pacific Basin, 3. Northwest Pacific Basin, 4. North Indian Basin,
5. Southwest Indian Basin, 6. Southeast Indian/Australian Basin, 7. Australian/Southwest Pacific Basin. Fig. 11.2 shows
the seven basins. Within the basins, the TCs are known by different names; they are called hurricanes in the North
Atlantic and Northeastern Pacific oceans, TCs in the South West Indian Ocean, and typhoons in the North West Pacific
Ocean. They form in equatorial regions at 5°-30° and rarely within less than 4°-5° from the Equator (Anthes, 1982).
Typically, they form where sea surface temperatures (SSTs) are about 26-27°C (Dare & McBride, 2011; Palmén, 1948).
Other conditions that favor cyclogenesis are: (i) large values of low level relative vorticity, (ii) weak vertical and
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FIG. 11.2 Location of tropical cyclone formation areas and their typical tracks once formed. Courtesy: NOAA. Retrieved from https://scijinks.gov/
hurricane/ on 5 May 2022.

horizontal wind shear, (iii) conditional instability through a deep atmospheric layer, (iv) large relative humidity in the
lower and middle troposphere, and (v) a deep oceanic mixed layer (Henderson-Sellers et al., 1998).

Approximately 69% of TCs occur in the Northern Hemisphere, while only 31% occur in the Southern Hemisphere.
About 12% occur in the Atlantic Ocean, 57% occur in the Pacific Ocean and 31% occur in the Indian Ocean (NOAA). An
analysis of data from 1968 to 2010 shows that on average 88 tropical storms formed each year across the globe (Shultz,
Russell, & Espinel, 2005; Weinkle, Maue, & Pielke Jr., 2012), and of these, 48 acquired TC strength (Doocy, Dick,
Daniels, & Kirsch, 2013; Weinkle et al., 2012).

3.1.2 Tropical cyclones in the SWIO basin

Countries in southern Africa are affected by TCs that originate from the South West Indian Ocean (SWIO) basin. The
SWIO basin lies within 30°E to 90°E and 0°S to 40°S, covering a number of countries; Botswana, Comoros, Eswatini,
Kenya, La Réunion, Lesotho, Madagascar, Malawi, Mauritius, Mozambique, Namibia, Seychelles, South Africa, Tan-
zania and Zimbabwe. The TCs that form in the SWIO tend to move westwards, toward the east coast of Madagascar
and sometimes recurve southeast into the central South Indian Ocean. Only 5% of TCs that form in the SWIO basin
make landfall over southern Africa (Fitchett & Grab, 2014; Mavume, Rydberg, Rouault, & Lutjeharms, 2010; Reason,
2007) and they can move further westwards into the southern Africa interior, or may be deflected towards the south or
north (Mavume et al., 2010). The TC season in the SWIO basin officially starts in November and ends in April, with a
peak in January and February, coinciding with southern hemisphere summer. According to Mavume et al. (2010), 85%
of the TCs form during this November to April period.

On average, nine TCs occur in the basin annually, and if tropical storms are also included, the number of tropical
systems rise to 11 (Jury, 1993). Tropical systems (tropical storms and tropical cyclones) that occur in the SWIO basin
account for about 14% of the global total (Ho, Kim, Jeong, Kim, & Chen, 2006; Jury, 1993; Mavume et al., 2010). Accord-
ing to an analysis of 1966 to 2000 data, 13% of the cyclogenesis in the SWIO basin occurs over the Mozambique Channel
(Mavume et al., 2010). The majority of TCs in the Mozambique Channel occur in January or February with no forma-
tions in November and April while formation in December and March is rare (Mavume et al., 2010). A study of 94 TCs
that occurred in the Mozambique Channel between 1948 and 2010 revealed that the conditions ideal for cyclogenesis in
the Mozambique Channel include high SSTs (29.6°C on average), a southerly wind shear with height and below-
normal geopotential height anomalies at 500hPa (Matyas, 2015).

In their developmental cycle in the SWIO basin, weather systems go through a series of stages from starting out as
tropical disturbances until reaching very intense TC status. Table 11.1 shows the classification of tropical weather
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TABLE 11.1 Classification of tropical weather systems in the SWIO basin.

Stage Wind speed (knots) Wind speed (km/h)
Tropical disturbance <28 <51

Tropical depression 28-33 51-63

Moderate tropical storm 34-47 64-88

Severe tropical storm 48-63 89-117

Tropical cyclone 64-89 118-165

Intense tropical cyclone 90-115 166-212

Very intense tropical cyclone >115 >212

TABLE 11.2 The Saffir-Simpson Hurricane Wind Scale.

Category Wind speed (knots) Wind speed (km/h) Damage potential
1 64-82 119-153 Minimal

2 83-95 154-177 Moderate

3 96-112 178-208 Extensive

4 113-136 209-251 Extreme

5 >137 >252 Catastrophic

systems in the SWIO basin. Tropical cyclone intensity is measured by the maximum sustained wind speed at the sur-
face as either 1 min or 10 min averages. In the SWIO the intensity or classification of tropical cyclones is determined by
the averaged 10min wind speeds and systems are given a name when they reach moderate tropical storm stage, cor-
responding to a wind speed of 64 km/hr (34 knots). The names are chosen from a predetermined list containing both
female and male names, which is arranged in alphabetical order, with each TC season starting with the letter “A”
(WMO). Names from the list are contributed by all the nations that are members of the World Meteorological Orga-
nization’s SWIO Tropical Cyclone Committee (WMO). A different scale, the Saffir-Simpson Hurricane Wind Scale
(SSHWS), Table 11.2, is used to rate hurricane intensity in the North Eastern Pacific Ocean and North Atlantic Ocean
basins (National Geographic, n.d). According to the National Hurricane Center (NHC) and Central Pacific Hurricane
Center (n.d), the SSHWS uses a 1 to 5 rating based on a hurricane’s sustained wind speed over a 1 min interval, 10m
above the surface and describes estimated potential property damage.

3.1.3 Historical and future characteristics of tropical cyclones in the SWIO basin

Research shows that TC characteristics in individual basins, i.e., frequency and intensity, depend on natural cycles
such as the El Nifio-Southern Oscillation (ENSO) (Landsea, Pielke Jr., Mesta Nunez and Knaff, 1999), the Quasi-
Biennial zonal wind Oscillation (QBO) (Landsea et al., 1999) and the Madden-Julian Oscillation (MJO) (Madden
and Julian, 1994). A number of studies have been carried out to establish the historical trends in TC characteristics
in the SWIO basin (Emanuel, 2005; Mavume et al.,, 2010; Trenberth, 2005; Webster et al., 2005). In the study by
Mavume et al. (2010), track data from the Joint Typhoon Warning Center was merged with data from La Réunion
Regional Specialized Meteorological Centre to study TC characteristics during the period 1980-2007. This period
was split into two-time series, 1980 to 1993 and 1994 to 2007. An increase in the number of intense TCs from 36 during
the 1980-1993 period to 56 during the 1994-2007 period was observed. This increase in intense TCs is consistent with
results of work by Webster et al. (2005) who used data from 1975 to 2004 and also the work by Kuleshov, Qi, Fawcett,
and Jones (2008). Webster et al. (2005) noted in particular, an increase in category 4 and 5 hurricanes in all the basins
using 1975-1989 and 1990-2004 data. A minor increase in the total number of TC days was also noticed for the period
19802007 (Mavume et al., 2010). When a longer time series (1952-2007) split into two periods, 1952-1979 and
19802007 was investigated to analyze trends in frequency, there was a decrease in TC frequency and the number
of land falling TCs on both Madagascar and Mozambique (Mavume et al., 2010). The decrease in TC frequency
occurred in both the Mozambique Channel and the SWIO in general. Some authors however view records before
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1980 when satellite data was unavailable as unreliable due to the scarcity of observational data, particularly wind
intensity data (Knapp & Kossin, 2007; Landsea, 2007).

Despite advances in modeling of the global climate, predicting future characteristics of TCs remains a challenge due
to a number of factors (Mutasa, 2019). However a few future numerical modeling results of TC characteristics are
worth taking note of. By the end of the 21st century, simulation studies under an A2 emission scenario indicate a
decrease in the frequency of TCs over the SWIO basin (Caron & Jones, 2008; Malherbe, Engelbrecht, & Landman,
2013; Muthige et al., 2018). A projected decrease ranging between 25% and 50% in the number of TCs making landfall
over southern Africa is also predicted (Muthige et al., 2018). Furthermore, there will be an increase in the frequency of
the most intense (Category 4-5) TCs (Christensen et al., 2013; Knutson et al., 2015) and an increase in the maximum
intensity particularly of the most intense TCs by the late 21st century.

3.1.4 The formation and evolution of tropical cyclone Idai

Tropical cyclone Idai, then a tropical depression, formed on 4 March 2019 in the Mozambique Channel and made
landfall for the first time on the same day north of Quilimane, Mozambique (Meteo-France, 2019). It then headed
towards Malawi where it weakened to a low pressure system but still causing significant floods in the southern parts
of the country and northern Mozambique. The low pressure system recurved between 7 and 8 March and moved
back into the Mozambique Channel on 9 March where it re-intensified. The system was subsequently named at 2300
UTC on 9 March, being the 9th 2018-2019 season named system of the SWIO basin, and had wind speeds of ~75mph
(equivalent to category 1) on the SSHWS. TC Idai made its second landfall around 2330 UTC on 14 March near Beira,
the fourth largest city in Mozambique with a population of about 530,000 people. The TC had maximum sustained
10-min winds of 160-180km/h, with higher gusts on landfall (Probst & Annunziato, 2019), making it an intense
tropical cyclone or Category 2 storm according to the SSHWS. The TC'’s strong winds and heavy rain caused exten-
sive damage to the city of Beira in Sofala Province and surrounding areas before heading inland to eastern
Zimbabwe.

From 15 March, TC Idai started weakening as it moved inland towards the central parts of Zimbabwe, becoming a
tropical depression in the process (WMO, 2019). On the 16th, it further weakened to an area of low pressure, and on the
17th only a wide clockwise circulation remained over Zimbabwe. Despite the weakening, remnants of TC Idai still
produced rains that affected the region. On the 19th, it left the mainland and on the 21st of March it dissipated
(ECDC, 2019). Fig. 11.3 shows the path of TC Idai.
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FIG. 11.3  Track of tropical cyclone Idai in Malawi, Mozambique and Zimbabwe. Source: Global Disaster Alert and Coordination System. Retrieved
from https:/fwww.internetgeography.net/weather-and-climate/cyclone-idai-case-study/ on 5 May 2022.
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3.2 An overview of the impacts of tropical cyclone Idai

Tropical Cyclone Idai is one of the strongest tropical cyclones on record to hit Africa and the Southern Hemi-
sphere, and the worst humanitarian disaster caused by a natural hazard event in 2019 (WMO, 2019). The worst
affected countries were Mozambique, Zimbabwe and Malawi where strong winds, heavy rainfall and subsequent
flooding caused extensive damage to houses, schools, hospitals, roads, bridges, energy infrastructure, communica-
tion networks, and disrupted water supplies (Miihr et al., 2019). The TC left over 1000 people dead and affected
nearly 3 million people in the three countries. Hundreds of thousands of people were also left homeless and dis-
placed, and thousands of hectares of crops, including maize that was nearing harvesting, were destroyed. The total
economic loss caused by TC Idai was estimated to be at least US$2 billion, making it the costliest TC ever in the SWIO
basin (World Bank, 2019). The worst affected provinces in Zimbabwe were Manicaland and Masvingo while in
Mozambique the worst affected provinces were Manica, Sofala, Tete, and Zambezia. In Malawi the worst affected
districts were Nsanje, Chikwawa, and Phalombe which are all in the Southern Region. Estimates from the Integrated
Multi-Satellite Retrievals IMERG), a product of the Global Precipitation Measurement (GPM) mission indicate that
from 13 to 20 March, some areas in central Mozambique received cumulative rainfall totals of up to 50cm , while
elsewhere in southern Malawi and Zimbabwe, amounts of up to 25cm of cumulative rainfall were recorded
(NASA, 2019).

Apart from the three countries that were worst affected, there were other countries which were impacted due to
some knock-on effects. South Africa, which imports roughly 1000 MW of electricity daily from Mozambique’s Cahora
Bassa hydroelectric power plant, experienced severe electricity shortages when the TC hit, resulting in the country
instituting load shedding (Zimba, Houane, & Chikova, 2020).

The TC also redirected precipitation away from east Africa, resulting in a delay in the onset of the March-May
(MAM) “long rains,” causing suppressed rainfall between early March and mid-April (FAO, 2019; Ongoma, 2019).
The resulting dryness caused a delay and disruption of planting operations, poor crop germination, water stress in
early planted crops, deterioration of rangeland conditions and widespread water shortages (FAO, 2019). The water
deficit also impacted livestock production (FEWSNET, 2019). The worst affected areas were most of Somalia,
southeastern Ethiopia, northern and eastern Kenya, most of Uganda and northeastern areas of Tanzania
(FAO, 2019).

3.2.1 Impacts on Malawi

Tropical cyclone Idai caused initial heavy rains and flooding as a tropical depression and low pressure system in
Malawi from 4 to 9 March (Probst & Annunziato, 2019). The system made a second landfall as an intense tropical
cyclone on March 14 on the Mozambique coast producing strong winds and heavy rainfall, causing further flooding
in the southern and, to a lesser extent, central regions of Malawi.

The floods affected 15 out of Malawi’s 28 districts, and two cities (IFRC, 2019). The districts affected included
Balaka, Blantyre, Chikwawa, Chiradzulu, Machinga, Mangochi, Mulanje, Mwanza, Neno, Nsanje, Phalombe,
Thyolo, and Zomba in the Southern Region and Dedza and Ntcheu in the Central Region (IFRC, 2019). The two cities
affected were Zomba and Blantyre (GoMw PDNA, 2019). The highest 24-h rainfall totals recorded were 239 mm at
Limbuli station on 5 March; 255.5mm at Mpemba on 6 March and 220.8mm at Tsangano on 7 March (GoMw
PDNA, 2019).

The floods caused injuries and loss of human lives, damaged structures, irrigation and water supply systems, power
supply systems, hydrological monitoring stations, and transport system among other devastating impacts (GoMw
PDNA, 2019). The number of people affected by TC Idai included an estimated 230,737 women of childbearing
age, of whom around 27,693 were expectant, and 18,462 live births were expected within the following 6 months
(UNFPA, 2019). Furthermore, the floods washed away livestock and crops in the fields which were almost to be har-
vested. The districts that suffered most crop losses were Nsanje, Phalombe and Machinga (GoMw PDNA, 2019).
Malawi is one of the poorest countries in the world with more than half the population living below the poverty thresh-
old (IMF, 2017). Furthermore, the largest concentration of the poor population is in southern Malawi, which is also the
most densely populated region in the country and the most affected by TC Idai. Table 11.3 gives the impacts of TC Idai
on different sectors in Malawi.

A floods post disaster needs assessment (GoMw PDNA, 2019) estimated that the total value of the effects of the
disaster was US$ 220.2 million, while the total needs for recovery and reconstruction stood at US$ 370.5 million. Fol-
lowing the devastation, the Government of the Republic of Malawi declared a state of disaster on the 8th of March 2019
in all flood-affected areas and appealed for international assistance.
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TABLE 11.3 Impacts of tropical cyclone Idai on different sectors in Malawi.

Sector Impacts

Human and social 60 people were killed; 975,588 were affected; 86,976 were displaced; 731,879 were in immediate need and 672 were
development injured

Housing More than 288,371 houses were partially or totally destroyed

Transport 1841km of road network (11.9%) of the total, and 129 bridges were destroyed

Agriculture 91, 638ha of crops and 64 irrigation systems were damaged; 47,899 livestock were washed away and lost

Health 25 health facilities were partially or completely destroyed

Water, Sanitation and 396 boreholes were damaged, 140 latrines were damaged

Hygiene

Education 154 school blocks and 81 teachers’” houses were partially or totally destroyed; almost 67,347 school textbooks were

damaged; more than 5500 desks and 967 learners’ toilets were destroyed
Energy Power generation plants and distribution network infrastructure was destroyed

Fisheries and aquaculture 287 fishing boats; 6589 sets of fishing gears and 189 fish ponds were damaged

Reproduced with permission from Government of Malawi (GoMw) (2019). Malawi 2019 Floods Post Disaster Needs Assessment (PDNA). https://www.unicef.org/malawi/reports/
malawi-2019-floods-post-disaster-needs-assessment-report (Accessed on 27 May 2021).

3.2.2 Impacts on Mozambique

The tropical depression that formed in the Mozambique Channel on the 4th of March brought heavy rains to
Mozambique, causing flooding in Tete and Zambezia Provinces. After making the second landfall, as an intense
TC, Idai also brought heavy rain of up to more than 200mm in 24 h across the provinces of Sofala, Manica, Zambezia,
Tete, and Inhambane, causing rivers to overflow, with flood waters reportedly rising above 10m (GoM, 2019). The TC
also caused a storm surge of 2.5m (World Meteorological Organization, 2019) in Beira and surrounding areas of Sofala
province, although other reports put the storm surge at 4.5m (e.g. Probst & Annunziato, 2019). The TC induced winds,
heavy rain and floods caused massive destruction to houses, roads, bridges, schools, health facilities, water supply
systems and power distribution and transmission infrastructure. It was estimated that 90% of the city of Beira was
damaged or destroyed. The floods also swept away crops and livestock, in addition to causing human deaths, injuries
and displacements.

In response to the disaster, the Government of Mozambique declared a State of Emergency on 19 March 2019. Esti-
mates indicated that TC Idai caused about US$1.4 billion in total damage and US$1.39 billion in economic losses. The
total cost of recovery and reconstruction was estimated at US$2.9 billion for the 4 provinces of Sofala, Manica, Tete and
Zambezia (GoM, 2019). Table 11.4 summarizes the number of people affected by the TC per province in the main
affected provinces, while Table 11.5 lists the main effects of the TC on different sectors.

TABLE 11.4 Total population and number of affected people by province in

Mozambique.
Population (2019) Affected population (2019) % of total
Zambezia 5,164,732 6035 0.1
Tete 2,648,941 54,721 2.1
Manica 1,945,994 262,890 13.5
Sofala 2,259,248 1,190,596 52.7
Inhambane 1,488,676 422.0 0.0

Total 13,507,591 1,514,662 11.2
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TABLE 11.5 Impacts of tropical cyclone Idai on different sectors in Mozambique.

Sector Impact

Human and social 602 people were killed; 1,500,000 people were affected; 400,000 people were displaced; 237,789 families were displaced;
development 1600 people were injured; 750,000 people were in need of urgent assistance

Housing 110,000 houses were totally destroyed; 128,529 houses were partially destroyed

Education 4222 school buildings were partially or totally destroyed

Water, Sanitation and 211,000 people had restricted water access; 71,450 latrines in rural areas were damaged; 118,600 latrines were damaged
Hygiene in urban areas

Health 89 health facilities were partially destroyed; 3 health facilities were completely destroyed

Agriculture 715,378 ha of cultivated land was destroyed

Transport 3490km of road was damaged; 20 bridges were damaged

Energy 1345km of transmission lines were damaged; 10,216 km of distribution lines were damaged; 30 substations were

damaged; 4000 transformers were damaged

Data from Government of Mozambique. (2019). Mozambique cyclone Idai. Post Disaster Needs Assessment (PDNA). https://www.undp.org/publications/mozambique-cyclone-idai-
post-disaster-needs-assessment-pdnadna (Accessed on 27 May 2021).

3.2.3 Impacts on Zimbabwe

Tropical Cyclone Idai struck eastern Zimbabwe on 15 March 2019. Although it had weakened from the time it made
landfall over Mozambique, it still produced heavy rains, flooding, landslides and strong winds. This resulted in loss of
lives, significant damage to property, crops, livestock and infrastructure that included roads, bridges, water installa-
tions, power and communication systems. Many homes, schools and community structures were also damaged. The
worst affected provinces were Manicaland and Masvingo. Districts that were affected in Manicaland included Buhera,
Chimanimani, Chipinge, Makoni, Mutare, Mutasa, and Nyanga (DTM: IOM DISPLACEMENT MATRIX, 2019). More
than half of the damages to houses and infrastructure occurred in Chimanimani and Chipinge (GoZ, 2019). About 95%
of the road network and at least 10 critical bridges damaged or destroyed were in Chimanimani district (Oxfam, 2019).
Chimanimani and Chipinge districts also reported the highest number of deaths, with the former recording 173 while
the latter reported 6. Of the total deaths, 158 bodies were swept away to Mozambique (CPU, 2019). The most affected
districts in Masvingo Province were Bikita, Gutu, Chiredzi, and Zaka. The Government of Zimbabwe (GoZ) declared a
state of emergency on 17 March 2019, activating a government-led response led by the Department of Civil Protection
Unit (CPU) in coordination with humanitarian partners, the military, and sub-national flood command centers
(GoZ, 2019).

As a result of the TC induced rains, several stations in Manicaland reported heavy rains during the time the TC
affected the province. Table 11.6 shows measured 24h accumulated rainfall totals greater than 100mm recorded at
some selected meteorological stations in Manicaland province during the time when tropical cyclone Idai affected
Zimbabwe. In only 4days, Chisengu, the rainfall measuring station in Chimanimani district, recorded a total of more
than 700mm. Table 11.7 shows the sector impacts of tropical cyclone Idai in Zimbabwe.

TABLE 11.6 Notable 24h accumulated rainfall amounts from 13 to 17 March 2019 in
Manicaland, Zimbabwe.

Place Rainfall (mm) Date

Chisengu 153 14 March
Nyanga 145 15 March
Chisengu 407 15 March
Mutare 250 15 March
Mukandi 203 15 March
Chipinge 219 16 March
Chisengu 127 16 March

Buhera 102 16 March
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TABLE 11.7 Sector impacts of tropical cyclone Idai in Zimbabwe.

Sector Impacts

Human and social 347 people were killed; 50, 906 were internally displaced; 270, 000 were affected; 90, 000 were in need of psychosocial

development support services; 344 were missing; 183 were injured

Housing 1838 houses were completely destroyed; 193 houses were partially destroyed

Transport 865km of road was destroyed; 11 major bridges were damaged or destroyed

Health 12 health facilities were damaged

Energy 88.9km of 33kV line, 106.2km of 11kV line and 33.6km of mv line, and 44 sub-stations, were adversely affected

Agriculture 18 irrigation schemes were damaged; at least 362 cattle, 514 goats and sheep, 17,000 chicken were lost whilst 86 dipping
facilities were damaged. 1.4 million hectares of arable land were destroyed

Education 139 schools were damaged

Water, Sanitation and 250 boreholes were damaged; 5000 m of the water distribution network was washed away in Chimanimani town; the

Hygiene main pipeline from the water treatment plant in Chipinge town was washed away. Water supply systems and

sanitation (in private households, health facilities, schools, and government buildings) suffered extensive damage or
were destroyed

Based on Government of Zimbabwe (GoZ). (2019). Zimbabwe—Rapid Impact and Needs Assessment (RINA). https://www.gfdrr.org/en/publication/zimbabwe-rapid-impact-needs-
assessment-2019. (Accessed on 27 May 2021); Civil Protection Unit. CPU. (2019). Cyclone Idai death toll set to double — CPU. https://www.newzimbabwe.com/cyclone-idai-death-toll-
set-to-double-cpu/ (Accessed on 12 May 2021).

Many people in the affected communities lost civil registration documents that ensure identification, protection and
access to entitlements, such as birth, death and marriage certificates (OCHA, 2019). The TC also caused soil erosion,
landslides, and the formation of gullies, while damaging 1.17 million hectares of forest. Wildlife habitats were also lost
due to loss of forest cover (Oxfam, 2019).

The full cost of the impacts of tropical cyclone Idai are difficult to quantify. However, the cost of direct damages was
estimated to be around $622 million while the cost of recovery was put at US$584-803 million (GoZ, 2019).

4 Discussion and conclusion

This work examined the formation and evolution of TC Idai and the impacts it caused in southern Africa. It also
looked at the current and future characteristics of TCs in the SWIO basin. Government reports and reports from donor
agencies, disaster management institutions, individual consultants, non-governmental organizations, international
organizations and United Nations Agencies, as well as technical reports, policy briefs and peer reviewed journal arti-
cles were the sources of information. Strong winds, heavy rain and floods caused by TCs usually damage meteoro-
logical measuring instruments, hence where observational data could not be obtained numerical model output was
used as an estimate of observations. In particular, estimated precipitation data was obtained from NASA Global Pre-
cipitation Mission (GPM), while storm surge data is based on calculations from NOAA Hurricane Weather Research
and Forecast (HWRF) model (Probst & Annunziato, 2019). Sustained 3-min wind speed in km/hour was calculated
from Best Track data from NCAR.

Results indicate that TC Idai started off as a tropical depression that formed in the Mozambique Channel on the 4th
of March in 2019. It then made its first landfall later on the same day and caused flooding in southern Malawi and in
Tete and Zambezia Provinces of Mozambique. The depression re-entered the Mozambique Channel on the 9th of
March where it intensified and later made a second landfall on the 14th near Beira as an intense TC named Idai.
At its most intense stage, just before making the second landfall, TC Idai reached 10-min maximum sustained wind
speeds of 195km/h and a minimum central pressure of 940hPa (Meteo-France, 2019). When it made landfall, its
10-min sustained wind speed had decreased to 167 km/hour (90 knots), a Category 2 storm, with a central pressure
of 960hPa (Meteo-France, 2019). After making the second landfall, TC Idai weakened to a depression and then to a
remnant low as it moved inland to the west on the 15th and 16th. On the 17th the remnant low turned eastward,
and on the 19th re-entered the Mozambique Channel (Météo-France La Réunion, 2019) before eventually dissipating
on the 21st of March. Tropical cyclone Idai was one of 9 intense TCs that formed in the SWIO basin during the
2018-2019 season, consistent with results from other studies which show that globally the average proportion of
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intense TC occurrence (Category 3 or higher) has increased since 1979 (Holland & Bruyere, 2014; Knutson et al., 2021;
Kossin et al., 2020), and so has the intensity (Kossin et al., 2020). Since the start of reliable satellite coverage, the largest
number of intense TCs to have occurred in the SWIO basin during one season was 6 which occurred during the
20062007 season (Wiki, 2019).

Tropical cyclone Idai caused torrential rainfall, flooding and landslides in the affected countries, resulting in severe
damage to road networks and bridges, telecommunication infrastructures, health and education facilities, agricultural
crops and livestock, as well as loss of human lives. The worst affected countries were Mozambique, Zimbabwe and
Malawi which collectively suffered economic losses of over US$2 billion, over 1000 deaths, with thousands missing,
while hundreds of thousands were displaced (World Bank, 2019). Idai was the deadliest and costliest TC to affect the
SWIO basin (World Bank, 2019) and one of the strongest to hit the southern hemisphere (WMO, 2019). The huge cost of
the damages is in agreement with observations which indicate that the economic cost of water and climate related
extreme weather events is increasing (WMO, 2014). The displacement, loss of property, and deaths of family members
left a lot of people in need of psychosocial support to help them cope with the impact of the disaster on their families
(Oxfam, 2019). The floods and resultant damages caused by TC Idai increased the proportion of highly vulnerable
people such as the chronically ill, the elderly and the disabled (GoMw PDNA, 2019), while poverty levels and food
insecurity were also expected to increase in Mozambique and Malawi (GoM, 2019; GoMw PDNA, 2019). In Zimbabwe,
losses in agricultural production and losses in trade related activities due to damages to electricity distribution net-
works, communication infrastructure and people losing employment opportunities resulted in projections of the econ-
omy shrinking by 3.1% (GoZ, 2019). In Mozambique and Malawi, destruction of productive capacity in sectors such as
agriculture, transport, trade, manufacturing and services negatively affected the economic growth and the GDP per
capita was expected to contract. Increases were also projected in annual inflation and imports in Mozambique. The
fishing and aquaculture sector contributes about 4% of Malawi’s national GDP hence the destruction of fishing infra-
structure negatively affected income and household livelihoods since the sector also employs 60, 000 fishers (GoMw
PDNA, 2019). Displaced people were housed in makeshift shelters provided by humanitarian agencies, and in schools
(GoMw PDNA, 2019), and some of the makeshift shelters lacked proper sanitation facilities and safe water, thereby
posing some health risks (DTM, 2019). As a result of displacements, families were sometimes separated, exposing
women and girls to sexual exploitation and other gender based violence (GoZ, 2019). The destruction of crops, some
ready for harvesting, worsened the food security situation which was already critical due to an ongoing drought that
was affecting southern Africa when TC Idai occurred. In Mozambique 1,359,159 people were left in need of food aid
due to the destruction of crops (GoZ, 2019) and by July 2019, 2420 children were reported to be suffering from severe
malnutrition (UNICEF, 2019). In Zimbabwe, destruction of 1.4 million hectares of arable land affected 50,000 mainly
smallholder farmers worsening the already high levels of malnutrition (Oxfam, 2020). Damages to roads and bridges
made some roads impassable thereby hampering rescue and recovery efforts, and in Malawi there was also restricted
access to health facilities and work places by people, resulting in a decline in incomes and deepening poverty and
reduced quality of life (GoMw PDNA, 2019). Damages to electricity and communication infrastructure resulted in
power disruptions and negative effects on the economies of the three countries, and in Malawi this caused commodity
prices to increase by around 20% in the post disaster period (GoMw PDNA, 2019). The port of Beira is a strategic port
connecting Malawi, Zambia and Zimbabwe to the Indian Ocean for trade purposes, and damage to railroads signif-
icantly affected trade. Damaged schools’ infrastructure disrupted learning and teaching services resulting in a decline
in attendance in the three countries. Health facilities also suffered massive damages and this disrupted healthcare ser-
vices, negatively affecting vulnerable populations such as people living with HIV, children and pregnant women.
Destruction and damage to pit latrines and piped water systems caused a spillage of human waste into water, causing
an increase in the reported number of infectious diseases such as coughs, malaria, diarrhea and cholera (GoMw PDNA,
2019). In Mozambique, the districts most affected by cholera were Beira, Dondo, Nhamatanda, and Biizi in Sofala Prov-
ince, where 6627 cases and 8 deaths were reported, while 14,863 cases of malaria were also recorded in Sofala province
(GoM, 2019).

Numerical model guidance indicate that the frequency of the most intense TCs and the maximum intensity, par-
ticularly of the most intense TCs is expected to increase (Christensen et al., 2013; Knutson et al., 2015). Larger and more
intense TCs tend to cause more damage than smaller, weaker storms (Knutson et al., 2021). Models also project an
increase in TC precipitation rates by the end of the 21st century, which could further elevate the risk of flooding
(Knutson et al., 2021).

A number of factors contributed to the extreme destruction caused by TC Idai, as well as the human death toll and
economic loss. A lot of people in Mozambique, Zimbabwe and Malawi survive on low incomes and live in geograph-
ically vulnerable areas (Reall, 2019), such as along or close to river banks as well as on mountain slopes, thereby
increasing their vulnerability. In addition, houses, particularly in the informal settlements, were constructed using
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poor construction materials (Reall, 2019). The three countries are also heavily reliant on rain-fed subsistence agriculture
for their livelihoods. These socioeconomic, development and environmental challenges worsened the impacts of TC
Idai. There was also too much reliance on external aid agencies in the rescue phase and local disaster management
institutions, mainly headquartered in the big cities, were under resourced to deal with a disaster of the magnitude
of TC Idai. The slow speed, less than 10mph of TC Idai at landfall, also contributed to its highly destructive rains
(Henson, 2019).

Tropical cyclone Idai exposed the vulnerability of communities and certain sectors in the affected countries to extreme
weather conditions. A number of lessons can be drawn from the damage and destruction caused by the TC in Malawi,
Mozambique and Zimbabwe so as to reduce the impacts in future, be better prepared and build resilience to TCs or other
weather related extreme events. The lessons are derived from interviews conducted by researchers with affected people,
government officials, representatives of donor agencies, UN agencies, NGOs, academics, humanitarian response agents
and a review of secondary sources of literature. The lessons are generally applicable to all the three most affected coun-
tries and can be enumerated as follows: (a) Governments need to improve disaster preparedness and strengthen early
warning systems (ISET, 2019), which must be detailed enough and reach the affected communities and individual house-
holds. (b) The messages conveyed by the early warnings must be understandable and actionable (Norton, MacClune, &
Szonyi, 2020). (c) It is important that countries prone to natural disasters do hazard risk mapping and proper land use
planning to demarcate areas where settlements and cultivation can be allowed, and desist from establishing settlements
in areas prone to flooding, landslides and on wetlands to avoid or minimize properties being destroyed by floods in
future (ISET, 2019). (d) Disaster management institutions need to be strengthened and decentralized to local authority
and district levels, in addition to being financially capacitated (ISET, 2019; Norton et al., 2020). (¢) When coordinating
disaster management after a disaster has occurred, the roles of stakeholders such as governments, NGOs, international
organizations, private citizens and other players should be clearly spelt out (Norton et al., 2020). (f ) Governments must
strengthen the capacity to manage disasters at national and local levels and avoid relying on external organizations.
(g) National Meteorological and Hydrological institutions must be adequately financed so that they have enough func-
tional stations to carry out flood monitoring purposes. (h) Meteorological institutes must invest in modern equipment to
improve flood forecasting capabilities (Norton et al., 2020). (i) Governments need to incorporate disaster risk reduction
into recovery and reconstruction plans, as well as into existing or new policies and practices, through for example imple-
menting hazard resistant building codes (Norton et al., 2020), so that buildings can withstand strong winds, heavy rains
and floods. (j) It is important for communities to have multi-purpose fortified infrastructure that serve as shelters and
accommodation in times of TCs and during floods (ISET, 2019). (k) Communities need to be trained in good agricultural
practices, diversifying income streams and production of higher-value end products and strengthening markets and
supply chains (Norton et al., 2020).

Although a total of 15 moderate tropical storms, tropical storms, tropical cyclones and intense tropical cyclones
(Wiki, 2019) occurred during the 2018-2019 TC season in the SWIO basin, this study only considered the impacts
caused by TC Idai. Further studies could consider the total impacts caused by all the 2018-2019 season SWIO basin
TCs and compare that with other seasons in terms of intensities of the TCs and the damages they caused. The total
number of human deaths and displacements should be taken as estimates, as ascertaining the number of deaths or
displacements in a disaster is difficult since the figures keep changing. The total cost of damages due to TC Idai could
also be much higher than the quoted values since this study only considered the cost of damages in Mozambique,
Zimbabwe and Malawi.
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1 Introduction

Mankind is promptly fascinated by the polar regions on Earth during the 21st century more than ever. The terrestrial
and aquatic ecosystems of both Arctic and Antarctic areas are generally characterized by biting cold climate, darkness
through half of the year, ice, and snow as well as survival organisms that could adapt to very extreme weather con-
ditions. Nowadays, there are undoubtedly no other geographical landscapes than such coldest, harshest, most
sparsely populated distant land, and marine polar regions that folks eagerly want to see for themselves. For
researchers, on the other hand, most of the practically inaccessible wide expanses of ice and snow throughout the Arc-
tic and Antarctic are today viewed as frontier parts of the world, with numerous fundamental scientific questions; e.g.,
what is exactly hidden under the Antarctic’s kilometer-thick ice sheet?

The Arctic and Antarctic play a critical role in the climate system of Earth by acting as cooling chambers, besides
fascination. Small alterations in their complex structures, particularly in response to global warming, can significantly
influence the patterns of airflow and ocean currents around the world, with extreme impacts. It is particularly true for
the ice sheets of Antarctica and Greenland, which both together contain 99% of the solid water on our planet. If these
two ice covers melt, the global sea level will rise about 70m. As a particular consequence, different long stretches of
worldwide coastlines would be flooded. Hence, scientists are interested in following such changes in real time, by
utilizing observations recorded by measuring networks or satellites.

1.1 Polar regions: Similar but fundamentally different

The polar regions (Fig. 12.1) are the areas located between the North or South Pole and the Arctic or Antarctic Circles
marked by dashed lines at 66°33' north or south latitude on the world maps, respectively. The distance between the
Arctic (Antarctic) Circle and the North (South) Pole is about 2602km. The Arctic or Northern polar region geograph-
ically contains the Arctic Ocean and some parts of surrounding lands. The Antarctic or Southern polar region encom-
passes Antarctica and some areas of the surrounding Southern Ocean. At first glance, the Arctic and Antarctic appear
to have many striking parallels, but there are fundamental differences (e.g., geographical characteristics, ice formation
history, and conquest by humanity) between these two polar regions.

In the Northern polar region, the Arctic Ocean (or Sea) is naturally centered on the pole and surrounded by different
landmasses. As the smallest ocean on Earth with an area of 14 million km?, the Arctic Sea is linked to the oceans around
the world by only a limited number of waterways. In the Arctic Ocean, there is a permanent sea-ice cover with sea-
sonally different areas. Its largest (smallest) extent is generally seen at the end of winter (summer). Since 1979, the area
of summertime ice cover in the Arctic Ocean has shrunk by almost 3 million km? (Petty et al., 2018; Wu & Wang, 2019;
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FIG. 12.1 The geographical locations of the Arctic (A) and the Antarctic (B).

Zhao et al., 2018). As Europe, North America, and Asia outspread far to the Northern polar region, the Arctic has ear-
lier and more successfully than the Antarctic been settled by people, animals, and plants. Historically, the first aborig-
inal persons were moving to the coastal areas of the Arctic Sea around 45,000 years ago (Pitulko et al., 2016). However,
more than 4 million people are living within the Arctic Circle today (NSIDC, 2019a; Nymand Larsen, 2014).

Mostly (98%) covered by ice (up to 4.7km), the Antarctic is a vast land (14.2 million km?) in the far south of Earth
(Gonzalez & Vasallo, 2020). Physically, the Antarctic (or Southern) Ocean separates this continent from other parts of
the world. The clockwise water current in this ocean also insulates the Antarctic continent climatically (Orsi,
Whitworth, & Nowlin, 1995). In general, the annual average surface air temperature over the Antarctic (—49.3°C)
is much colder than over the Arctic (—18°C) (Fig. 12.2, based on (Hersbach et al., 2020)). Furthermore, the Antarctic
is known as the driest and windiest region on our planet (Turner, 2003). Such very extreme climatic conditions prin-
cipally explain why only a very few plants and animal species have been able to establish and survive themselves on
this frozen and remote landscape. Today, different research stations are the only permanent human settlements on the
Antarctic, while the number of tourists coming to visit this continent for a short time is increasing.

Long-term (1981-2020) average of mean annual surface air temperature (°C)

FIG. 12.2  The spatial distribution map of the long-term average of mean annual surface air temperature during 1981-2020. Based on Hersbach, H.,
Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-Sabater, |., et al. (2020). The ERA5 global reanalysis. Quarterly Journal of the Royal Meteorological
Society, 146(730), 1999-2049. https://doi.org/10.1002/75.3803.
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1.2 Arctic and Antarctic: The cooling champers of earth

The extremely cold climate in both Arctic and Antarctic regions is basically related to a self-reinforcing process
(Goosse et al., 2018). The process involves the following factors:

Solar energy (Crook, Forster, & Stuber, 2011; Pithan & Mauritsen, 2014; Taylor et al., 2013)—The surface of Earth
naturally receives much less solar energy in both polar regions than at the equator (Fig. 12.3). The key reasons are: (1)
the low angle of arriving sunlight, (2) the slope of the Earth’s axis, and (3) the orbit of this planet around the sun. In
combination, all these fundamentally result in the undersupply of solar energy throughout both the Arctic and the
Antarctic compared to other parts of the world. In contrast, a great fraction of solar energy reaches the tropical areas
on Earth. This huge difference in temperatures between the polar regions and the tropics principally generates the
large airflows and ocean currents, which distribute the heat and thereby determine weather conditions around the
world. Without such cold regions in the North and South Pole of Earth, in fact, there would be very limited or no global
circulation patterns in both air and water masses.

Wind (Rainville, Lee, & Woodgate, 2011)—The differential heating between the poles and the equator as well as the
rotation of Earth (Coriolis effect) are the main two causes of large-scale wind circulation around the world (Fig. 12.3). In
both hemispheres, such strong winds act as shields for preventing tropical heat to deeply reach the Arctic and Ant-
arctic. Hence, the climate in both northern and southern polar regions is so much colder than in the rest of the world.

The high albedo of white snow and ice (Hall, 2004; Winton, 2006)—The freezing climatic conditions in the polar
regions not only forces precipitation to be in the form of snow but also surface water to be frozen, particularly during
the winter season. Due to the high albedo of white snow and ice covers, the Earth’s surface in both Arctic and Antarctic
reflects a large proportion of incoming solar radiation, and thus, amplifies cooling conditions (Fig. 12.4). Such effect is
known by scientists as positive feedback.

Humidity (Bodas-Salcedo, Andrews, Karmalkar, & Ringer, 2016; Dessler, Zhang, & Yang, 2003; Gordon, Jonko,
Forster, & Shell, 2013)—In both Arctic and Antarctic regions, the capacity of air to hold water vapor is basically very
low due to the extremely cold climate conditions. This also facilitates the low temperatures over the polar regions. This
is particularly true for the central Antarctic, where the air masses without such important heat reservoirs as well as
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FIG. 12.3 The uneven distribution of solar radiation creates different temperatures and trade wind zones around the world.
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FIG. 12.4 A schematic of key radiative and nonradiative feedbacks throughout the polar regions involving the atmosphere, the ocean, sea ice, and
ice sheets. TOA is the top of the atmosphere. Solar radiation in yellow (gray in the printed version) and Infrared Radiation in red (dark gray in the printed
version) represent the shortwave (solar) and longwave (infrared) radiation exchanges. A red (dark gray in the printed version) (blue (light gray in the
printed version)) plus (negative) sign shows the positive (negative) feedback. The black line on the right corresponds to the simplified temperature
profile in polar regions for both of atmosphere and ocean. Adopted from Goosse, H., Kay, ]. E., Armour, K. C., Bodas-Salcedo, A., Chepfer, H.,
Docquier, D., et al. (2018). Quantifying climate feedbacks in polar regions. Nature Communications, 9(1). https://doi.org/10.1038/541467-018-04173-0.

thick cloud cover amplify the cooling processes. Besides the other factors, this helps in generating favorable conditions
for the development of enormous sea-ice covers, ice sheets, and glaciers in the central Antarctic.

The extremely low temperatures in the Arctic and the Antarctic cool down the warm air and ocean currents from the
tropical regions and send them back as floating ice to the equator because of absorbing a little fraction of incoming solar
energy. Hence, with such a crucial role in the heat distribution around our planet, the polar regions act as the cooling
chambers of Earth. This smooth functionality will only continue if the atmosphere—ocean-glaciers-sea ice interactions
do not change. Due to the very high sensitivity of ice masses to heat, however, increases in temperature pose serious
challenges to such interactions, particularly throughout both polar regions.

2 The new face of Arctic and Antarctic

In the current era of global warming (Scheffer, Brovkin, & Cox, 2006; Zahn, 2009), the polar regions are more rapidly
and evidently undergoing a rapid transformation than in most parts of the world. The consequences of such a warmer
climate have so far been most revealed in the Arctic region, where the seawater temperature is significantly increasing,
and the sea ice, snow cover, and glaciers are tremendously melting. On the other hand, such changes are spatially
different throughout the Antarctic. Hence, this chapter reviews the extreme impacts of climate change on both the
Arctic and Antarctic regions.

2.1 Polar climate warming

On 29th December 2015, the surface air temperature warmed from —26.8°C to —0.8°C at the North Pole (Moore,
2016). According to the meteorological records in Ny-Alesund, Spitsbergen, a storm brought warm airflow from
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the North Atlantic to the North Pole during the middle of Arctic winter (Moore, 2016). This was confirmed by sea-ice buoys
drifting that showed a positive average temperature of 0.7°C at the 85°N throughout the Arctic Ocean (Grosfeld et al.,
2016). Besides, the North Pole was warmer than some other areas of Central Europe on December 30, 2015 (Boisvert,
Petty, & Stroeve, 2016). Such a considerable heat invasion into the northern polar region would have been an exceptional
extreme event two decades ago, while becoming more frequent, particularly during winter (Moore, 2016). In February
2017, for example, there was a rainfall event over Ny-Alesund, where the surface air temperature was positive
(Graham et al., 2017). A year later (February 2018), the combination of strong offshore winds and above-average surface
air temperature over the north coast of Greenland led to breaking off the old sea ice frozen to the coast to form a large
polynya (Moore, Schweiger, Zhang, & Steele, 2018). The daily high temperature was about 6.1°C across the northernmost
part of Greenland on February 24, 2018, when the polynya experienced its maximum width (Moore et al., 2018). In fact, at
the end of February 2018, there was an exceptional atmospheric circulation over the Arctic. Due to the splitting of the polar
vortex, the power of the jet stream weakened, and consequently, warm airflow penetrated far into the Arctic region. The
air temperatures warmed to as high as 15°C above normal in the Siberian area and in the Labrador Sea and of the Arctic
Ocean, while Central Europe was simultaneously experiencing spells of extreme cold (Moore et al., 2018).

In general, the annual mean surface air temperature has significantly warmed by 2.7°C across the Arctic during
19712017 (AMAP, 2019). In particular, the Atlantic sector of the northern polar region has prominently experienced
warmer surface air temperature during winter (AMAP, 2019). In 1971-2017, the Arctic wintertime surface air temper-
ature increased by 3.1°C (AMAP, 2019). On the other hand, the warmer surface air temperature in the Arctic during
summer was less markedly. For example, in Ny-Alesund, the increase in temperature during the warm months was
only about 1.4°C (AMAP, 2019).

Previous studies including almost all different areas of the northern polar region express one central message: the
Arctic has been warming more than twice as other parts of the world during recent decades (Cohen et al., 2014; Gjelten
etal., 2016; Serreze & Barry, 2011) (Fig. 12.5). This upward trend in the Arctic air temperature is still on (Overland et al.,
2019). Scientists have reported the highest warming rate of surface air temperature across the Arctic during winter
(Bekryaev, Polyakov, & Alexeev, 2010; Boisvert & Stroeve, 2015; Overland et al., 2019). In winter 2015-2016, for exam-
ple, the temperature at the latitudes higher than 66°N was 5°C warmer than the average monthly value for the period
1981-2010 (Overland & Wang, 2016). All over the Arctic, the surface air temperature was also about 1.7°C higher in
October 2017-September 2018, compared to the reference period 1981-2010 (AMAP, 2019).

While Arctic warming appeared as early as the 1830s, the surface air temperatures remained steady in Australia and
South America through the turn of the century (Abram, McGregor, & Tierney, 2016). During the 1950s, significantly
warmer temperatures were initially experienced on the Antarctic Peninsula and in the West Antarctic (Abram et al.,
2013; Steig et al., 2009). However, slightly warmer local temperature is not necessarily translated into a sign of climate
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FIG. 12.5 The spatial distribution map of annual average surface air temperature during 2011-2020 versus 1981-2010. Based on Hersbach, H.,
Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-Sabater, |., et al. (2020). The ERA5 global reanalysis. Quarterly Journal of the Royal Meteorological
Society, 146(730), 1999-2049. https://doi.org/10.1002/gj.3803.
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change. According to Intergovernmental Panel on Climate Change (IPCC, 2013), climate change is commonly used when a
clear and sustained surface air temperature curve during a period of at least 30 years surpasses the margins that were
previously defined by naturally occurring variations in climatic conditions. This became clear in the northern polar region
during the 1930s, earlier than in any other part of the planet (Abram, McGregor, & Tierney, 2016). This was followed by the
tropical regions and the mid-latitude areas throughout the northern hemisphere, where the different warming signal was
first seen during the 1950s (Levitus et al., 2012). Later, the mounting evidence for climate change was detected in Australia
and Southeast Asia about 60years ago. Since the beginning of this century, surface air temperature warming has been
evident in all regions around the world, with the exception of central Antarctica (PAGES 2k Consortium, 2013).

The Antarctic is not experiencing a uniform warming pattern that has been recorded over the Arctic. This is gen-
erally due to (1) the cooling role of high-albedo continental ice masses, and (2) the protecting effects of Circumpolar
Currents within the Antarctic region (King, Turner, Marshall, Connolley, & Lachlan-Cope, 2003; Morris & Vaughan,
2003). The marine-dominated coasts also show significant regional differences with the continental climatic conditions
in central Antarctica con (Convey, 2003). Throughout the Antarctic Peninsula and Pacific-West Antarctica, an accel-
eration in movements of glaciers as well as in sea ice diminishing have been detecting during recent decades (Cook &
Vaughan, 2010). Such developments are basically explained by alterations in (1) atmospheric circulation that transport
more heat and humidity toward the South Pole, and (2) oceanic currents that bring warmer water into coastal parts
(King et al., 2003). The increases in atmospheric heat are related to the westerly winds throughout the Southern Ocean,
strengthened toward the South Pole in response to significant rises in atmospheric greenhouse gas emissions (Fyfe,
2015; Swart, Gille, Fyfe, & Gillett, 2018) as well as to sustainable increases in ozone depletion across Antarctica
(Sigmond, Reader, Fyfe, & Gillett, 2011, Solomon, Polvani, Smith, & Abernathey, 2015; Swart et al., 2018;
Thompson et al., 2011). In fact, the two processes have resulted in greater temperature differences between the tropical
areas and the Antarctic Region, forcing considerably stronger winds (Armour, Marshall, Scott, Donohoe, & Newsom,
2016; Turner, Hosking, Bracegirdle, Marshall, & Phillips, 2015).

2.2 The role of ozone hole in Antarctic climate

An atmospheric layer composed of ozone, the stratosphere ozone the absorbs the shortest (i.e., highest energy) rays
of the sun (Rowland, 2006). This prevents ultraviolet radiation (UV rays), which is invisible to humans, from reaching
the surface of Earth. Without this natural protective screen, life on our planet would not be possible (van der Leun,
Tang, & Tevini, 1995).

Ozone is a highly reactive gas and has a higher concentration in the Earth’s atmosphere above an altitude of 12km
(with the highest at an altitude of 30-35km) (Dameris, 2010). Nonetheless, the total proportion of ozone in the atmo-
sphere is significantly low compared to other gases. This makes the effect of the ozone layer on the Earth’s climate more
notable. In fact, the stratospheric ozone not only absorbs the passing UV rays through the mesosphere layer. Tropo-
spheric ozone is a greenhouse gas (GHG) it also absorbs heat energy that is radiated from the Earth (World
Meteorological Organization, 2007). Thus, more tropospheric ozone in the atmosphere leads to more absorption of
GHGs, resulting in warming. On the contrary, the atmosphere would cool down if the ozone concentration in the
stratosphere declines (Randel & Wu, 1999).

Scientists have been monitoring the ozone layer thickness over the Antarctic, which began to thin out regularly at
the end of (southern) winter and the ozone hole began to appear in September and October (World Meteorological
Organization, 2018). Man-made gases (chlorofluorocarbons and brominated hydrocarbons) that have been used—
or are still being used—as propellants, refrigerants, or solvents, and contain chlorine or bromine compounds can
destroy ozone (World Meteorological Organization, 2011). These gases require special conditions to activate that
are only present during the long, dark winters in the polar regions. Therefore, ozone holes can only occur in the Ant-
arctic or, in some exceptional cases, also in the Arctic (World Meteorological Organization, 2011).

An ozone hole is created when the concentration of ozone in the stratosphere falls below 220 Dobson Units which
denotes 220 ozone molecules, corresponding to a pure ozone layer with a thickness of 2.2mm (Stolarski, Schoeberl,
Newman, McPeters, & Krueger, 1990). The average ozone concentration was 250-350 Dobson Units in the Antarctic
before its first ozone hole experience (World Meteorological Organization, 2014). Today, it regularly sinks to about 100
Dobson Units during the Antarctic springtime (Bednarz et al., 2016; Langematz et al., 2014). In response to such thin-
ning of the ozone, the air layers in the lower stratosphere over the Antarctic are now 10°C cooler than in the 1990s
(World Meteorological Organization, 2018). Due to the ozone depletion throughout the stratosphere, the underlying
troposphere also cools down. This is accordingly the key reason for the slight drop of surface temperatures in Central
Antarctica during recent decades (World Meteorological Organization, 2018).

The sustainable cold air in the lower stratosphere not only prevents the polar vortex from a timely collapse but also
increases its lifespan, and consequently lengthens the ozone depletion period (Sheshadri & Plumb, 2016; Zhang, Li and
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Zhou, 2017). Simultaneously, it amplifies the contracts between the tropics and the southern polar region and thereby
changes the atmospheric circulation patterns around the world. Along with such stronger winds in the stratosphere,
the descending of tropopause above Antarctica directly changes the southern polar weather patterns by influencing
both line-up and expansion of high- and low-pressure areas (Sheshadri, Alan Plumb, & Domeisen, 2014) (Fig. 12.6).
Thus, the band of westerly has shifted further toward the South Pole across the Southern Ocean (Hogg, Meredith,
Blundel, & Wilson, 2008), while the temperature has changed across some coastal parts within Antarctica, particularly
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FIG. 12.6 In recent decades, more frequent ozone depletion across Antarctica has significantly affected the climate of the southern polar region.
The lower stratosphere has cooled down, leading to, for example, southward shifts of wind and rain systems.
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during summer (Seviour, Gnanadesikan, Waugh, & Pradal, 2017). The Antarctic Peninsula has accordingly experi-
enced warmer summer seasons since 1985 when the ozone hole was discovered (Turner et al., 2016). In the Belling-
shausen Sea and the waters to the west and northeast of the Antarctic Peninsula, significantly shorter periods of sea-ice
cover have also been recorded during the last 30 years (Hobbs et al., 2016; Turner et al., 2015).

2.3 Heat tracking in the polar seas

The comparatively moderate increase (1°C) in global temperature can basically be attributed to the existence of
oceans around the world (IPCC, 2013). Absorbing about 30% of atmospheric CO, in the past, the oceans considerably
buffered the impacts of GHG emissions (IPCC, 2014). The oceans also have a massive capacity for heat saving through
the physical features of saltwater as well as the sheer magnitude of oceanic water. Besides, the very sluggishly reaction
of oceans to the environmental changes is fundamentally related to the water temperature cooling down processes
through the circulation and passing of oceans throughout the polar regions (Marshall, 2014). Hence, it generally takes
about 10years (centuries to millennia) for the ocean’s surface (deep) water to adjust to global warming (IPCC, 2014).

Since 1871, the oceans around the world have absorbed about 436 zettajoules of heat energy, a thousand times the
energy amount that humans currently consume each year (Zanna, Khatiwala, Gregory, Ison, & Heimbach, 2019). For
decades, hence, all oceans have been continuously becoming warmer. The heat energy is mostly retained in the water
masses upper than 700m depth. The water layers at depths from 700 to 2000m are also warming, with potentially
serious impacts on the global ocean-current conveyor belt (Cazenave et al., 2018) (Fig. 12.7). Accordingly, ocean warm-
ing can weaken the thermohaline circulation in two different ways (Beszczynska-Moller, Woodgate, Lee, Melling, &
Karcher, 2011). First, additional heat reduces the water density because of thermal extension, and consequently, the
water turns out to be lighter. Second, the seawater is diluted with freshwater from more melting of glaciers (partic-
ularly in Greenland and Antarctica) or rainfall, and thus, the density of water in oceans is similarly lowered. Substan-
tial increases in both water temperature and freshwater influx prevent the water masses in the Southern Ocean and the
North Atlantic from sinking and thereby extinguish the influential drivers for thermohaline circulation (Swart et al.,
2018; Williams, Roussenov, Smith, & Lozier, 2014).

Sea surface temperature (SST) (Fig. 12.8) is crucially important for the polar regions. Today, the ocean currents flow-
ing toward the poles transport more heat to the Arctic and Antarctic regions than in the past. Since the early 1990s, for
example, the Atlantic water flowing into the Arctic Ocean has become verifiably warmer (Holliday et al., 2008; Schauer
etal., 2008). German and Norwegian Scientists tracked such heat pathways into the Arctic Ocean by setting up a tran-
sect of oceanographic survey sites across the Fram Strait (79°N) in 1997, from the west coast of Spitsbergen to Green-
land’s northeastern coasts (Schauer et al., 2008). At 16 sites, all temperature, current speed, and salinity of both
inflowing and outflowing water masses are measured throughout the water column. These records indicate that
the water of the West Spitsbergen Current arriving from the North Atlantic is today 1°C warmer when moving
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FIG. 12.8 The spatial distribution map of average sea surface temperature (SST) in °C during 2003-2011 base on the MODIS Aqua Data. Thereis a
strong contrast in ocean surface temperatures between the warm equatorial areas and cold polar regions.

through the Fram Strait toward the Arctic Ocean, compared to the long-term measurements during the last 20 years.
Such warmer water is already evident within the entire Eurasian Basin (Schauer et al., 2008).

In the ice-free parts of the Arctic Ocean, the SSTs have also increased (Dethloff, Handorf, Jaiser, Rinke, &
Klinghammer, 2019; Jahn, Kay, Holland, & Hall, 2016). This explains why, not only the sea in the Arctic Ocean freezes
over later through the year, but also the sea ice melts earlier. Hence, there would be different large ice-free areas
throughout the Arctic Ocean for longer periods during summers. This facilitates the absorption of solar energy
and thereby exacerbates further temperature warming ( Jaiser, Dethloff, Handorf, Rinke, & Cohen, 2012; Semmler
et al., 2016).

The Southern Ocean plays an important role in the global climate system (Brook & Buizert, 2018). Both cooling and
overturning of water masses throughout Antarctica enable the oceans to store considerable amounts of heat (Fig. 12.9)
and GHG (Armour et al., 2016; Swart et al., 2018). The sinking of heavy water leads to the possibility of heat and CO,
transportation from the upper to deeper water layers for long periods (Durack & Wijffels, 2010; Frolicher et al., 2015).

Heat absorbtion at the sea surface during 1871-2017 FIG. 12.9 Long-term (1871-2017) average value of
annual heat absorption at the sea surface on Earth. Adopted
from Zanna, L., Khatiwala, S., Gregory, ]. M., Ison, ., &
Heimbach, P. (2019). Global reconstruction of historical ocean heat
storage and transport. Proceedings of the National Academy
of Sciences of the United States of America, 116(4),
1126-1131. https://doi.org/10.1073/pnas.1808838115.
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The scale of this overturning process is much larger in the Antarctic than in the North Atlantic. Accordingly, a warming
trend has been determined in water temperature all over the Southern Ocean since the 1950s (Gille, 2002, 2008). Its
slope indicates that the sea south of the 40th parallel has absorbed considerably more heat from the atmosphere than
all other oceanic areas combined (Swart et al., 2018).

The heat storage in large magnitudes over several decades has other consequences. According to long-term records
along the prime meridian, the entire water column throughout the Weddell Sea, and particularly the deepest layer of
water known as the Antarctic Bottom Water, has been experiencing a warming trend since the 1990s (Jullion et al.,
2013; Purkey & Johnson, 2010, 2012). Similarly, in other marine regions of Antarctica, the Southern Ocean water tem-
perature warming at depths between 700 and 1100m after 1950 was double the worldwide oceanic average (Gille,
2002; IPCC, 2014; Levitus et al., 2012; Purkey & Johnson, 2010).

Scientists are not sure if this water warming is primarily caused by the increasing air temperature across the South-
ern Ocean? (IPCC, 2014). When the air warms, the seawater is not able to release as much of its own heat to the sur-
rounding atmosphere. Feasible changes in wind conditions across the sea can also alter the speed of certain ocean
currents and thereby influence deep-water development. The inflowing of warmer waters into the Southern Ocean
can potentially be another reason for observing such increases in water temperature at deep layers. However,
researchers can today track the Antarctic-wide warming of deepwater northward to beyond the equator, thanks to
the new remarkable advances (Zanna et al., 2019). Accordingly, the heavy water masses flow there, after they have
filled up the deepest water layers of the Southern Ocean.

2.4 Paradox in Antarctic sea ice

Since the beginning of satellite measurements, the seasonal sea ice has continued to develop/shrink in Antarctica/
the Arctic (National Academies of Sciences, Engineering, and Medicine, 2017) (Fig. 12.10, adopted from Perovich et al.,
2018). In the Arctic, the sea ice is thinner today than in 1980, and its larger portions are covered by meltwater pools (Fig.
12.10A). These two have increased solar energy absorption by the ice cover and its ocean below, and thereby reinforced
the sea ice declines. Hence, the areas of seasonal sea-ice cover are shrinking in the Arctic. Comparing to the long-term
(1981-2010) average value, the total loss of Arctic sea-ice cover is greater in summer or September than in winter or
March (Fig. 12.10B). In 2014, the record-breaking of ice cover (20.1 million km?) throughout the southern polar region
was reported (NSIDC, 2014). This was mainly related to the development of sea ice in Antarctica, while the decline in
ice cover in the far north was simultaneously pronounced with increasing global temperatures (NSIDC, 2014). Such
expansions in the Antarctic Sea ice posed a mystery for humanity: the Antarctic region might be spared the impacts of
global warming.

In the Antarctic, the sea ice was only growing in certain parts (Hobbs et al., 2016; Parkinson & Cavalieri, 2012). For
example, the highest rate of significant increasing (decreasing) trend in ice surface was recorded in the Ross Sea
(Bellingshausenhas and Amundsen Seas) in recent decades (Holland, 2014; Lecomte et al., 2017; Parkinson, 2019;
Turner et al., 2015). On the other hand, there were also conflicts in the duration of sea ice developments. The sea
ice melted much later during the summer season in the Ross Sea, while returned earlier and earlier throughout the
marine areas of West Antarctica (Jenkins et al., 2016; Mouginot, Rignot, & Scheuchl, 2014; Stammerjohn, Massom,
Rind, & Martinson, 2012; Turner et al., 2017). In the Weddell Sea, the sea ice expanded in some parts, while shrank
in others (Hobbs et al., 2016). In 2014, the growth of sea ice was relatively enough to turn the balance of Antarctic
ice cover into a positive variation (NSIDC, 2014). Two years later (winter 2016), however, the Antarctic Sea ice reached
only 18.5 million km?, and then, showed a shrinking trend (NSIDC, 2016; Stuecker, Bitz, & Armour, 2017). On 1st Jan-
uary 2019, the new record of 5.47 million km” was reported as the smallest area of January ice cover during the last
40years (NSIDC, 2019b; Nymand Larsen, 2014). With a typically heavy ice cover, the Ross Sea even showed many
parts of ice-free water in January 2019 (NSIDC, 2019b).

Today, intensive researches (Matear, O’Kane, Risbey, & Chamberlain, 2015; Purich et al., 2016; Simpkins, Ciasto, &
England, 2013) are focusing on both decreasing of sea ice in the southern polar region during winter and speedy melting
in the summertime. US researchers propose a new theory: the existence of natural current variations throughout the
Southern Ocean in a 30-year cycle (Sheshadri & Plumb, 2016; Zhang et al., 2017). Their study concluded that both con-
vection and deep-water formation weakened in different parts of the Antarctic during 1980-2000. Accordingly, the inter-
mediate water heat was trapped throughout the deep parts of the ocean and cannot reach its surface. The surface water
simultaneously cooled down, providing supreme conditions for the sea ice formation despite global warming.

There is now evidence that the water masses are increasingly overturning in the Southern Ocean again (Caesar,
Rahmstorf, Robinson, Feulner, & Saba, 2018; Delworth & Zeng, 2018; Zhang, Delworth, & Zeng, 2017). This may cause
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FIG. 12.10 (A) Thinner sea ice with more meltwater pools has already increased solar energy absorption by the Arctic ice cover and its ocean
below, and (B) the total loss of Arctic sea-ice cover in summer/September and winter/March during 1981-2010. Adopted from Perovich, D., Meier, W.,
Tschudi, M., Farrell, S., Hendricks, S., Gerland, S., et al. (2018). Sea ice. In Arctic report card: Update for 2018. https://arctic.noaa.gov/Report-Card/Report-
Card-2018/ArtMID/7878/ArticleD/780/Seanbsplce.

the intermediate water heat to move toward the surface and thereby retreat the ice again. If this theory comes into
reality, the sea-ice cover would decrease more in response to the warmer intermediate water (Zhang, Delworth,
Cooke, & Yang, 2019).

The role of the atmosphere in the disappearance of sea ice throughout the Antarctic cannot be neglected. Cold
winds, which caused wide-scale surface water freezing in the past, are weakening over the Southern Ocean and
thereby reduce the sea ice throughout the Bellingshausen and Amundsen Seas (Lee et al., 2017, Matear et al,,
2015). However, up to 2014 changes in wind patterns could also result in the inconsistent increase in sea ice develop-
ment in the western part of the Ross Sea. On the other hand, an ongoing discussion is related to the influences of melt-
ing ice sheets and glaciers. Has it possibly contributed to the cooling processes of surface waters during recent decades?
Has such meltwater continuously diluted the surface waters in the Southern Ocean? However, there are yet no clear
responses for these questions, partially due to comparatively limited available measurement records at the Southern
Ocean. Moreover, for the Antarctic region, climate models have not been able to appropriately simulate the sea-ice
development patterns yet. Hence, the prediction of sea-ice fate in the southern polar region during the future is still
lacking. Even, the Intergovernmental Panel on Climate Change (IPCC) special report on global warming of 1.5°C
(IPCC, 2018) deliberately avoided providing any projection about the future of sea ice in the Antarctic in response
to the 1.5-2°C warmer global average temperature.

2.5 Changes in different glaciers and ice sheets

A simple mass balance equation can reveal the response of glaciers or ice sheets to both global warming and climate
change (Cogley et al., 2011). This balance turns positive if the amount of snow falling on ice surpasses the mass that it
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FIG. 12.11 Average annual surface mass balance in water equivalent (x103mm/year) for (A) Greenland during 1958-2016, and (B) Antarctica
during 1979-2017. A positive or negative surface mass balance in an ice sheet depends on snowfall, melting processes, wind transport, and subli-
mation. Adopted from World Ocean Review 6. (2019). The Arctic and Antarctic-extreme, climatically crucial and in crisis. Hamburg, Germany: maribus
gGmbH.

loses in several ways. But it tends to be negative when the ice mass loses more than it receives through precipitation.
Hence, such positive and negative values indicate the growing and shrinking status of the ice shield, respectively.

In 2002, the satellite mission GRACE (Gravity Recovery and Climate Experiment) to minimize the uncertainty in the
mass balance estimations (Fig. 12.11, adopted from World Ocean Review 6, 2019) for glaciers and ice sheets around the
world was begun (Tapley, Bettadpur, Watkins, & Reigber, 2004). At the elevation of 490km, two identical satellites of
GRACE circle the Earth, one behind the other in a near-polar orbit. Hence, GRACE can provide us with what is not
possible via ground-based observations: The system for measuring the total gravitational field of the Earth during a
single month. In fact, the satellites generally record modifications in mass on the Earth and measure the water redis-
tribution among all oceans, continents, and ice sheets (Chambers, 2006; Luthcke et al., 2013; Velicogna, 2009). Such
remote sensing data sets, thus, help in answering two of the most crucial questions: How much ice are the ice sheets
and glaciers of Greenland and Antarctica losing in response to global warming and climate change? And in which
parts around the world is sea level rising consequently?

The first GRACE mission continued between 2002 and 2017 (Fig. 12.12). As it was impressively successful, the
follow-up satellite GRACE-FO was launched into space in May 2018 (Kornfeld et al., 2019). It is providing climate
scientists with reliable data on the development and reduction of the ice sheets for another 10 years. Under favorable
solar conditions, however, it should receive an optimal energy supply for even next 30years.

Most previous studies have been limited to the GRACE mission data. Accordingly, an average of 286 billion tons of
ice has annually been lost in Greenland during 2010-2018 (Mouginot et al., 2019). This is basically due to the warmer
air over Greenland during recent decades (Box, Yang, Bromwich, & Bai, 2009), causing the melting season to be longer
and more intensive (Vaughan, Carrasco, Kaser, et al., 2013). Because of such surface melting processes, Greenland
today loses ice about twice each year, compared to the period 1960-1990 (Sasgen et al., 2020). According to the sub-
sequent model simulations, the total ice loss and development were evenly balanced at that time. To the present, how-
ever, the ice mass losses also increased by 25% mainly due to the iceberg break-off (Enderlin et al., 2014; Truffer &
Motyka, 2016). Nowadays, Greenland has the greatest share (0.7 mm/year) of meltwater contributing to sea-level rise
(3.34mm/year) around the world (Cazenave et al., 2018).
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FIG. 12.12 The GRACE satellite system could reli-
ably measure the mass balance of the ice sheets in
(A) Greenland and (B) Antarctica, for the first time.
(C) Average mass loss is about 218 and 125 giga-
tonnes per year for Greenland and Antarctica, respec-
tively. During the measurement period, both of these
ice shields lost more ice than they gained. Adopted
from World Ocean Review 6. (2019). The Arctic and
B\ Antarctic-extreme, climatically crucial and in crisis.
\ Hamburg, Germany: maribus gGmbH.
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In Greenland, as a warming hotspot (Rogozhina et al., 2016), the ice cap has been principally lessening from above
since the 1990s due to the upper surface melting under simultaneous summer surface air temperature warming by 2°C
(Vaughan et al., 2013). The lessening rate of ice was extremely high in summer 2012 (Hanna et al., 2014) when excep-
tionally warm air (Hanna et al., 2014) and persistent cloudless skies (Bennartz et al., 2013) resulted in the surface melting
over 97% of Greenland'’s ice-sheet area (Barry & Hall-McKim, 2018). Only in July 2012, the ice loss was about 400 to 500
billion tons (Nghiem et al., 2012; Tedesco et al., 2013). Based on the ice core data, such scale of ice melting event has only
happened two times during the recent climate history of Greenland. One of these events was in 1889 (Clausen,
Gundestrup, Johnsen, Bindschadler, & Zwally, 1988), and the other was 7 centuries earlier during the Medieval Climatic
Anomaly (Meese et al., 1994). Surprisingly, the total ice lost by both melting and disintegrating of icebergs in 2012 was
almost offset by the new snow accumulation during 2013, as a comparatively cold year (Bevis et al., 2019; Rajewicz &
Marshall, 2014). However, Greenland is generally experiencing significant warming and losing ice trends from the 1990s,
while the GRACE data also show large variability in the ice sheet’s mass balance (Vaughan et al., 2013).

Significant increases in atmospheric GHG concentrations play a crucial role in the current continued warming
trends in summertime surface air temperature across Greenland (Box, 2013; Hanna, Mernild, Cappelen, & Steffen,
2012). Since 2003, the frequency of warmer surface air arriving from the south to Greenland, particularly its western
parts, has been increased (Fettweis et al., 2013). As the surface air temperature gradient between the middle latitudes
and the Arctic is decreasing, the strength of the jet stream weakens. Hence, the blocking high-pressure zone can
develop across Greenland (Hanna, Cropper, Hall, & Cappelen, 2016). This consequently results in cloudless skies, high
incoming solar energy, minimum snowfall, and a warm influx of airflow from the south of Greenland (van den Broeke
et al., 2017).

In a complex way, clouds can also play an important role in the intensity of surface ice melting in Greenland
(Bennartz et al., 2013; Van Tricht et al., 2016). For example, the snow cover on the highest plateau of the Greenland
Ice Sheet sometimes melts during summertime (Ryan et al., 2019), when clouds consisting of a particular combination
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of ice crystal drift and water drops (Shupe et al., 2013). This intensifies the absorption features and optical density of the
atmosphere, and thereby amplifies the long-wave heat radiation that accelerates ice melting processes (Bennartz et al.,
2013). On the other hand, recent studies indicated that the absence of clouds lets the rays of the Sun fall on the Green-
land Ice Sheet almost unobstructed. This accordingly empowers the ice melting in Greenland, particularly throughout
the marginal parts with lower albedo (Box et al., 2012; Leeson, Shepherd, Palmer, Sundal, & Fettweis, 2012).

Almost 90% of Greenland’s surface is naturally covered by snow. A fresh, fine-grained, and dry layer of snow can
reflect up to 85% of short-wave solar energy (Konzelmann & Ohmura, 1995). Hence, the Sun’s radiation heat poses
very little threat to the Greenland Ice Sheet in the presence of snow cover (van den Broeke et al., 2017). When the snow
merely starts to melt, its crystals become wet, clump together and grow. This changes the optical properties of snow
crystals and consequently reduces the power of snow cover reflectivity. Accordingly, the snow grains absorb higher
light energy in the long-wave infrared range (Box et al., 2012). Hence, such added solar heat energy develops the
clumping of wet snow crystals, darkens the snow cover, increases the absorption of warmth, and consequently inten-
sifies the rate of melting.

Even with an annual snowfall of about 2000 gigatons over the Antarctic glaciers and ice sheets, the two ice sheets in
Antarctica are losing their masses (Gardner et al., 2018; McMillan et al., 2014; Shepherd et al., 2012). About 10% of such
snow is generally lost because of surface melting, evaporation, wind transport, and sublimation. The other 90% is com-
pressed to firn and consequently to ice (Gardner et al., 2018). In 2018, scientists reported that the Antarctic annually lost
about 76 gigatons of ice during 1992-2011 (Shepherd, Fricker, & Farrell, 2018; Shepherd, Ivins, et al., 2018). It added
about 0.2 (mm/year) to the global sea-level rising trend (Shepherd, Fricker, et al., 2018; Shepherd, Ivins, et al., 2018).
However, since 2012, the annual ice loss throughout the Antarctic has almost tripled (219 gigatons) (Shepherd, Fricker,
et al., 2018; Shepherd, Ivins, et al., 2018). During 1992-1997, the glaciers and ice streams in West Antarctica annually
transported about 53 gigatons more ice into the Southern Ocean than was being developed by snowfall on the ice sheet
(Shepherd, Fricker, et al., 2018; Shepherd, Ivins, et al., 2018). However, this amount was tripled (159 gigatons/year)
during 20122017 (Shepherd, Fricker, et al., 2018; Shepherd, Ivins, et al., 2018).

The ice mass in West Antarctica has largely been lost since the late 2000s when both Pine Island Glacier and
Thwaites Glacier started to flow much faster into the Amundsen Sea (Mouginot et al., 2014). Hence, the warm ocean
currents rising from below in this sea melt the ice shelves in front of the glaciers (Shepherd, Ivins, et al., 2018). In the
Antarctic Peninsula, the northernmost part of Antarctica, about one-third of ice shelves have collapsed during recent
decades (Shepherd, Ivins, et al., 2018). Three ice shelves have lost as much as 70% of their area (Shepherd, Ivins, et al.,
2018). Accordingly, the rate of ice-mass loss on the Antarctic Peninsula increased to about 25 gigatons per year. Con-
trarily, the balance between ice growth and loss (5+46 gigatons/year) was almost neutral in East Antarctica during
1992-2017 (Shepherd, Ivins, et al., 2018).

The analysis of GRACE data determined that the loss rate of ice in the Antarctic continent is now about 127 gigatons
per year (Wang, Davis, & Howat, 2021). The western area of the Antarctic Peninsula, the coastal regions in West Ant-
arctica, and both Wilkes Land and Adélie Land in East Antarctica (Fig. 12.13) are experiencing the greatest ice losses
(Groh et al., 2019; Wang et al., 2021). The growth of the ice sheet is however recording in the southern reaches of West
Antarctica and the northern areas of Queen Maud Land (Sasgen et al., 2013).

In Antarctica, significant increases in ice losses (Hogg & Gudmundsson, 2017) are directly related to the thinning or
even complete vanishing of the ice-shelf areas (Pritchard et al., 2012; Pritchard, Arthern, Vaughan, & Edwards, 2009;
Scambos et al., 2009). The once-massive ice tongues are becoming lighter, shorter, and narrower, and consequently less
able to resist the push of the inland ice from behind. The ice sheets are also more unstable today, particularly due to two
different processes (Adusumilli et al., 2018; Bevan et al., 2017; Lai et al., 2020): (1) basal melting in response to signif-
icant increases in the temperature of the ocean currents that influence the underside parts of the ice shelf, and (2) melt-
ing on the upper part of ice surface due to warmer air temperatures. Such surface meltwaters can deepen different
cracks and crevices in the ice mass, and thereby increase the risk of icebergs breaking off (Liu et al., 2015).

Until the 1990s, the Larsen B Ice Shelf was one of five almost contiguous ice shelves extended about 200 km (Larsen C)
into the Weddell Sea throughout the eastern coasts of the Antarctic Peninsula. In 1995, the Prince Gustav Ice Shelf and the
Larsen A Ice Shelf were broken up (Pritchard et al., 2009, 2012; Scambos et al., 2009). These two northernmost segments
were followed 6 years later (2002) by the Larsen B Ice Shelf in the northwest of Weddell Sea (Banwell et al., 2014; Glasser &
Scambos, 2008; Scambos, Hulbe, & Fahnestock, 2003). A 3250 km? floating ice broke into millions of smaller pieces and
consequently disappeared within a single month during the Antarctic summertime of 2002 (Pritchard et al., 2009, 2012;
Scambos, Bohlander, Shuman, & Skvarca, 2004). The two southernmost segments (Larsen C and D) still exist today
(Baumhoer, Dietz, Kneisel, Paeth, & Kuenzer, 2021), while a huge iceberg (5800 km?) broke off from Larsen C in July
2017 (Benn & Astrom, 2018).

Along the Antarctic Peninsula, there were originally 12 ice shelves fed off the glaciers, forming in the mountainous
regions (Cook & Vaughan, 2010). For these ice masses, the precipitation over the peninsula was the only source. Such
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FIG. 12.13 Since the 1960s, 7 of 12 ice shelves along the Antarctic Peninsula have experienced substantially large ice depletions. The Jones,
Wordie, Prince Gustav, Larsen A ice shelves have completely been disintegrated. Their disappearance was mainly triggered by significantly warmer
surface air temperatures (up to 3°C). Since that time, ice shelves only occur in parts of the peninsula where the average annual temperature is less than
—9°C. Adopted from Morris, E., & Vaughan, D. (2003). Spatial and temporal variation of surface temperature on the antarctic peninsula and the limit of viability of
ice shelves. In Antarctic research series of the American Geophysical Union (Vol. 79, pp. 61-68). https://doi.org/10.1029/AR079p0061.

glaciers, and those that remain today, were not connected to the West or East Antarctic Ice Sheets in any way. On
average, the thickness of ice shelves throughout the Antarctic Peninsula is about 200 to 250m (Scambos, Hulbe,
Fahnestock, & Bohlander, 2000). It is considerably thinner than the Filchner-Ronne or Ross Ice Shelves that both trans-
port ice masses out of the inner parts of Antarctica. Besides, the Antarctic Peninsula is the northernmost, and thus,
warmest region of Antarctica. Its surface air temperature has averagely increased by 3.5+£0.8°C per century since
1958 (Steig et al., 2009; Turner et al., 2005; Vaughan et al., 2003). In response to such regional warming, the stability
of ice shelves in the Antarctic Peninsula has significantly been impacted since the 1950s (Mulvaney et al., 2012; Rignot,
Jacobs, Mouginot, & Scheuchl, 2013).

During the 1970s, the British glaciologist John H. Mercer recognized that the ice shelves only exist throughout those
parts of Antarctica where the average annual surface air temperature is not warmer than —5°C (Mercer, 1978). For a
long time, in fact, there was such a —5°C isotherm for different ice shelves throughout Antarctica (Cook & Vaughan,
2010). Under regional warming, the northern boundary of these ice shelves has steadily been shifting further to the
southern parts of the Antarctic Peninsula during recent decades, seriously impacting the ice-shelf areas that today (pre-
viously) lied on the north (south) of —5°C isothermal (Cook & Vaughan, 2010). Hence, such areas started to melt per-
sistently due to the warmer summers and foehn winds (Cape et al., 2015; Gagliardini, 2018; Lenaerts et al., 2017). The
consequential meltwater flows into the cracks and crevices in the ice shelves, increases the weight of water, and thereby
intensifies the hydrostatic pressure at the bottom of the individual fractures and consequently deepens them (Veen.,
2007). In winter, the meltwater in the fractures froze again, eventually permeating the whole ice shelf, and conse-
quently increase the risk of the iceberg breaking off (Bell, Banwell, Trusel, & Kingslake, 2018; Macayeal &
Sergienko, 2013).

The stability of different ice shelves was also affected by a load of returning meltwater lakes (Bell et al., 2017) (Fig.
12.14). Based on measurements, the collection of meltwaters in a depression on the ice shelf can bend the underlying ice
downward by as much as 1 m by the massive water weight. In summer, however, the lake suddenly empties, and thus
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FIG. 12.14 There would be a pond or a lake when meltwater is collected on an ice shelf. The ice surface slowly yields under its weight and forms a
depression. By the drainage of water in the lake, possibly through the ice fractures, the depression rebounds. This develops a ring of concentric
fractures around the lake margin and facilitates the breakup of the ice shelf over time. Adopted from Banwell, A. F., MacAyeal, D. R., &
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5872-5876. https://doi.org/10.1002/2013GL057694.

the bulged part of the ice shelf rapidly returns to its original position (Banwell & MacAyeal, 2015; Bell et al., 2018). This
motion forms a small ring-shaped fracture throughout the ice around the lake and its center. If water from lakes sub-
sequently leaks into this fracture, it would continue to develop, and thereby increase the breaking risk (Banwell &
MacAyeal, 2015; Bell et al., 2018; Macayeal & Sergienko, 2013). During the Antarctic summer 2001 /2002, such domino
reactions of melting, bending, cracking, and deepening probably resulted in the drainage of more than 2000 closely
lying meltwater lakes (Glasser & Scambos, 2008) throughout the Larsen B Ice Shelf (Banwell, MacAyeal, &
Sergienko, 2013).

But the warming surface air temperature has fundamentally played the most important role in the destruction of ice
shelves throughout the Antarctic Peninsula (Mulvaney et al., 2012; Scambos et al., 2000; Steig et al., 2009). The ice
shelves in the northern areas of the peninsula initially retreated for several decades, but then, collapsed one by one
coo (Cook & Vaughan, 2010; Rignot et al., 2013; Shepherd, Ivins, et al., 2018). First, the Wordie Ice Shelf on the western
coastal areas of the peninsula was collapsed during the 1980s (Cook & Vaughan, 2010). Later, the Prince Gustav Ice
Shelf on the east coast was demolished in 1995, followed by Larsen A in 1995 (Scambos et al., 2000) and Larsen B in 2002
(Banwell et al., 2014; Glasser & Scambos, 2008; Scambos et al., 2003). Recently, the Jones Ice Shelf near the Arrowsmith
Peninsula (2003) (Fox & Vaughan, 2005) and large parts of the Wilkins Ice Shelf (2008) (Braun & Humbert, 2009; Braun,
Humbert, & Moll, 2009) were devastated. Based on the satellite images, there were numerous blue meltwater ponds
throughout the Larsen B ice shelf shortly before its collapse (Banwell et al., 2013, 2014). It can confirm the connections
between the warmer surface air temperature and the disintegration of ice shelves.

One year after the destruction of the Larsen B ice shelf, researchers analyzed the surface air temperature over the
Antarctic Peninsula at the time. Accordingly, no large-scale surface melting was only observed throughout the ice
shelves laying south of —9°C isotherm. To the north of this isothermal line, all ice shelves had either shrunk expan-
sively or even disintegrated completely. Since that time, hence, the isotherm defining an annual mean of —9°C has been
considered as the new northern limit for the presence of ice shelves along the Antarctic Peninsula (Morris &
Vaughan, 2003).

2.6 The meltwater pathways

Since 1908, in the expedition of Ernest Shackelton’s Nimrod, the meltwater streams flowing through Nansen Ice
Shelf were witnessed by the explorers (David & Priestley, 1909). It helped humans to understand that ice shelves
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and glaciers in the Antarctic sometimes melt at the surface. In 1912, while the members of a British expedition mapping
the Nansen Ice Shelf, they were frequently forced to paddle through meltwater streams (Campbell, 1988; Priestley,
1915). On a few occasions, their tents were also flooded (Levick, 1912).

According to the satellite observations, aerial photographs, and mass-balance models, the significance of ice melting
and loss in Antarctica is higher than what humanity previously supposed. Nearly 700 different networks of meltwater
lakes and streams were transporting liquid water throughout all ice shelves of Antarctica in 2017 (Kingslake, Ely,
Das, & Bell, 2017). The highest surface-melting rates on the present ice shelves are today being recorded along the
Antarctic Peninsula (Banwell et al., 2013; Glasser & Scambos, 2008). The meltwater is also changing the surface of
ice shelves in the southern part of East Antarctica (Lenaerts, Vizcaino, Fyke, van Kampenhout, & van den Broeke,
2016; Trusel, Frey, & Das, 2012; Trusel, Frey, Das, Munneke, & Van Den Broeke, 2013). On the Amery and King Bau-
douin Ice Shelves, the intensity of ice melting during the summers is at the level that networks of meltwater lakes and
streams are observable over great distances (Kingslake et al., 2017; Phillips, 1998; Stokes, Sanderson, Miles, Jamieson, &
Leeson, 2019). On the other hand, only minor evidence of melting has so far been seen on the Ross and Filchner-Ronne
Ice Shelves (Kingslake et al., 2017). In Antarctica, melting events are experiencing in all the ice areas at elevations below
1400m (Nicolas, 2016; Trusel et al., 2013). This is basically related to the fact that the temperature is still below the
melting point in the higher elevations than 1400 m throughout Antarctica.

On Greenland, meltwater lakes are draining almost vertically into the interior parts of the ice sheet through moulins.
Then, they flow toward the sea along the bottom of the ice body. Such a phenomenon has not yet been observed in
Antarctica (Bell et al., 2018). The emptying of meltwater lakes is only known to occur on the floating ice masses
(MacDonald, Banwell, & Macayeal, 2018). The empty lake basins look rather like large craters. The meltwater lakes
that form directly on glaciers above a land surface normally freeze again during wintertime and are covered by snow.
Such hidden lakes can completely freeze and form huge ice lenses if the surface air temperature becomes cold enough
(Bell et al., 2018).

In response to global warming, 2-3 times more meltwater will be generated on Antarctic glaciers and ice shelves by
2050 than is the case today (Trusel et al., 2015). Such amount of liquid water will possibly impact the ice mass balance
throughout the Antarctic in three ways (Bell et al., 2018) (Fig. 12.15):

If the surface ice melts, the liquid water will typically runoff, and thereby resulting in a thinner ice body.

The surface meltwater may also leak into the snow-firn layer of an ice sheet, forming water lenses below the ice
surface that fundamentally change the dynamics of the Antarctic glaciers and ice sheets.

Due to the warmer temperatures and winds, even the ice shelves that have previously not been significantly influ-
enced (Fig. 12.16) will commence producing more surface meltwater. This can substantially contribute to the disinte-
gration of ice shelves, particularly in southern parts of the Antarctic.

For a long time, thus, the amount and importance of meltwater in the Antarctic and its ice sheets, respectively, will
increase. In the future, hence, the already negative balance of ice mass in the southern polar region will therefore
become even stronger (Trusel et al., 2015).

3 Conclusion

Global mean surface air temperature is significantly warming basically due to the considerable increases in atmo-
spheric GHGs emissions during recent decades. The Earth’s oceans are also warming following the absorption of 93%
of additional heat. In both polar regions, such warmer air and water are particularly causing principal changes that are
happening earlier and more evident throughout the Arctic than in the Antarctic. The warming trend is twice in the
Arctic as compared to other parts of the world, primarily due to the closely interrelated interactions among atmo-
sphere, land, sea, and ice throughout this region. This effect is commonly called “Arctic amplification,” and is partic-
ularly predominant during the winter season.

Many parts of the Arctic region are experiencing substantially less snowfall, sea ice formation, and ice cover extent.
The warmer climate is also thawing permanently frozen soils in the Arctic, particularly during summertime. Through-
out the Arctic, the ice masses (Greenland Ice Sheet as well as the glaciers in Canada and Alaska) on land are losing more
ice than is being substituted by new snowfall. Its primary reason is the melting of ice throughout the upper surfaces of
ice masses as well as the underside of the ice tongues contacted with seawater.

In the southern polar region, the warmer climate was only pronounced by the breaking up of the ice shelves and
decreasing of sea ice on the northern and western sides of the Antarctic Peninsula, respectively, during the end of the
21st century. No significant increases in temperature across all other parts of the southern polar region are principally
explained by the cooling effects of the Antarctic ozone hole. However, the warming trends in the Southern Ocean have
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If upper surfaces of glaciers and ice shelves start to melt, the presence of meltwater strengthens the further ice mass loss in three ways.
(A and B) The darker surfaces of streams and lakes absorb more solar radiation heat than the brighter ice. Consequently, the water warms up and
increases the rate of ice melting on the surface of the glacier. Hence, the ice body thins from its surface. (C and D) Meltwater might find its way toward
the glacier’s underside and thereby increases the ice mass flow velocity. (E and F) Meltwater on the surface of the ice shelf deepens existing fractures
and develops new ones, increasing the risk of icebergs break off. Adopted from Bell, R. E., Banwell, A. F., Trusel, L. D., & Kingslake, ]. (2018). Antarctic

surface hydrology and impacts on ice-sheet mass balance. Nature Climate Change, 8(12), 1044-1052. https://doi.org/10.1038/s41558-018-0326-3.

caused the loss of ice throughout West Antarctica. The ice shelf in the Amundsen Sea is melting from below in response
to the penetration of warmer water from the Circumpolar Current. Today, a similar development is evident in East
Antarctica, where the contact of the Totten Glacier with the bottom is losing and the warmer Weddell Sea is melting the
2nd largest ice shelf in the southern polar region. Since 2012, the rate of loss of ice mass has tripled in the Antarctic
region. Although this has increased the contribution of the southern polar region to the global sea-level rise, its most
important driver is the melting of the Greenland ice sheet and the glaciers outside of Antarctica. In general, such rising

water levels are threatening the coastal parts of Earth.
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FIG. 12.16 During 2008-2015, the glaciers and ice shelves of West Antarctica lost substantially large amounts of ice because of both basal melting
and calving of icebergs, while the loss of ice is not so discouraging in East Antarctica. In some areas, more snowfall could actually offset the ice lost by
calving or melting. The Totten Glacier was the only exception. Adopted from Gardner, A. S., Moholdt, G., Scambos, T., Fahnstock, M., Ligtenberg, S., Van
Den Broeke, M., & Nilsson, J. (2018). Increased West Antarctic and unchanged East Antarctic ice discharge over the last 7 years. Cryosphere, 12(2), 521-547.
https://doi.org/10.5194/tc-12-521-2018.
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HIGHLIGHTS

* A deteriorating Amazon has massive climatic and
weather implications on a global scale; however,
uncertainty remains in predicting the exact nature and
timeline of these effects.

* Intentional fire is one of the greatest drivers of the
current paradigm of degradation.

¢ Increasing deforestation and rising global temperatures
are pushing this rainforest toward a tipping point after
which the ecosystem will transform to savannah.

* Zoonotic diseases are more likely to emerge from a
deteriorating Amazon.

* Respecting and restoring Indigenous stewardship over
the Amazon is one of the most effective methods of
maintaining an intact ecosystem.

® Action is required at the individual, national, and
international level to prevent further degradation.

1 Introduction

The Amazon Rainforest is the greatest expression of life on Earth. Nourished by an equatorial cycle of constant
warmth, humidity and rainfall, the Amazon region has been the genesis of some of the most complex and spectacular
ecosystems on our planet. Yet here, in the early 21st century, it is under siege, and its deterioration holds significant
consequences for climate and weather across the globe.

The recent fires in the Amazon region are unprecedented in their destruction and scale. Deforestation of primary
forest via intentional fire is widespread, and deforestation has been on an upward trend since around 2014 (Butler,
2020; The Nature Conservancy, 2019). By the end of 2020, year-over-year deforestation in Brazil, which is the largest
Amazon nation, exceeded 11,000km?, a 12-year high. This is an area nearly the size of Puerto Rico (US Department of
Commerce, 2012). The Amazon fires received global attention (Voiland, 2020), and again they raged in 2020, but
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garnered little attention in a world gripped by a global pandemic (Global Fire Emissions Database, 2021). Despite fluc-
tuations in public attention, the degradation of the Amazon Rainforest has profound consequences for the global cli-
mate, global health and a host of associated issues.

Intact tropical forests are foundational to maintaining planetary ecosystems and natural cycles, as they are key res-
ervoirs of carbon and they keep many climate-influencing factors in balance. Yet the reality is that two-thirds of the
world’s original tropical rainforest cover has now been degraded or destroyed by people; 34% of the planet’s old-
growth tropical rainforests have been destroyed, and another 30% significantly degraded (Spring, 2021; Weisse &
Goldman, 2020). More than half of this destruction since 2002 has been in the Amazon region of South America. This
chapter will serve as a case study of the degradation of the Amazon Rainforest, and its multiple regional and global
implications.

2 Methods

The authors conducted a comprehensive review of the literature using search engines and databases. Recent, peer-
reviewed research papers relevant to the topics were sought, using search terms related to the Amazon Rainforest’s
global ecosystem services with regard to weather, climate and biodiversity; the consequences of its degradation; the
importance of and particular risks faced by Indigenous groups; recommendations on how to preserve the Amazon.
The papers selected were written in English between 2017 and 2021, with some exceptions. In some sections, web arti-
cles were reviewed to provide context on current events in the Amazon. All the claims in this text are informed by the
principal writer’s 8 years of fieldwork in the Amazon.

The discussion of the Amazon Rainforest will begin by explaining its vital ecosystem services on continental scales.
While the Rainforest is significant in and of itself to protect and maintain, it is also a profoundly valuable biome for its
multiple traditional key functions as a global carbon sink, a regulator of hydrological cycles, a refuge of wildlife, and a
source of Indigenous cultural value. The fires and degradation of the Amazon hinder the Rainforest’s ability to fulfill
these vital roles to both South America and across the planet.

Next, the complex relationships between climate change and forest degradation through fires will be reviewed. This
chapter will examine which mechanisms a changing climate can exacerbate fire in the Amazon biome, and which path-
ways anthropogenic fires in the region can contribute to climate change. The dangerous nature of the positive feedback
loops will be explained, to further our understanding of how certain “tipping points” of degradation might be reached
in our near future. These mechanisms are complicated, and make predicting what lies ahead for South America and the
planet difficult. Yet, this chapter attempts to clarify general trends and consensus in the literature on what may happen
to the Amazon Rainforest if degradation to the region continues.

The Amazon Rainforest is home to a stunning amount of biodiversity and losing this to forest fires may hold other
unexpected drastic consequences for our future. The intricate pathways by which biodiversity, forest deforestation and
zoonotic disease emergence are connected will be analyzed in the context of the Amazon. The various human health
concerns stemming from the rising risk of zoonotic diseases cannot be ignored, especially in the Amazon.

Just as the elemental processes of a deteriorating Amazon are profoundly compleXx, so too are the local, regional, and
geopolitical forces underpinning this assault. This complexity is owed to the fact that ecosystems are deeply influenced
by political, social and cultural realities—not merely biological processes. While a discussion of human rights, geopol-
itics, colonialism and respect for all forms of life may seem out of place in a book otherwise devoted to climate and
weather extremes, an analysis of these complex factors will help illuminate the nature of the siege on the Amazon
biome as well as possible pathways to ameliorate the situation.

The story of the Indigenous Peoples and their lands is discussed to better our understanding of the long and com-
plicated history of the Amazon biome. It is imperative to understand the history before taking a look at the current
violent invasions of their lands, and the atrocities being committed against them. The people and the land are heavily
intertwined, and when we lose the respect of the rights of one, we lose respect for both. Indigenous Protected Areas
(IPAs) encompass huge tracts of pristine, primary rainforest and must be maintained for the protection of this biome
(Blackman & Veit, 2018; Lovejoy & Nobre, 2018, 2019; Walker et al., 2009, 2020). This chapter will follow with a detailed
conversation on our recommendations for building a more sustainable future—as Indigenous Peoples are founda-
tional to the protection of the Amazon Rainforest. Solutions toward the protection of the Amazon and its importance
to climate and weather are grounded in complex multifactorial initiatives which will be reviewed in our recommen-
dations section.

This chapter will explore the degradation of the Amazon Rainforest and its implications for climate change.
However, it is worth noting that the biogeochemistry of the Amazon Basin is profoundly complex. The factoring
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in of the geopolitical, economic, and social drivers of anthropogenic deforestation, along with the human rights con-
cerns of the Indigenous Peoples of the Amazon, the situation becomes even more difficult to fully analyze. Regardless,
much of the research done in this area points toward understanding that degrading the Rainforest will push it past
certain tipping points from which it may never recover. Indeed, this has significant climate implications for both South
America and the entire planet.

3 Discussion

3.1 The Amazon as a carbon sink

The massive amount of vegetation and biomass of the Amazon is excellent at storing carbon (Walker et al., 2020), as
plant life exercises photosynthesis and sequesters CO, from the atmosphere. It is imperative to protect the Amazon
Rainforest as it has acted as a vital carbon sink, but maintains the dangerous potential to turn into a carbon faucet.
Under normal circumstances, there remains a homeostatic balance between the amount of atmospheric carbon that
the Rainforest locks in and the amount of other greenhouse gases (GHGs) it emits at a baseline. For much of our con-
temporary history, the Rainforest has been thought to act as a net carbon sink (Rodig et al., 2018), absorbing more
GHGs than it emits. This functions as a vital component of stabilizing and slowing the rapidly changing climate of
the planet. Clearing the forest via fire and deforestation not only releases these locked GHGs, it also impedes on
the Rainforest’s capability to act as a carbon sink (Hubau et al., 2020). The reduction in forest cover has substantially
reduced the Rainforest’s potential for capturing and locking in CO, from the atmosphere.

When the Rainforest is ignited, it releases not only CO,, but also several other potent GHGs, including methane and
nitrous oxide (Covey et al., 2021). These compounds play significant roles in increasing global average surface tem-
peratures (GAST) through the greenhouse effect. Particulate matter (PM), like black carbon from the fires, also con-
tributes to atmospheric warming through the albedo effect, whereby darker surfaces absorb more radiant energy
from the sun. Researchers have found particulates from fires in the Amazon as far as the Andean glaciers, where it
deposits, darkening the glacial surface. This will lead to a decreased albedo of the snow cover and contribute to
increased melting, altered hydrology, and a warmer atmosphere.

The consequences of a changing climate, including rising temperatures, altered precipitation patterns and changes
in the atmosphere, can influence and reduce the efficiency of photosynthesis. This is a key factor of the ability of the
Rainforest’s biomass to sequester CO,, among other potent GHGs. This shows the intricate relationship between cli-
mate change and deforestation and fire in the Amazon (Lovejoy & Nobre, 2019). Even without factoring in the burning
and clearing of the Rainforest, the carbon sink capturing would be impeded upon. Further degradation to this eco-
system holds significant implications for our planet’s future.

Disturbingly, recent research suggests that the Amazon has devolved into a net emitter of GHGs (Covey etal., 2021).
This research points toward a general trend of decline in the Amazon’s carbon storing abilities as a consequence of
mass deforestation, degradation, and industrialization. The stability of the global climate is jeopardized by this tran-
sition of the Amazon Rainforest.

3.2 The Amazon’s hydrology

The hundreds of billions of trees in the Amazon Rainforest release over 20 billion tons of water vapor into the
atmosphere each day (Kedmey, 2015), through evapotranspiration. For most plant species, evapotranspiration is
mostly controlled by atmospheric humidity and soil moisture content. The vast quantity of water vapor and mois-
ture generated can be recycled back into the Amazon in the form of rainwater and precipitation. This cycle is a key
aspect of how the Amazon is capable of watering itself and maintaining its wet biosphere (Ahlstrom et al., 2017). The
biogenic volatile organic compounds (BVOCs) are central to this hydrological cycle and are generated and emitted
by vegetation and biomass (Laothawornkitkul, Taylor, Paul, & Hewitt, 2009). While the exact roles of BVOCs are
complex and difficult to clarify, they are known to influence and promote precipitation (Laothawornkitkul
et al., 2009).

Deforestation will disrupt this process and hinder the Amazon’s ability to emit BVOCs, resulting in shifted pre-
cipitation patterns and changes in water availability in the region. This will hold significant financial implications
for the South American countries” economies which rely on agricultural exports. For example, data from 2019
shows us that soybean exports make up 11% of Brazil’s total exports, and amounted to $26 billion USD. Soybean
farming is one of the key driving factors in Amazon land-use change and deforestation, yet losing forest cover may
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negatively impact it. The reduced forest cover and reduced precipitation levels can harm soybean and other agri-
cultural product yields and productivity. The expected reduction in rainfall due to a 20%-25% loss of forest cover
is estimated to cause hundreds of millions of dollars in losses in Brazil alone (Rogers, 2019; X-prize, 2020). The
short term financial gains resulting from cutting down the forest will eventually cost the Amazonian nations
far more.

The Amazon does not just produce water for itself, as the water vapor and intense quantities of moisture can be
transported over incredible distances. Atmospheric anomalies, like Atmospheric Rivers (ARs) and Low-Level Jets
(LLJs) have the capability to transport water vapor along with powerful winds (Gimeno, Nieto, Vazquez, &
Lavers, 2014). These streams and anomalies can be found throughout the globe and are involved in contributing to
precipitation levels and are even linked to flooding events (Aguilera, Gershunov, & Benmarhnia, 2019;
Corringham, Ralph, Gershunov, Cayan, & Talbot, 2019; Gershunov et al., 2019). Research suggests that Amazon gen-
erated precipitation has even contributed to exacerbating floods and droughts outside of South America via these
mechanisms (Blamey, Ramos, Trigo, Tomé, & Reason, 2017).

3.3 Biodiversity decline in the Amazon

Biodiversity can be thought of as the full range of life on Earth, in all forms and interactions. Biodiversity is the most
complex feature of our planet and it is woven into the very fabric of climate and weather. Biodiversity is a treasure as it
represents the processes learned by evolving species over millions of years about how to survive through the vastly
varying environmental and climatic conditions. A comprehensive review of the true scale and implications of biodi-
versity loss is not fully known and also beyond the scope of this chapter. Yet it is critically important to acknowledge
that cascading biodiversity loss may well represent a crisis equaling or even surpassing climate change (Legagneux
et al., 2018).

The Amazon Rainforest is home to a staggering amount of biodiversity; it is home to at least 3 million different
species and a new species is discovered in the Amazon, on average, every other day (Thomson, 2020; Valsecchi
et al., 2017). The degradation of the Rainforest has consequently led to massive declines in biodiversity (Ellwanger
et al., 2020). Moreover, ecosystem fragmentation is of grave concern in the Amazon and elsewhere. Although pockets
of suitable habitat may remain, many species may not be able to access them, with their paths being blocked by set-
tlements, dams, roads, farms and fences. This loss of biodiversity has several implications related to human health.
Meta-analyses and reviews describe the complex relationships between losing biodiversity and various aspects of
human health (Aerts, Honnay, & Van Nieuwenhuyse, 2018; Kilpatrick, Salkeld, Titcomb, & Hahn, 2017). Additionally,
there is a concerning relationship between loss of biodiversity and increased risk of emerging zoonotic diseases like
COVID-19, HIV, and Ebola. These diseases originate within animals and through species-jumping (spillover) events,
may cause novel diseases in humans. The mechanisms by which zoonoses occur will be discussed in greater depth later
in the chapter. Land-use changes, habitat loss and decreased biodiversity are all related in pathways that appear to
promote the emergence of these novel infectious diseases (Allen et al., 2017; Sandifer, Sutton-Grier, & Ward, 2015;
Wilkinson, Marshall, French, & Hayman, 2018).

A more clear observation can be made with the spread of Malaria in regions of Brazil where the Amazon has been
recently deforested. As forest cover and the life within it are lost, several mosquito species expand their habitats and
ranges. This is problematic, as mosquitoes are vectors for a wide variety of deadly infectious diseases, including Zika,
Dengue, Chikungunya West Nile Virus, and others. Researchers have remarked that increased rates of deforestation
are correlated with an increased burden of disease for Malaria (Ellwanger et al., 2020; MacDonald & Mordecai, 2019).
An increasing GAST as a result of climate change may also contribute to increased transmission and burden of disease
(Rossati et al., 2016). The key point to be made is that the protection of the Rainforest and its biodiversity provides a
resilience to these emerging diseases and can act as a barrier to prevent the spread of pre-existing diseases.

The deforestation and degradation of the Amazon rainforest will lead to a plethora of detrimental effects to South
America and to the rest of the world. As examined here, the Amazon is an invaluable carbon sink that not only traps
atmospheric CO, but also prevents the release of locked carbon. The rainforest is home to a staggering amount of bio-
diversity in the continent and the globe, building a resilience against emerging zoonotic diseases. Furthermore, defor-
estation would severely inhibit the ability of the Amazon to produce water vapor and contribute to global water flow
and hydrological cycles. Research supports the understanding that the Amazon Rainforest acts to stabilize a rapidly
changing climate, which is driven by anthropogenic factors. All of this demonstrates the necessity of the Amazon rain-
forest, not just to Brazil or to South America, but to the entire planet. Further degradation to this vital biome must be
curbed if it is to continue performing these roles.
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3.4 Drought, deforestation, and fire in the Amazon

While the northern regions of the Amazon are largely seasonal, the southern Amazon experiences large seasonal
variations including in temperature and precipitation regular periods of prolonged dryness (Hasler & Avissar, 2007;
von Randow et al., 2004). These fluctuations are largely caused by the El Nino-Southern Oscillation (ENSO), a weather
phenomenon which cycles between three phases: neutral, La Nina, and El Nino. During the El Nino period, the weak-
ening of Walker circulation reduces the upwelling of cool water from the ocean depths resulting in warmer sea surface
temperatures (SST) in the Pacific Ocean, engendering warmer weather across South America. La Nina is the cooling
phase of the ENSO wherein Walker circulation strengthens and cooler water rises, increasing rainfall and allowing the
dry areas of the forest to recover (Zeng et al., 2008).

While the ENSO has a range of climatic effects globally, El Nino has direct impacts on precipitation, temperatures,
and other weather phenomena in South America. Most notably, El Nino was responsible for the severe droughts in
South America in 1982-83 and 1997-98 (Jiménez-Muifioz et al., 2016). The 200305 drought in Amazonia, which was
the most severe drought in over a century, however, was not caused by the ENSO but rather anomalous North Atlantic
warming (Phillips et al., 2009). These drought events have been gradually increasing in intensity, which in combination
with a warming climate, has exerted extreme stress on the Amazon Rainforest. Furthermore, the ENSO has been
changing in association with climate change (Yeh et al., 2009).

Recent scholarship in ecology has focused on assessing the resilience of the Rainforest to drought (Phillips et al.,
2009). Technically, the resilience of an ecological system refers to the maximum perturbation which it can endure with-
out undergoing a regime shift. Three stable states (regimes) have been identified in the Amazon: forest, savanna, and
treeless. A critical transition will potentially occur if extreme perturbations, such as drought and widespread fire, con-
tinue to occur in the Amazon at the present rate. The two greatest threats to the Amazon’s current rainforest regime are
deforestation and drought, which act synergistically to amplify risk of forest dieback by a factor of 6.6 (Staal, Dekker,
Hirota, & van Nes, 2015; Yeh et al., 2009).

The Amazon Rainforest historically has had a natural resilience to seasonal dry periods and even droughts due to its
self-generated humidity, classified as an understory microclimate (Staal et al., 2015). The process of evapotranspiration
saturates intact closed-forest canopies with ample moisture to effectively combat bouts of drought. However, sus-
tained droughts like the one experienced in 2005 increase tree mortality and enhance the intensity and frequency
of fires. In areas of the rainforest which have already been degraded by human activity, prolonged drought could
spark the mass dieback of entire regions of the Amazon (Staal et al., 2015). The degradation of closed-canopy forests
through human activity can thus trigger a positive feedback loop wherein the initial vulnerability to drought and fire
further erodes the effectiveness of the understory microclimate which, in turn, diminishes resilience ad infinitum (Staal
et al., 2015).

Drought is a pernicious force for the Amazon, and climatic extremes increasingly exacerbate both drought and
flooding. In 2021 Central Brazil experienced its worst drought in 100 years (Branford & Borges, 2021). Water volume
for areas like the Parana River Basin fell to their lowest levels in decades (Branford & Borges, 2021). The Parana Basin
area specifically is home to about a third of Brazil’s population, and also includes major population centers for
Paraguay and Argentina (Branford & Borges, 2021). More broadly, drought is becoming more frequent and more
widespread across the Amazon (Marengo et al., 2021; The Earth Observatory, 2021). Simultaneously, La Nifa is lead-
ing to increased flooding in areas of the Amazon, and the transition from El Nifio and La Nifia is becoming more fre-
quent, and with more severe effects on South America, as climate change escalates (Fearnside, 2021). For example, in
2021, rivers around Manaus, the biggest city in Brazil’s Amazon rainforest, swelled to unprecedented (Crispim &
Jeantet, 2021). Moreover, as the rainforest’s degradation continues, both drought and flooding may become more likely
and more severe. This is because where rainforest is cleared, water is not collected by surrounding flora, and slides
toward streams instead, where these go on to accumulate high rainy-season water flows (Fearnside, 2021). At the same
time, soil in degraded areas does not retain water as effectively as the soil from healthy rainforest areas, lowering
protections against drought (Fearnside, 2021). Furthermore, the mortality rates of trees was elevated for 3 years
following the drought and trees located in forests that had been affected by human activity, such as selective logging
and understory fires, were more likely to die following the drought and fires (Berenguer et al., 2021), indicating that
human-modified forests lose resilience. This illuminates this complex and dangerous climatic feedback loop: rainforest
loss caused by drought and growing dry spells could cause more trees to succumb to such stress and in turn trigger
ever-increasing climate fluctuations across Latin America. Though more research is needed to distinguish in detail
which parts of the Amazon are likely to see drought rather than flooding, how likely these are to persist into the future,
and how far these effects reach on the global level, climate change’s effects in this regard are vivid and apparent.
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3.5 The Amazon and climate change

Climate change is responsible for a plethora of primary and secondary effects (Butler & Harley, 2010). It directly
impacts seasonal variation, GAST, precipitation, the frequency of extreme weather events, and other biogeochemical
phenomena globally. These changes to global weather and climate in turn have secondary consequences on the struc-
ture, vitality, and resilience of the interconnected network of global biomes. These consequences include habitat loss,
mass migration, biodiversity loss, and increased extinctions. In addition to climate change, increased human activity in
primary forests for agricultural, mining, or other economic purposes often results in ecosystem degradation through
logging and intentional burning. Tropical forests are the most species-rich ecosystems globally and the Amazon is the
most biodiverse region in the world, making it a high priority for conservation and greater action.

The heart of the problem of forest-fires in tropical rainforest lies not in the mere presence but rather the frequency of
fire. Evidence from soil samples shows that fires have occurred naturally in rainforests in the past, but they are
extremely rare, so endemic species haven’t adapted sufficiently to regular burning (Cochrane, 2003). Tropical forest
fires are largely dependent on disruptive activity at forest edges. While natural phenomena like lightning strikes and
volcanic eruptions can cause fire in the interior region, most fires are associated with human activity and thus, occur at
the edge of tropical forests.

Undamaged tropical forests are by nature fire-resistant even during periods of extreme drought. Rainforests inhibit
sustained burning through the recycling of moisture within the forest canopy (Uhl, Kauffman, & Cummings, 1988).
Evapotranspiration creates high levels of humidity which acts as a barrier to burning, but deforestation and fragmen-
tation reduce the effectiveness of this barrier, in turn, increasing the likelihood and severity of sustained fires. Dam-
aged tropical forests, on the other hand, are especially vulnerable to increases in average surface temperatures, dry
periods, and weather extremes—all of which are effects of climate change. The main driver of fires in tropical forests
is changes in land cover through human activity. Logging, road building, and deforestation cause fragmentation, the
desiccation of forest edges, and increase the likelihood of fire in tropical forests.

3.6 The Amazon’s tipping point

Biodiversity isn’t merely a consequence of climate, but also has significant consequences for the climate (Salati,
Dall’Olio, Matsui, & Gat, 1979). For example, the Amazon produces around half of its annual rainfall through the pro-
cess of evapotranspiration. Accordingly, the hydrological cycle of the Amazon is dependent on the area of intact rain-
forest. Deforestation, as it erodes this area, diminishes the ability of the rainforest to produce its own rainfall. At a
certain point, the rainforest will no longer generate enough evapotranspiration to support the hydrological needs
of its own ecosystem and will consequently transform into a semi-arid savannah (Lovejoy & Nobre, 2018). The level
of either (1) deforested area or (2) increased GAST at which this will occur is referred to as the Amazon’s tipping point
(Amigo, 2020; Lovejoy & Nobre, 2018, 2019).

The tipping point is twofold: either when deforestation reaches 20%—25% or at a 4°C increase in GAST, the Amazon
will reach a tipping point (Sheil, 2018). These two tipping points form a positive feedback loop in that deforestation
releases CO,, methane, and other greenhouse gases and diminishes the carbon sequestering ability of forests, contrib-
uting to the greenhouse effect. Simultaneously, a warming climate exerts pressures on the rainforest, making it more
vulnerable to degradation. The incidence of severe drought and flooding indicates that the Amazonia biome is oscil-
lating and may already be showing signs of the tipping point. While scientific uncertainty may still exist regarding the
exact thresholds, “there is no point in discovering the precise tipping point by tipping it” (Lovejoy & Nobre, 2018). The
intact hydrological cycle of the Amazon is necessary for human wellbeing in South America and around the globe. The
consequences of this ecosystem transforming into a savannah would be far-reaching, multi-faceted, and likely
irreversible.

3.7 Drivers of deforestation

The primary drivers of the degradation of the Amazon are economic in nature. Agricultural and extractive indus-
tries, such as farming and mining, are key components of Brazil and the other Amazon nations’ economies. The
destructive methods used to expand the agricultural frontier further into primary rainforest include clear-cutting
and burning, both of which are allowed by the current political leadership in Brazil. Deforestation decreased by
75% in the period between 2005 and 2014 but rose sharply following the election of the current president, Jair Bolsonaro
(Nobre & Nobre, 2018). This is a clear example of the administration’s priority of economic expansion and growth at
the cost of environmental degradation.
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The growing consumption and demand for agricultural products like beef and soybeans (which can be used for
pork feed) creates an economic opportunity for Amazonian countries like Brazil. A clear example of this growing
opportunity can be seen with soybean exports in Brazil, which totaled $ 2.19 billion USD and 3.81% of total exports
in 2000 (OEC, 2021). The year 2010 saw Brazil export over $11 billion USD worth of soybeans, making it 5.37.% of its
total exports (OEC, 2021). In 2019, $26 billion USD of soybeans were exported from Brazil, and imported mainly by
China ($20.5 billion) and Europe ($2.32 billion) (OEC, 2021). The prioritization of short term economic growth over the
protection of the natural environment and sustainable action is counter-intuitive. As discussed previously, the Ama-
zon Rainforest plays a crucial role in maintaining hydrological cycles for South America and the planet. Degrading this
land and ecosystem will disrupt the same natural cycles that the agricultural industries depend on. Regardless of the
long term consequences, growing international demand for these products drives these industries to expand.

Another key driver of deforestation in the Amazon is the weakening of IPAs, and the degrading respect for the
rights of Indigenous Peoples and their lands. Indigenous Land demarcation and violent evictions plays a role in tar-
geting new primary Rainforest territory in the name of “economic development.” In Brazil, there have been several
new laws waiting to be implemented to protect and legalize unethical and violent land seizures from Indigenous Peo-
ples (Abessa, Faméd, & Buruaem, 2019; Brito, 2021; Brito, Barreto, Branddo, Baima, & Gomes, 2019; de Area Ledo
Pereira, de Santana Ribeiro, da Silva Freitas, & de Barros Pereira, 2020; Ferrante & Fearnside, 2019). These laws not
only strip Indigenous Peoples of their lands and livelihoods, but also help speed up the process of land use change.
Dramatic and rapid land use change has significant implications for the rise of zoonotic diseases as well.

The general lack of respect and regard for the protection of Indigenous Protected Areas (IPAs) and the rights of
Indigenous peoples contributes to deforestation. Many laws that protect IPAs already exist, but are simply not
upheld or respected. For example, the Brazilian Constitution of 1988 recognizes the rights of Indigenous Peoples
and that they must be involved and heard from before any sort of development can take place. However, IBAMA,
the governmental body that monitors environmental threats, was weakened by budget cuts and its representation
removed from 21 of Brazil’s 27 states and significantly reduced their budget (Chase, 2019; de Area Ledo Pereira et al.,
2020; de Area Ledo Pereira, Silveira Ferreira, de Santana Ribeiro, Sabadini Carvalho, & de Barros Pereira, 2019;
Fearnside, 2016). Currently, IBAMA is reputed to have the lowest performance in its history: There has been very
little action taken against illegal extractivist actions, despite the soaring rates of deforestation (Chase, 2019). The cul-
ture of ignoring the cries of the Indigenous plays a significant role in continuing the practices of degradation and
deforestation in the Amazon.

The intersection of global economics, human rights issues, climate change, and environmental degradation make
deforestation in the Amazon Rainforest a complex and multifaceted issue. The drivers of deforestation must be
resolved with a better, more sustainable framework, otherwise the steady degradation of the Amazon Rainforest
can be expected to continue toward an unrecoverable tipping point. And from there on, the climatic consequences
for South America and the entire planet will be dire.

3.8 Zoonosis, climate, and the Amazon

As deforestation marches forward in the Amazon, so too does the risk of disease—specifically, zoonoses. A zoonotic
disease, or zoonosis, is a kind of emerging infectious disease characterized by how it spreads to humans: through con-
tact with vertebrate animals (WHO, 2021). A zoonotic pathogen is defined as any pathogen that can be transmitted
from animals to humans and in turn cause disease. When there is the rare occurrence of a pathogen being passed from
an animal to a human, it is known as a spillover event. Every year, zoonoses account for millions of deaths and around
one billion cases of illness (WHO, 2021). Out of all reported infectious diseases, nearly two thirds are zoonotic (WHO,
2021). Zoonoses are responsible for some of the most well-known recent disease outbreaks, with examples including
Bird Flu, HIN1, SARS, and COVID-19 (UNEP, 2020).

Because of its recentness and global impact, the COVID-19 pandemic offers a compelling and high-profile example
of the large-scale danger of latent diseases and of zoonoses specifically. The pandemic’s costs are wide-ranging and
multidimensional. By the end of 2020, 94 million people had been pushed into poverty as a direct result of the pan-
demic, while further increases in poverty were likely to be seen by women and girls disproportionately (UNDP, 2020).
At the height of the virus’ initial spread in early 2020, more than 1.5 billion students were unable to attend school,
reducing the duration and quality of their learning in both the short and long-term (The World Bank, 2020). The Econ-
omist estimates that global GDP in 2020 was nearly six trillion dollars lower than it would have been had SARS-CoV-2,
the pathogen which causes COVID-19, not spread (The Economist, 2021). These are only a few of the pandemic’s
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consequences, and these are all on top of the direct loss of life due to COVID-19, which totaled 1.8 million deaths by the
start of 2021 (WHO, 2021). The total losses as a result of the pandemic are incalculable.

In light of this, research has called for increased attention by governments and other organizations to the prevention
of future pandemics (UNEP, 2020). At the same time, zoonotic diseases are becoming more common around the globe
(Bowman, 2020; UNEP, 2020). Part of the reason for this increase is climate change: some of the drivers of climate
change are also drivers of increased zoonotic disease spread, and climate change itself exacerbates some of these
drivers (UNEP, 2020). Recent research in Nature surveyed approximately 6800 ecological communities across six con-
tinents, and found that land-use changes systemically contribute to harmful interfaces between humans, wildlife, and
pathogens (Gibb et al., 2020). While such research highlights a dangerous trend of emerging disease, it stops short of
predicting where zoonotic outbreaks may occur. However, literature on zoonosis increasingly focuses on the Amazon
Rainforest as a site of potential future zoonotic spillover (Bowman, 2020; Conservation International, 2021). A number
of trends in the Amazon explain this increased attention: not only is human expansion into the Rainforest through
deforestation increasing, but so too is land use change and urbanization, among other drivers of zoonotic spillover.
At the same time, climate change aggravates other mechanisms by which zoonoses can spread in the Amazon, includ-
ing human migration and altered patterns of extreme weather. Manaus, the capital of Amazonas state in Brazil, expe-
rienced two brutal waves of COVID-19, The city’s cumulative death toll, roughly 9000, is among the world’s highest
per capita (Grossman, 2021). Against the backdrop of climate change and the increasing destruction of crucial areas
like the Amazon Rainforest, understanding the relationships between zoonoses, climate, and the Amazon can help
prevent future disease spread, and even future pandemics.

One way zoonoses emerge is through the direct spread of pathogens to humans during deforestation. As is well-
known, deforestation in the Amazon is widespread, and has been increasing in recent years as well (Butler, 2020;
Mongabay, 2020). When an area is deforested, its flora and fauna are thoroughly removed or destroyed until the land
is clear. So, the deforestation process places human beings in close proximity to endemic species, as well as to their
pathogens (Ellwanger et al., 2020). This is where zoonotic “spillover” events may take place, and where zoonoses gain
a foothold in humans. Though the literature on spillover during Amazon deforestation is still developing, a mecha-
nistic model produced by Faust et al. (2018) describes which kind of deforestation provides the environment most
likely for spillover events to occur. According to these simulations, spillover events are relatively uncommon at
the start of the deforestation process, when a smaller amount of forest has been converted into clear land (Faust
etal., 2018). As well, the likelihood of spillover events decreases nearer to the end of the deforestation process, when
the amount of cleared area overtakes the amount of yet-to-be-deforested land. Instead, the likelihood for spillover
effects is highest during the lengthy middle of the deforestation process, when there is a roughly equal amount of land
deforested as not-yet-deforested. This is because spillover events take place at the edges of the forest, and as defores-
tation progresses, the length of forest edge increases (Faust et al., 2018). The model predicts that the deforestation pat-
tern most likely to lead to spillover is a “checkerboard” pattern because this maximizes edge length (Faust et al., 2018).
This checkerboard pattern is precisely how deforestation is done in the Amazon (Bowman, 2020; Dobson et al., 2020).
Along the edges of this checkerboard, humans and their domesticated species remain in close proximity to the local
species of the rainforest, thereby provoking spillover risk. As well, Faust et al.’s model predicts that infections are most
likely to occur past 25% of area converted—as of 2021, the Amazon overall has reached around 20% deforestation
(Lovejoy & Nobre, 2019).

In addition to the risks of direct interaction between human beings and wildlife along forest edges, deforestation
promotes zoonotic spillover in other, more indirect ways. One of these has to do with the “dilution effect,” which is the
theory that areas of high biodiversity show reduced spillover to humans (Khalil, Ecke, Evander, Magnusson, &
Hornfeldt, 2016; UNEP, 2020). This is because an area of high biodiversity requires pathogens to cross between more
species before they are likely to reach contact with a human, and the more species barriers there are between a path-
ogen and humans, the less likely it is that zoonotic spillover will occur (Ellwanger et al., 2020; Khalil et al., 2016). One
corollary of the dilution effect is that areas of low biodiversity carry more risk regarding spillover, as a pathogen found
in one species is then more likely to be widespread among the population, due to the absence of these barriers
(Ellwanger et al., 2020; Khalil et al., 2016). At the same time, one effect of deforestation in the Amazon is a reduction
in biodiversity. As flora and fauna are cleared, only the most resilient species remain, such as rodents and bats, both of
which are known hosts for a range of zoonotic diseases (UNEDP, 2020). Bats in particular are prominent in the Amazon:
12% of the world’s 1400 bat species, known to host an incredible range of viruses, move through the Rainforest
(Grossman, 2021).

One other side-effect of deforestation is the “coevolution effect” (UNEP, 2020; Zohdy, Schwartz, & Oaks, 2019),
whereby the checkerboard pattern of deforestation creates isolated islands of rainforest surrounded on all sides by
deforested land and disconnected from other such islands and the rainforest as a whole. This bottleneck effect,
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combined with biodiversity loss, affects evolutionary pressures on the species remaining in the island—the coevolu-
tion effect hypothesizes that these rainforest fragments undergo rapid diversification, and this increases the likelihood
that pathogens will adapt enough to spill over (UNEP, 2020; Zohdy et al., 2019). Though empirical studies into both of
these deforestation side-effects are not yet plentiful (UNEP, 2020), they reinforce the notion that deforestation functions
as a driver of zoonotic spillover.

Compounding the risks of zoonotic disease emergence is how this land is often used after it is deforested, which
includes agriculture and urbanization. Agribusiness industries, especially beef and soy, are widespread in the Ama-
zon. More than two thirds of deforested lands in the Amazon go on to become cattle pasture (Cerri et al., 2018), and
these industries are commonly cited as drivers for further Amazon deforestation and the overall carbon emissions of
Amazonian nations (de Area Ledo Pereira et al., 2020; Dias Galuchi, Rosales, & Batalha, 2019). Agriculture and land use
change facilitate several specific mechanisms for zoonotic spread, including increased and sustained human activity
near to the rainforest as well as interaction with peridomestic species like cattle or pigs, which historically have been
notable actors in previous zoonotic outbreaks (UNEP, 2020). Some well-studied examples of this are the 1998-2005
Nipah virus outbreaks in Malaysia and then Bangladesh, where land use change allowed interaction between species
which would not otherwise meet (UNEP, 2020). In the case of the Nipah virus outbreaks, peridomestic pigs encoun-
tered fluids from fruit bats originating in the forests next to pig farms. From there, farmers sold infected pigs to other
commercial agriculture projects, propagating the outbreaks in humans, which ultimately required the culling of
around one million pigs (UNEP, 2020). In this way, zoonotic outbreaks involve not only local scales but also interna-
tional ones, and this precedent has implications for nations which share the Amazon Rainforest.

Secondly, urbanization is associated with zoonotic disease emergence. With a higher population density for both
humans and urban vertebrates like mice and bats, risk increases for disease spread. Though urbanization also some-
times develops alongside improved public health infrastructure, the Amazon is an area of “de-urbanization” as well as
urbanization, where de-urbanization is the abandonment of urbanized areas by sources of health infrastructure and
resources, like the government (Ellwanger et al., 2020). Literature identifies a range of other interlocked drivers of zoo-
notic disease emergence in addition to these, including the international exotic pet trade, the expansion of extractive
industries like gold mining, the construction of roads, sex work, and wildlife consumption (Ellwanger et al., 2020).
Together, these mechanisms produce a wide and varied web of ways whereby zoonoses can reach humans.

Furthermore, climate change is itself a driver for some mechanisms of zoonotic disease emergence. A literature
review by Nava, Shimabukuro, Chmura, and Luz (Nava, Shimabukuro, Chmura, & Luz, 2017) found that a variety
of extreme weather events as well as familiar climate events like El Nifio and La Nifia have a relationship to infectious
disease outbreaks. Specifically, increased temperature, altered precipitation, and increased likelihood of weather
events like floods or drought are all associated with increased emerging infectious disease spread (Nava et al,,
2017). This is particularly relevant for the Amazon area, which is simultaneously experiencing more severe drought
and more severe flooding between its Eastern and Western halves, respectively, as climate change escalates (Fearnside,
2021). In addition, human migration, which is itself associated with climate change, provides increasing opportunities
for pathogens to spread to and among humans (Ellwanger et al., 2020; UNEP, 2020).

3.9 Indigenous people in the Amazon

The Indigenous people of the Amazon are not a homogeneous group and represent an array of practices and inter-
actions with the environment. There are Indigenous people living in urban settings and some are even involved in
extractive industries. Our focus here, however, is on the many Indigenous people living in forest reserves or Indige-
nous Protected Areas (IPAs). Much of the Amazon Rainforest has been demarcated as Protected Natural Areas or
Indigenous Territories in which Indigenous communities reside (RAISG, 2018; Walker et al., 2009). According to at
least one study, the overlap of natural areas under Indigenous stewardship is at least 52% (RAISG, 2018). Indigenous
people have lived in the Rainforest for millennia, and although the foundational purpose of IPAs was primarily to
safeguard their ancestral lands and cultures, there is strong evidence to suggest that IPAs also conserve biodiversity
and ecology (Blackman & Veit, 2018; Lovejoy & Nobre, 2019; Makondo & Thomas, 2018; Walker et al., 2020).

Many of the Indigenous people of the Amazon and other forest communities have been a bulwark against defor-
estation for decades. Many Amazon Indigenous cultures hold cosmologies grounded in the sanctity of their forests
(Bowman, Dale, Dhanani, Nehru, & Rabishaw, 2021) and IPAs often feature diverse environmental interactions
and the sustainable use of natural resources. There is growing recognition that these areas are critical to protect eco-
systems, biodiversity, natural resources and cultural expression where formal conservation initiatives may not exist
(Blackman & Veit, 2018; Londono et al., 2016; Walker et al., 2009).
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As stated, the present crisis in the Amazon is grounded in illegal land clearing and (Fearnside, 2008) setting of fires
to clear lands for agricultural expansion (Bowman, 2019a). Currently, unsustainable forest clearing is rapidly rising
across the nine-nation Amazon region. What is clear in recent years is that Amazon IPAs are increasingly vulnerable
to the less conspicuous processes of forest degradation and disturbance, which diminishes carbon storage and ecolog-
ical integrity and is closely linked with land seizure and fire (Ferrante & Fearnside, 2019; Silva, da Costa, de Farias, &
Wanderley, 2020; Walker et al., 2020). The trend toward weakening of environmental protections, Indigenous land
rights, and the rule of law thus poses a profound existential threat to IPAs.

Important other actors in the Amazon’s recent history are the Grileiros— “land grabbers.” These are groups which
operate by illegally removing trees and then igniting the rainforest, in order to forcibly clear the land. Often, this pro-
cess involves the violent expulsion of Indigenous peoples from the area (Bowman, 2019a). After removing the most
profitable tree species, the Grileiros burn and degrade the remainder enough that new settlers can move in, introducing
cattle and other industrial uses for the land (Bowman, 2019a). Under Brazilian law, the transformation of the land to
industrial use offers a path to obtain legitimate title for the land, thereby incentivizing Grileiros to be the forerunners of
industry (Bowman, 2019b). Due to their confrontational and illegal practices, the Grileiros are in constant conflict with
communities across the Amazon (Bowman et al., 2021).

The Amazon Rainforest has been occupied by Indigenous people for at least ten thousand years (Butler, 2005, 2019).
There is evidence to suggest the existence of large and sustainable civilizations complete with cities, elaborate food
storage, water management, and other complex technologies, well before European contact (Jarrett, Cummins, &
Logan-Hines, 2017). When the European colonizers entered their lands in the 1500s, the populations which once
thrived began to rapidly decline. Although the early days of contact, in which Indigenous people were given European
goods to harvest the timber, were relatively peaceful, respect gradually began to erode and they were enslaved. Defor-
estation escalated as regions were cleared of trees and converted into plantations to grow cash crops using intensive
slave-labor.

The Amazon rubber boom emerged in the late nineteenth century, resulting in a mass expansion of European col-
onization in the Amazon (Coomes & Barham, 1994). This wreaked havoc on Indigenous societies while generating
large amounts of wealth for the Europeans. Horrendous atrocities were unleashed on the Indigenous people of the
Amazon, including murder, land theft and enslavement. By the middle of the 20th century, the size of their popula-
tions had shrunk by 80%-90% and some anthropologists predicted there would be no Indigenous groups left by 1980
(Coomes & Barham, 1994). When the Amazon was opened up for development by the military in the 1960s, 70s and
80s, a new wave of hydro-electric dams, cattle ranching, mines and roads cost tens of thousands of Indigenous peoples
their lands and lives. Dozens of tribes disappeared forever (Coomes & Barham, 1994).

Despite the crimes committed against them, the size of the Indigenous populations has gradually started to grow
once more. Although diminished in numbers, Indigenous peoples have shown remarkable strength and resilience
against more than 500 years of colonialist attack. With little local or international attention, the Indigenous people
of the Amazon and local communities have impeded deforestation and associated greenhouse gas emissions for
decades (Blackman & Veit, 2018; Makondo & Thomas, 2018; Walker et al., 2020). Their sustainable forest management
systems create climatic and health benefits for all. This management paradigm lays a foundation for the protection of
forests and ecosystems, giving everyone the benefits of stabilizing a changing climate and allowing for healthy, bal-
anced ecosystems for human well-being. It also creates an opportunity for all to see there is another way to view the
natural world beyond economics, development and industrialization.

The impacts on Indigenous territories supported by environmental and human rights focused organizations
working at the local level are palpable. An example of this is the Kayapé Project (About, 2020), in which the Kayapo
Indigenous people of the southeastern Amazon allied with conservation NGOs to protect almost 10 million hectares
of their ratified territories. Improved surveillance and the development of resource management and income gen-
eration activities have resulted in forestland that has clearly remained intact throughout most of Kayapé (About,
2020). Yet satellite imagery shows that over 1 million hectares of Kayap¢ territory not aligned with environmental
groups is victim to illegal invasion by gold mining and loggers (Zimmerman & Ferreira, 2020). Reversing this trend is
foundational for the future of climate-buffering Amazon forests for the well-being of ecosystems and human
flourishing.

3.10 Isolated indigenous groups

Although a minority, and of great surprise to many, there remain groups of uncontacted people in the world, and by
far the world’s most significant and controversial isolated people are located in the western Amazon (International,
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2022). The existence of these groups is not just a human rights issue, but also holds environmental and climate impli-
cations. The remote Javari Valley in the Brazilian Amazon, which is approximately the size of Austria, is a protected
home to the highest number of uncontacted groups on Earth (Tickle, 2013). Until recent incursions, it remained
completely off limits to all economic and tourist activities. The protection of this valley is critical to the survival of
these tribes as well as securing a massive swath of pristine Rainforest—which has several climatic and environmental
implications.

Some governmental, religious groups and even a few anthropologists are pushing for the “planned contact” of
isolated people, arguing that these people have a right to the amenities of the 21st century (Howe, 2015; Walker &
Hill, 2015). Moreover, they claim that if political and economic conditions remain unchanged, tribal groups could be
wiped out by unauthorized incursions into their land for mining, gas and oil and timber, which will inevitably lead
to violence and degradation. Yet, national and international law guarantees these isolated peoples’ the right to own-
ership of their lands. The most ethical way for contact to occur is if initiated by the isolated groups themselves
(Ahmed-Ullah, 2017). The question of what are the responsibilities of the Amazonian nations toward these groups,
who do not even know of the nations’ existence, represents a larger human rights issue. It is important to remember
the future of the uncontacted groups of the Amazon is a complex challenge yet holds climate significance among its
considerations.

4 Recommendations

4.1 Securing indigenous stewardship

As previously stated, the amount of land in the Amazon Rainforest under the control and influence of Indigenous
people is considerable. Indigenous land rights and human rights are a critical element of securing the climatic stabi-
lizing forces of the Amazon. The Amazon Rainforest was home to agricultural and sedentary societies of great com-
plexity long before European contact, for at least 10,000 years (Butler, 2005, 2019). Unlike current land-users, these
groups were able to utilize resources from the Rainforest in a sustainable way, in which they met their food security
needs while preserving ecosystem health. Many Amazonian Indigenous communities continue to priorities the sanc-
tity of their forests (Etchart, 2017), and today, Indigenous Protected Areas (IPAs) are critical to conserve ecosystems,
biodiversity, natural resources and cultural expression (Blackman & Veit, 2018; Londono et al., 2016; Walker et al.,
2009). Allowing Indigenous communities to remain stewards of the Rainforest, as well as using Indigenous knowledge
to formulate sustainable agricultural strategies, are necessary steps to mitigate the Amazon’s degradation.

Research highlights that IPAs contribute to sustaining the Amazon biome and helping mitigate climate change
(Blackman & Veit, 2018; Makondo & Thomas, 2018; Walker et al., 2020) by serving as significant carbon sinks. IPAs
have been credited for storing over half of the Amazon’s carbon (Walker et al., 2020), and in Brazil, IPA regions con-
serve around 27 times more carbon than non-protected areas (Walker et al., 2020). Indigenous land management in
Brazil, Bolivia, and Colombia was found to correlate with a marked reduction in deforestation and carbon emissions
(Blackman & Veit, 2018).

However, it is important to reiterate that in the 21st century, Indigenous groups are not homogenous. While some
groups have remained completely uncontacted by modern societies, others do not live within IPAs at all; indeed, many
such communities are shaped by, and participate in, modern market forces to different extents. Indigenous people may
sometimes even engage in the burning of forest to clear land for productive use (Gray, Bilsborrow, Bremner, & Lu,
2008). Nevertheless, in general, Indigenous communities tend to value forest conservation and prefer forest manage-
ment strategies that are relatively environmentally benign (Blackman & Veit, 2018). Some theories that Indigenous
communities are accustomed to dealing with the challenges posed by a changing climate. Although the rapidity
and magnitude posed by climate change might be unfamiliar, they nonetheless have coping and adaptation knowl-
edge that has been passed through generations (Makondo & Thomas, 2018).

Legal systems protecting Indigenous people exist throughout the Amazon nations, however, they are often limited
in scope and poorly enforced (Greaves, 2018; Merino, 2018). Participatory channels, such as prior consultation, consent
processes, and environmental impact assessments (EIAs) are not given enough weight, and in turn do not give Indig-
enous people a substantive voice in the crafting of policies which profoundly affect them (Chase, 2019; Merino, 2018). It
is very clear that when governance prefers extractive industries, Indigenous participation in decision-making declines
(Eichler, 2019; Greaves, 2018).

Indigenous communities are greatly threatened by an ecological crisis which is caused by a complex set of drivers
that they are often not responsible for, and have little to no control over. The human rights violations are inseparable
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from issues of environmental health. Securing Indigenous peoples’ right to be stewards of the Amazon emerges as a
solution to both crises. It is imperative that the demarcation and enforcement of Rainforest land as IPAs be a contin-
uous process, and that Indigenous people be invited to participate in the highest levels of policy and decision making.
This is the surest way to preserve the Rainforest, its global ecological benefits and the rights of the people who
inhabit it.

4.2 Leveraging indigenous knowledge

Owing to Indigenous groups’ history of sustainable forest management, their knowledge and perspectives can be
great sources of building climate resilience strategies. They were able to achieve food security in a changing climatic
and social environment through closed-canopy forest enrichment, limited clearing for crop cultivation, and low-
severity fire management (Maezumi et al., 2018). Although much of what was known about their forest cultivation
techniques was lost when Indigenous populations declined due to European diseases, genocidal practices, and slavery
(Mann, 2005), insights can nonetheless be gained.

Cultivation within agroforestry systems offers a promising alternative and more sustainable form of development
for the Amazon. Agroforestry is a method involving the deliberate growing of crops under the forest canopy. This
dynamic, ecologically based, natural resource management system of land-use merges agriculture with primary for-
ests (Weber, Glinter, Aguirre, Stimm, & Mosandl, 2008). This sustains and diversifies crop production while minimiz-
ing pressure placed on the Rainforest and maintaining biodiversity, thereby increasing the social, economic and
environmental outcomes (Van Noordwijk et al., 2019).

The technique was favored by Indigenous communities long before European arrival (Clement, 1999) but was
replaced by more extractive methods, such as cattle ranching and monoculture, following growing industrial demands
in the nineteenth century. Agroforestry is still practiced by a few in the Amazon, however, mostly by Indigenous
farmers on a small, subsistence scale. For example, the Kichwa Indigenous people of the Ecuadorian Amazon cultivate
staple food and medicinal plants into small plots of Rainforest land that mimic natural forest ecosystems. Over time,
cash crops such as coffee and cacao came to be integrated into so-called chakra systems, as a way to sustainably
increase the income of rural farmers. However, these attempts to commercialize chakra have not been successful
(Jarrett et al., 2017).

Farmers are prevented from scaling up these projects by barriers involving market problems, resistance by farmers,
and limited support from the government, among other factors. In addition to requiring a large initial investment,
there are currently only a few economically valuable species that can be grown in an agroforestry system. It is difficult
for smallholders to be competitive in the market and earn an adequate livelihood using agroforestry (Jarrett et al.,
2017). There is therefore a need for equitable development policies and programs to support such initiatives. These
policies could be related to land tenure, land use, rural credit, research and extension, or subsidized production in
these systems (Jarrett et al., 2017; Porro et al., 2012). Agroforestry is an opportunity to link environmental opportu-
nities with economic realities while simultaneously enhancing the livelihoods of Indigenous communities in the
Amazon. A healthy, multi-national, debate needs to be ignited regarding sustainable economic development in the
Amazon region, including raising awareness of agroforestry.

Around the world, Indigenous Knowledge has proven invaluable in constructing sustainable practices for forest use
with positive results. For example, in Vietnam, the agricultural knowledge accumulated through centuries of obser-
vation and experimentation by the Yao people is being combined with scientific knowledge to make accurate decisions
and help local communities adapt to climate change (Son, Chi, & Kingsbury, 2019). Similarly, Indigenous knowledge
from the Nharira community in Zimbabwe is being implemented to conserve forest and wildlife resources (Mavhura &
Mushure, 2019). Examples like these should serve as a model for future mitigation strategies against climate change.

4.3 National protection of the Amazon

Weakening environmental governance and enforcement throughout the Amazon nations exacerbates Rainforest
degradation. For instance, in 2019, Bolivian farmers were permitted to use slash and burn methods to clear the rain-
forest for increased output (Machicao & Ramos, 2019) and in 2018, the Peruvian government permitted the construc-
tion of roads through the Amazon which was estimated to put 3000 km (Butler, 2020) of primary rainforest, including
two Indigenous reserves, at risk (Finer & Novoa, 2018; Gallice, Larrea-Gallegos, & Vazquez-Rowe, 2019). These pol-
icies are accompanied by many governments’ lackluster response to recent severe environmental events, such as the
2020 oil spills in Ecuador’s Coca River (Recinos & Mazabanda, 2020). In Brazil, which contains the largest proportion of
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the Amazon, legislation was forwarded to promote less rigorous environmental impact review, a legal channel to
potentially displace Indigenous communities, the potential revoking of the protection of IPAs, and the sanctioning
of gold mining within Indigenous land (Abessa et al., 2019; Brito et al., 2019; de Area Ledo Pereira et al., 2020;
Ferrante & Fearnside, 2019). Such policies undermine national efforts to preserve the Amazon, and should be
abandoned.

One important way for Amazonian countries to protect their rainforest is to maintain and strongly enforce their
current environmental regulations (Arruda, Candido, & Fonseca, 2019; de Area Leao Pereira et al., 2019; Dias
Galuchi et al., 2019; Gallice et al., 2019). Research indicates that the destructive impacts of industry tend to be more
significant in areas where environmental regulations and their enforcement are less strong (le Polain de Waroux,
Garrett, Heilmayr, & Lambin, 2016). Thus, supporting the even implementation and enforcement of these regulations
through the Amazon can make a significant difference in regard to protecting the Rainforest itself, the Indigenous peo-
ples and others living among it, and the diverse ways whereby the Rainforest stabilizes global climate.

4.4 Transnational (intra-Amazon) protection of the rainforest

There is much that can be done at the national level to address the ecological crisis in the Amazon. In systems such as
the Amazon, where a natural resource spans multiple nations, it is critical that protective actions be coordinated (Wolf,
2007). Although each Amazonian nation individually formulated policies to address climate adaptation following the
Paris Agreement in 2016 (UNFCCC, 2016), these strategies are often disparate and insufficient (Tigre, 2019). Further-
more, any ecologically beneficial impacts of such regulations are diminished by the passing of contradictory policies
which have the opposite effect on the Rainforest.

The Amazon Cooperation Treaty Organization (ACTO) is an intergovernmental organization created to
strengthen communication and coordination between the eight Amazonian nations, as well as include Indigenous
participation in order to encourage sustainable development of the Rainforest (ACTO, 2010). However, from an envi-
ronmental perspective, the ACTO has not been entirely successful (Tigre, 2019). Several mandates related to climate
adaptation have been drafted, however only one has actually been implemented. The so-called GEF (Global Envi-
ronment Facility) is supposed to support the creation of new protected areas in the Amazon, however, has been
criticized for its broad mandates, lack of action-guidance, and poor efficacy (Tigre, 2017, 2019). In general, the ACTO
is said to suffer from a dearth of accountability, conflict-resolution mechanisms, and, importantly, funding
(Tigre, 2017).

Furthermore, any policies passed to protect the Rainforest are undermined by transnational commitments such as
the South American Regional Infrastructure Integration Initiative (IIRSA) and the Pacific Alliance (Creutzfeldt, 2018).
These agreements, which aim to strengthen social and economic cooperation between the Amazonian nations, have
the effect of opening Rainforest land to industrial projects such as highways, waterways, railways, and ports (Walker &
Simmons, 2018). Such development initiatives degrade the environment and turn IPAs into commodities (Laschefski &
Zhouri, 2019).

The Amazon Rainforest is a resource shared by many nations, therefore, it is the responsibility of each to ensure its
protection. The ACTO is a promising platform to mobilize a powerful, coordinated, transnational response against the
Amazon destruction. It has decades of a diplomatic history and a functioning institutional structure that can be taken
advantage of (Tigre, 2019). Addressing the ACTO’s shortcomings to help realize its potential, as well as reassessing the
value of agreements such as the IIRSA and Pacific Alliance, should be priority actions.

4.5 International protection of the Amazon

Considering the Amazon Rainforest’s intrinsic value as well as its global benefits, it is vital that the international
community assume responsibility for its protection. Much of the economic incentive driving agribusiness in the rain-
forest is fueled by the growing international demand for beef and soy, among other products. Therefore, promoting
sustainable consumer practices around the world is an important aspect of protecting the rainforest. The impact of
livestock could be minimized by raising awareness on the detriments of such activities. Public educational campaigns
about the environmental benefits of buying meat that is sustainably produced could be very effective (Silva et al.,
2020). Alternatively, countries could move toward growing their crops locally: in addition to giving nations better
control of production levels this would reduce environmental impacts, and enhance economic security. It is important
that these initiatives are global in scope, as China and the European Union are presently the greatest consumers of soy
harvested from the Amazon basin (OEC, 2021).
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The US President, Joseph Biden, has made clear that he is focused on the Amazon’s protection in addressing climate
change. In his first executive order on tackling climate change, he directed the U.S. Treasury and State departments,
along with the U.S. Agency for International Development and the International Development Finance Corporation, to
develop a plan for supporting protection of the Amazon through market-based mechanisms (The White House, 2021).
President Biden appears strongly committed to climate action in his administration’s foreign policy and the Amazon
Rainforest is central to this strategy. Some have suggested more extreme ways through which other nations can con-
tribute to the Amazon’s protection. These include imposing pressure on Amazonian nations to comply with environ-
mental regulations via economic sanctions or other interventions (Continente, 2019; Macedo, 2021). However, these
types of measures are controversial and ethically questionable because they undermine states” sovereignty.

Fortunately, it is becoming increasingly clear that the power of consumer pressure to take action on climate is now
influencing many companies, and Brazilian officials and corporations are noticing. In June 2020, a group of interna-
tional institutional investors that together manage more than $3.7 trillion in assets informed the Bolsonaro adminis-
tration that the group would take steps to divest from Brazil if it did not address deforestation caused by beef and soy
production (Harris, 2020).

There are now mounting financial incentives to discourage deforestation. These initiatives are rapidly evolving and
expanding. The first of considerable significance is REDD, an abbreviation for “reducing emissions from deforestation
and forest degradation.” REDD offers a new way of curbing CO2 emissions through paying for actions that prevent
forest loss or degradation. These transfer mechanisms can include carbon trading, or paying for forest management.
REDD has given way to REDD +, with the “plus” referring to “the role of conservation, and sustainable management of
forests (UN-REDD Programme, 2021).

The largest and most recent project of this kind is the Lowering Emissions by Accelerating Forest finance (LEAF)
Coalition, a public-private initiative that aims to enact beneficial climate interventions by providing finance to coun-
tries and regions that protect their tropical and subtropical forests (LEAF, n.d.). The governments of the United States,
Norway, and the UK are partnering with major international corporations to support emissions reductions in an
attempt to bring an end to deforestation (LEAF, n.d.; Sola & Butler, 2021). The initiative, if successful, will support
sustainable development while also benefiting billions of people who depend on tropical forests, with particular safe-
guards and priorities to Indigenous lands. LEAFS proponents say it improves on REDD + by working with far larger
units of land, and avoiding credits being issued from forests that would have been conserved anyway.

5 Conclusion

The Amazon’s inherent value, its astonishing biodiversity, and its importance to global climate and weather sys-
tems are significant reasons for humans to reevaluate our relationship with this rainforest. The Amazon serves as a
global carbon sink, a regulator of hydrological cycles, a refuge of wildlife and a source of Indigenous cultural value.
The incidence of recent droughts and floods in the Amazon suggests the ongoing degradation of the Rainforest by
weather and climate extremes. As the biome is further compromised, the Amazon’s local and global roles in climate
stabilization will falter. This may lead to further exacerbated weather and climate extremes. There is an urgent need to
implement sustainable solutions which will allow the Rainforest to recover from existing damage as well as prevent
future degradation, in order to allow it to fulfill its important functions. Considering the complex, interconnected
nature of the drivers which propel the Amazon toward its tipping point, it is evident that no single intervention will
solve this ecological crisis. A multifaceted approach, involving action at the individual, national, transnational and
international levels is required. This entails input from individuals of a diverse set of backgrounds and disciplines,
including not just scientists, but also Indigenous people and other community members, public health practitioners,
policy makers, lawyers and economists to name a few. It is important that they focus their efforts on a singular goal: to
save the Amazon Rainforest, the vast amounts of life contained within, and the intricate weather systems it sustains.
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1 Introduction

Coping with climate hazards has always been an important factor in the survival of agriculture in rural areas not
only in Fiji but globally. The agricultural sector of Fiji remains one of the important economic sectors, contributing
10.4% of the total gross domestic product (GDP) of the country (Pacific Community, 2021). It is argued that subsistence
or small-scale farmers are the most vulnerable to climate change due to their limited capacity to adapt (Alpizar et al.,
2020). However, there are limited empirical studies focused on the impact of climate hazards on agriculture in the
Pacific Island countries (PICs) (Méheux et al., 2007; Savage et al., 2020).

The literature on the coping methods against climate hazards in small island nations has shown that traditional
knowledge and methods are an important part of coping against climate hazards (Ahmad et al., 2021; Bell et al.,
2016; Kumar et al., 2020; Le Dé et al., 2018). Meanwhile, some studies show that the combination of modern and
traditional techniques is effective to enhance sustainability and resilience (gﬁmane et al., 2018; Velten et al.,
2015). Because of the scale of impact, the PICs now have rich literature on adaptation strategies to climate change,
including responses to natural hazards, postmanagement strategies, and several adaptation techniques (Crumpler &
Bernoux, 2020; Robinson, 2020; Savage et al., 2020). In Fiji, many empirical studies have previously been conducted
in natural hazard prone areas such as Ba, Rewa, Nadi, and Ra (Brown et al., 2017; Chandra & Gaganis, 2016; Cox
et al., 2018, 2020; McAneney et al., 2017; Nichols, 2019; Nolet, 2012, 2016). Nevertheless, empirical studies on
farmers’ perceptions of climate hazards and coping methods against the impact of climate hazards in agriculture
have not been much observed, except for a few (Taylor et al., 2016). Do farmers experience the impact of climate
change and in what way, what methods are they employing to cope with the impact of climate hazards, and are
those methods effective? Who is particularly vulnerable under the current changing climate? This chapter looks
at farmers’ perceptions of climate hazards, coping methods and adaptive capacity toward climate hazards, and
the effectiveness of the coping methods, using the case studies of Wainadoi and Navua in Viti Levu, Fiji. The
two sites were selected because both communities are agriculture based and have experienced numerous floods,
due to their location next to a river system.

2 Background

2.1 Vulnerability of Pacific Island country agriculture to climate hazards

Agriculture is an important sector in the South Pacific region. Agricultural products are a huge part of export in
many PICs, with food-producing activities such as agriculture and fishing being a major portion of the labor force
either commercially or for self-sufficiency (lese et al., 2020; Sisifa et al., 2016). Many of the PICs are located in or near
the cyclone belt or located near the tectonic boundaries of the Australian and Pacific plates, hence the countries are
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prone to natural hazards, including seismic activity, tsunamis and volcano eruptions (Noy, 2015). In addition, PICs
heavily rely on rainfall for freshwater, for both domestic consumption and agriculture, which increases PICs” vulner-
ability to extreme weather changes such as heavy rainfall and droughts (Noy, 2016).

The impact of climate change on agriculture includes changes in mean temperature, rainfall, winds, and the
increased intensity and frequency of extreme hazards such as cyclones, floods, droughts and heatwaves (lese et al.,
2020; Sisifa et al., 2016). According to Bell et al. (2016), the equatorial Pacific region can expect up to a 35% in increase
rainfall under the current high emission scenario with smaller increases in the north, while the southern tropical Pacific
with wet seasons becoming much wetter while dry seasons will become much drier.

Agriculture is highly sensitive to climate change as it depends on stable weather conditions for optimum growth
(Raggi et al., 2017). However, climate change has destabilized precipitation and temperature in the Pacific region,
which has increased the frequency and intensity of extreme weather events that threaten agricultural production
(Iese et al., 2020; Sisifa et al., 2016). The projected temperature increase will also affect the development of fruit crops
such as mango and papaya. The high temperature will increase the speed of panicle development, which results in
faster periods of growth while reducing the number of days for effective pollination for mango seeds. For papaya
crops, the temperature increase results in plant sterility due to flower drops among female and hermaphrodite plants
and sex changes among hermaphrodite and male plants. The temperature increase will also contribute to the spread of
diseases such as black leaf streak disease and dalo leaf blight, as higher temperature reduces the vitamin levels in fruit
and vegetable crops (lese et al., 2020; Sisifa et al., 2016). Factors such as recovery periods between natural hazards, high
temperature and less rainfall will also increase the levels of stress affecting agriculture such as soil infertility and salin-
ity levels. Climate change models indicate that increase in temperature of 1-2 degrees will incur a decrease in yield as
heat tolerance levels of crops are exceeded in tropical and subtropical regions (Hadgu et al., 2015).

According to Lee et al. (2018), there has been a significant increase in the number of severe natural hazards in the
South Pacific since 2008. For the PICs that depend heavily on rainfed agriculture and limited economic sectors, the
recent extreme weather events have had a serious impact on countries” economies. For example, Tropical Cyclone Win-
ston of 2016 in Fiji resulted in record-high prices of local agricultural products and the prices are expected to remain
high (lese et al., 2020; Sisifa et al., 2016). Human-induced climate change and associated changes in weather patterns
are considered the most significant threat to global food security, including production, access, stability and utiliza-
tion. The PICs are especially the most affected. Overall, the impacts of climate change on agriculture in the PICs are
observed through the loss of coastal land, increased contamination of groundwater and estuaries through saltwater
intrusion, and the increased severity and frequency of extreme weather events such as cyclones, drought and heat
stress.

2.2 Traditional knowledge and coping methods in agriculture

Traditional Pacific societies have been religious with a heavy emphasis on “manifestations of the sacred” (Janif
et al., 2016). Oral history in local communities has been a source of guidance to cope with gradual environmental
change or extreme weather events (Janif et al., 2016). Over centuries, Pacific island communities have accumulated
techniques and knowledge to live with the surrounding environment. Such knowledge and beliefs form people’s cul-
tural identity while having been functioning as an important source to understanding climate and meteorology, or as a
means to support sustainable livelihood (Kelman et al., 2016). Scholars such as Nunn et al. (2017) and Piggott-McKellar
et al. (2019) argue that past natural hazard events have enabled the Pacific region to be resilient to extreme weather
events. The true strength of indigenous knowledge according to Stimane et al. (2018) and Nunn et al. (2017) is not in
simple adaptation but the ability to adopt principles from other knowledge systems and compare them with one’s own
to decide if these aspects are worthy to be incorporated into existing systems. It is important to note that there is a
wealth of knowledge that is scientifically supported (Chambers et al.,, 2019; Ching et al., 2020; Johnston, 2015;
Malsale et al., 2018; Nalau et al., 2018), linked to the precursors of climate hazards such as the observation of hornet’s
nests near the ground as a sign of an approaching cyclone or strong winds ( Janif et al., 2016; Nakamura & Kanemasu,
2020). According to Fletcher et al. (2013), understanding local strategies that are used before, during, and after a cli-
matic event would define the Pacific Islands’ ability to adapt to climate-related events. To this end, the Pacific Islands
Framework for Action on Climate Change (PIFACC) promotes the application of traditional knowledge into adaptive
measures, calling for more research linking historical records and anecdotal evidence of local coping strategies and the
integration of traditional knowledge into information management systems (Ford et al., 2016).

Likewise, PICs have rich local agricultural knowledge and techniques passed down over generations to cope with
the impact of climate hazards. In Fiji, farming on hillsides and slopes to cope with flooding in low-lying areas has long
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been practiced, for instance. Other techniques include using bush areas surrounding a garden as a windbreak to lessen
soil loss and the evapotranspiration processes. Forests function as an important part of the security system, mitigating
against cyclones and drought (Taylor et al., 2016). Crops are grown in rotation with soil left to fallow without the use of
chemicals. For instance, on the island of Matuku, villagers have been planting dalo (Colocasia esculenta) on the same
piece of land for generations without affecting the yield and without the use of fertilizer (Connell & Waddell, 2006).
Another technique is the use of a simple stick sharpened at one end as the sole tool to farm dalo. A corm or sucker is
placed in a hole of about 20-30 cm from the surface and left unfilled to collect rainwater, which allows the dalo crop to
grow (Thaman, 1999). The establishment of a garden of root crops is done under certain variables such as soil type,
cover, slope and vegetation, which provides varieties of crops as needed. Yam is often planted in mounds with finely
broken-up soil to prevent soil erosion (Turner, 1984). However, nowadays excessive farming on slopes of root crops,
marginal sugarcane lands and traditional ginger have been common in traditional cropping systems, which has some-
what increased vulnerability because of soil erosion and the loss of soil nutrition (Wairiu, 2017).

McMaster & McGregor (1999) argue that while the traditional cropping systems in Fiji have evolved to cope with the
impact of climate hazards, along with adopting new techniques such as modern technologies, the traditional systems
have become less practiced, which is increasing vulnerability to climate hazards in agriculture. Mbah et al. (2021) and
Janif et al. (2016) also noted that the loss of traditional knowledge and nonlearning among the younger generation are
risks to the recovery from the impact of climate hazards and coping. Indeed, modern coping methods and techniques
are deemed by them as threats to traditional coping methods and to the way of life in the PICs. Meanwhile, Campbell
(2015) states that traditional cropping systems are not as strong against cyclones as they used to be. Prasad and Sud
(2019) observed that the traditional coping method is deemed irrelevant to an ever-changing climate system nowa-
days. Such views are shared by Nakamura and Kanemasu (2020), who reported that as the intensity and irregularity
of severe weather events increases, relying solely on traditional coping methods and knowledge for prediction and
mitigation is becoming unfeasible and unreliable. For instance, after Tropical Cyclone Winston in 2016 on Koro Island,
any traditional agricultural methods did not effectively function for recovery because of the intensity of the cyclone.

Some of the interesting questions that this work answers are: Can Pacific Island countries solely rely on traditional
coping methods to deal with the impact of changing climate and climate hazards on agriculture? How do farmers
indeed perceive climate change and hazards?

2.3 Farmers’ perceptions of climate change and climate hazards

Inastudy on the farmers’ perceptions of climate change in Pakistan, Abid etal. (2019) reported thata farmers”accurate
perception of climate change significantly influences farmers’ abilities to adapt. Arbuckle et al. (2015) further note that
farmers’ perception and level of accuracy of climate change are greatly affected by the level of one’s education, beliefs,
and experience. For instance, the level of education helps one understand the system of climate change and how human
activities are related. According to Arbuckle et al. (2015), experience also takes a key role to form one’s risk perception
and to take self-protective behaviors. This is also confirmed by Burnham and Ma (2017), who conducted a study on Chi-
nese small-scale farmers’ perceptions of adaptation to climate change. According to the study, small-scale farmers with
experience of changes in precipitation in the last 30 years have a strong intent to adapt their agricultural methods to cope
with the changes. For those farmers, changes are potential risks of climate hazards, and they try to respond by changing
their behaviors. These findings suggest that farmers need to perceive the changes in the climate to take appropriate adap-
tive strategies to improve the resilience of the agro ecological system. Misperceptions of climate change may result in
adopting “wrong” or “inappropriate” measures, or not responding at all, which makes farmers vulnerable.

In the context of PICs, recent studies have found that people often interpret climate change and natural hazards
based on religious and spiritual beliefs. That is, climate hazards are understood to be caused by the hands of God,
or caused as a form of punishment for human wrongdoing (Bird et al., 2021; McKenna & Yakam, 2021). The religious
background depicts gods and deities ruling over human subjects with the natural degradation of human morals, and
the increased wickedness is seen as the cause of climate hazards such as floods and cyclones (Luetz & Nunn, 2020;
Nunn et al., 2016). Cox et al. (2018) found that a severe flood experienced in Nadji, Fiji in 2012, was viewed by iTaukei
Christians as an act of God to punish permissive sexual behaviors entertained by the tourist industry. In their study,
this view was echoed by some other interviewees, who refer to the Biblical story of Sodom and Gomorrah tabooing
homosexual behaviors and believe that such “wrongdoings” caused the flood. Other interviewees saw the flood as
punishment by God on the current Prime Minister—Bainimarama’s government, which adopted the constitution stat-
ing that Fiji is a secular state and moving away from traditional chiefly-leadership and Christianity. This political inter-
pretation was also prominent after Tropical Cyclone Winston in 2016. Other Christian interviewees stated that areas
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affected by Tropical Cyclone Winston were resided by those who were committing a sin, and the cyclone path marked
on the map represents such areas (Cox et al., 2018). The people of Koro Island, one of the most severely affected islands
by Tropical Cyclone Winston, were labeled by Methodist interviewees as overindulgence in the consumption of grog
and the nonobservance of the Sabbath (Cox et al., 2020).

The scientific interpretation of climate change is generally difficult to understand for the public and in our daily life,
it is difficult to observe or predict correctly some direct impact of climate change at local levels and human time scales
(Alam et al., 2017). In addition, people tend to make decision-making more based on feelings or religious beliefs than
on scientific findings (Arbuckle et al., 2015). Those who have been exposed to the power of climate hazards realistically
feel the limitations of the human capacity to handle such a power; thus they often interpret such events as actions of
God (Cox et al., 2018). If the ontology of farmers in the PICs is more religious-based instead of science-based, farmers
may not try to cope with the impact of climate change or climate hazards, because they are actions of God and there is
not much one can do. This is why it is important to understand what factors shape the perception and responses of
farmers to climate change (Alam et al., 2017).

Currently, there appears to be a discrepancy between scientific interpretation of climate change and local farmers’
perceptions. Although there may be better-coping methods available to the PICs to battle climate hazards, farmers are
not always ready to accept scientific interpretation of climate change and to move away from religious-based inter-
pretation, or shift from traditional coping methods to science-based modern techniques (Barnett & Waters, 2016;
Fischer & Connor, 2018). If farmers cannot, or hesitate to adapt, why is it, and are PIC farmers indeed struggling
to adapt?

2.4 Fiji and case study sites

The Fiji Islands consist of 322 islands made up of coral reefs, uplifted ocean sediments and sand islands. Out of the
322 islands and 522 islets that make up the archipelago, 106 of these islands are permanently inhabited (Martin, 2018).
Viti Levu is the largest island, which covers 57% of the land area and contains 67% of the total population with the
capital city of Suva. The eastern side of Viti Levu is lush in tropical forests due to heavy rainfall, in contrast to the
western low lands on Viti Levu with mountains and relatively dry.

Fiji has several resources, including mineral, forestry, fishery and water resources, making it one of the economically
developed countries in the South Pacific. Tourism has been the largest industry over the past 20 years, while the sugar
industry—once the largest industry in the country—is on the decline.

In Fiji, approximately 87%—-91% of the land is owned by indigenous (iTaukei) Fijians (Ben & Gounder, 2019). The rest
is either state land or freehold land. Customary ownership of the land is intertwined with culture and history where the
inseparability of the iTaukei people to the land is based on the concept of vanua (Chandra & Gaganis, 2016). The land is
considered to be closely tied with spiritual and family connections and is a proud aspect of iTaukei life and society
(Charan et al., 2017). Subsistence farming has supported stewardship of land resources over the years when fallowing
has allowed recovery of land sections preventing over-cultivation. Overexploitation and cultivation are deemed as
“western” rather than traditional paradigms (Boydell, 2001).

2.4.1 Serua/Namosi region

The Serua/Namosi area is situated on the leeward side of Viti Levu (Fig. 14.1) and thus experiences a lot of rainfall
yearly. The area is mountainous and densely forested.

As of June 2019, the combined population of the Serua/Namosi region was 20,120 (see Table 14.1). The population
in the area is relatively young with the average age group in males ranging between 15 and 30 and in females 20 and
24 (Fiji Bureau of Statistics, 2017).

The Serua/Namosi region is very fertile. The region hosts primary/secondary industries, such as copper mining,
logging and gravel extraction. Mahogany plantations are found in the Serua/Namosi hills (Duaibe, 2008). Agriculture
is a major source of income, growing crops and then selling in major urban centers like Navua and Suva. This study’s
case study sites, Navua and Wainadoi are located under the path of the southeast trade winds; hence the area has more
rainfall than other water catchments in Fiji. Heavy rainfall also causes large-scale floods in the area (Kostaschuk
et al., 2001).

2.4.2 Wainadoi settlement

Wainadoi settlement in the Namosi region is situated approximately 25km west of Suva, along the Queen’s High-
way. The settlement is situated 10-15km from the sea in a valley, surrounded by mountainous terrains and lush green



2 Background

TABLE 14.1 The population of Fiji provinces from the years 2007-17.

Census Year

Province 2007 2017 Absolute Change Percentage Change
Ba 231,760 247,708 15,948 6.9%
Bau 14,176 15,466 1,290 9.1%
Cakaudrove 49,344 50,469 1,125 2.3%
Kadavu 10,167 10,897 730 7.1%
Lau 10,683 9,602 -1,081 -10.1%
Lomaiviti 16,253 15,657 -598 -3.7%
Macuata 72,441 65,983 —-6,458 —-8.9%
Nadroga/Navosa 58,387 58,931 544 0.9%
Naitasiri 160,760 177,678 16,918 10.5%
Namosi 6,898 7,871 973 14.1%
Ra 29,464 30,432 968 3.3%
Rewa 100,995 108,016 7,021 7.0%
Serua 18,249 20,031 1,782 9.8%
Tailevu 55,692 64,552 8,860 15.9%
Rotuma 2,002 1,594 —408 —20.4%
Total 837,271 884,887 43,279 5.7%

Source: Authors, based on Statsfiji. (n.d.). Retrieved 5 May 2021, from https://www.statsfiji.gov.fj/index.php/census-2017 /census-2017-release-1. No

permission required.
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FIG. 14.1 Viti Levu Provinces and our case study sites Wainadoi and Navua. Source: Liligeto 2022, based on Google Map, no permission required.
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forests. Its location is important to this study as it is situated in an area prone to flood; the settlement is located next to
the Wainadoi River. It is also an agriculture-driven community generally based on small-scale subsistence farming
with a few commercial activities such as logging and gravel extraction.

The population of the Wainadoi settlement consists of various ethnicities with the majority of the iTaukei predom-
inantly from the Serua/Namosi region. The population of Wainadoi is relatively small and is estimated to be around
500-600. As stated, the Wainadoi area is predominantly a farming area. Vegetables, root crops and dairy farming are
predominantly grown. The sales of products at roadside stalls are a common activity in Wainadoi, while coconut sell-
ing is also increasing.

2.4.3 Navua

Navua is situated in a valley next to the Navua River, 35 km west of Suva. The area is predominantly flat grasslands,
ideal for cattle farming and relatively near to the sea. Navua is also notorious for frequent floods that have caused
significant loss and damage to residents and agriculture in the area (Duaibe, 2008; Mataki et al., 2006). The cause
of frequent floods of the Navua River is due to sedimentation over time, which has enhanced the level of the river
bottom and made it easier for the river to burst its banks.

There are many agricultural and commercial activities conducted in the area. According to Mataki et al. (2006),
Navua town is populated by low to middle-class income earners and is rapidly urbanizing due to the growth of
small-scale economic activities. The population of Navua was 5812 in June 2019 (Fiji Bureau of Statistics, 2017). Accord-
ing to Mataki et al. (2006), most people living in and around Navua town have on average a weekly income of $US
35-45. Before 1990, commercial rice farming was an important economic activity; however, the rice field was aban-
doned due to floods, pests and cheaper rice imported from Asia (Mataki et al., 2006). Agriculture remains the major
industry (Fiji Bureau of Statistics, 2017) with a shift from subsistence farming to commercial farming. The loss of trees
due to logging in the upper catchment area has caused many problems such as soil erosion and runoff during heavy
rainfall (Duaibe, 2008). Overgrazing is another problem in Navua with many cattle farms on the outskirts of the town.
Recently, there has been a large employment creation in the agricultural sector in the area, thanks to investment by the
Grace Road Group, a South Korean-based Christian corporation running farming, construction, food processing, res-
taurant, trading, and health services, among others (http:/ /www.grgroup.com/). The Grace Road Group reestab-
lished commercial rice farming using heavy machinery to cultivate the land. Some local farmers still prefer to farm
on hillsides as it is a common traditional practice in the area; however, because of the above-mentioned soil erosion,
some farmers are facing challenges to continue hillside farming.

Of particular note in Navua is the Raiwaqa Alta district, the low-lying area particularly vulnerable to climate haz-
ards. The majority of the residents of the district are Indo-Fijians, most of whom are former sugarcane farmers in Vanua
Levu recently relocated to Raiwaqa Alta because of the expired land leases. Despite this new location being very prone
to natural hazards and unfavorable conditions for agriculture, they remain there because of the lack of financial capac-
ity to gain access to more favorable land away from the Navua River.

3 Methods

Two primary research methods were employed for this study: interview and observation. Face-to-face semistruc-
tured interviews were conducted between the 1st and 27th of May 2018, in Wainadoi and Navua. A total of 90 farmers
participated in the interviews, 40 in Wainadoi and 50 in Navua. While there were some exceptions, we strategically
recruited middle to old-aged farmers who have been residing in the area for 10years or more, under the assumption
that such farmers have a first-hand experience of environmental and climate change in the area. While best efforts were
made to have gender-balanced participants, the majority of interviewees in this research were men. This is because
men generally have the responsibility of farming in Fiji. The participants’ ethnic background (iTaukei and Indo-Fijians)
is comparatively balanced, except for Raiwaqa Alta in Navua, where the majority of residents are Indo-Fijians. The
background of the interview participants is summarized in Tables 14.2-14.4.

Although data was not collected on participants’ level of education, most participants stated that they do farming
because of their low-level education, not having completed primary or secondary school. The limited level of educa-
tion resulted in the participants with fewer skills and qualifications, thus farming is the only source of income and
subsistence. They stated that they can only do farming but it is a lifestyle choice, aiming to be self-reliant. Such a view
was shared by many participants.

The list of interview questions can be found in Appendix. Interviews were conducted either in the iTaukei language,
Fiji Hindi or English, based on the preference of the participant, with the presence of a research assistant, who made a
contact with potential participants and acted as a translator, both in iTaukei and Fiji Hindi. Interviews were conducted
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TABLE 14.2 Participants by gender.
Population sample
Settlement Male Female Total
Wainadoi 38 2 2
Navua area
Batinikia 6 0 6
Vakabalea 9 1 10
Raiwaqga Alta 24 10 34
Total 77 13 90
TABLE 14.3 Participants by age groups.
Age group
Settlement 20s 30s 40s 50s Total
Wainadoi 4 6 14 16 40
Navua area
Batinikia 1 1 2 2 6
Vakabalea 1 1 3 5 10
Raiwaqa Alta 2 5 8 19 34
Total 8 13 27 42 90
TABLE 14.4 Participants by ethnicity.
Ethnicity
Settlement iTaukei Indo-Fijian Total
Wainadoi 26 14 40
Navua area
Batinikia 4 2 6
Vakabalea 7 3 10
Raiwaqa Alta 3 31 34
Total 40 50 90

in a talanoa style setting (storytime) (Halapua, 2008), where the discussion of related topics is done in a relaxed envi-
ronment for the participant farmers, which enabled the free flow of discussion with the interviewer constantly keeping
track of where the discussion was going based on the research questions.

Observation was also conducted in the field in the period of 1st to 17th of May 2018. We observed the locations and
conditions of farms, river systems, and drainage systems. Being a resident of the Wainadoi and Navua region, Liligeto
was also able to recall some changes that happened over the years in each study site.

4 Results

4.1 Farmers’ perceptions of climate hazards

In both Wainadoi and Navua, interview participants were first asked about the impact of climate hazards and any
other factors on agriculture. The results are summarized in Table 14.5.
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TABLE 14.5 The impacts of climate hazards.

Natural hazards Impacts of natural hazards Wainadoi Navua
Flooding Damaging crops 33 50
Fertile soil 4 7
Longer period to restart planting 33 50
Decreased capacity to sell products 33 50
Harvesting mature crops 6 5
Debri 5 18
Cyclones Damaging crops 2 6
Heavy rainfall Blocking drains 5 3
Change in weather Increased rainfall 21 23
Increased intensity of floods and cyclones 31 32
Unpredictable weather 15 32
Some other problems and their impact Wainadoi Navua
Poor drainage systems Damaging crops 12 23
Lack of action 9 7
Height of road Backflow of water 9 12
Lack of dredging of river Raised river bed 11 22
Susceptible to flooding 12 32
Prone site location Constant flooding 33 50

It is evident that in both study sites, flooding is causing major impacts on farming. In Wainadoi, where the entire
area is located along a river system, 33 interviewees identified flooding as the most common climate hazard, and the
location of their farm next to the river system is indeed making them prone to a flood. They also observed the increase
in flooding over the years, which is substantially affecting root crop yields such as dalo and cassava, the major staple
food source for them. They pointed out that the change in weather and climate conditions is affecting planting times
and successful harvest rates. Interviewees also stated a few positive impacts of increasing floods such as the deposit of
fertile soil on the farming ground, which enhances the productivity of crops. Regarding other problems, poor main-
tenance of drainage systems was identified as one of the major factors of flash floods in Wainadoi (Fig. 14.2). Interview
participants who live beside the Queen’s Highway identified the height of the road as another major cause of a flood
(Fig. 14.3). According to them, the height of the road has been elevated further because of constant road works, which
in turn renders the drainage systems ineffective to handle the back flow of water.

Interviewees stated a change in weather was observed in the area over the last decade. The interview results suggest
that flooding in Wainadoi has negatively affected farmers’ livelihood as most households in the area rely on farming
and selling products for their life. Indeed, 17 out of the 40 participants solely rely on agriculture as a means of income.
They also observed an increase of pests such as rats and insects in the area.

Frequent floods also delay planting, as the soil becomes too wet to plant any crop after a flood. Nineteen out of the
40 interviewees stated that they have to wait for 1-4months to restart planting after each flood. Although 11 partic-
ipants stated that a 1-4 week waiting period should be enough to restart planting, 2 participants stated that they have
to wait for more than a year. In any way, these waiting periods negatively affect farmers’ livelihood.

In Navua, all interviewees are located relatively close to the Navua River ranging from 100m to 3km. They indi-
cated that floods as the most common climate hazard experienced in the area. As stated, the Raiwaqa Alta district is
particularly prone to floods. Heavy rainfalls and cyclones are other common climate hazards. Regarding the impact of
floods, the interviewees stated that there was nothing they can do to control floods or stop their occurrence. According
to them, floods are reoccurring events because of the location of the farms next to the Navua River. Besides, seven
interviewees stated that poorly maintained drainage systems cause floods (Fig. 14.4). According to interviewees, con-
stant floods of low-lying areas destroy farms, which negatively affects the livelihood of households whose only source
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FIG. 14.2 Ablocked drainage system in Wainadoi. Source:
Picture was taken by S. Liligeto in 2018. No permission required.

FIG. 14.3 The elevated Queen’s Highway. The elevated
road causes backflow of water and blockage of natural drain-

age outlets. Source: Picture was taken by S. Liligeto in 2018. No
permission required.

FIG. 14.4 A blocked drainage system in Navua. Source: Picture was taken by S. Liligeto in 2018. No permission required.
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TABLE 14.6 Farmers’ perceptions of climate hazards.

Perceptions Wainadoi Navua
End of the world 9 8
Natural occurrence of events 9 10
Form of punishment 13 8
Human impact on the environment 3 6
Improper use of land 6 8

Source: Authors.

of income is agriculture. Indeed, 35 out of 50 participants stated that agriculture is their only source of income. Mean-
while, similar to Wainadoi, a few interviewees identified the positive impacts of floods: seven participants stated that a
flood brings fertile soil, which improves plant health and yield. Interviewees also stated the dredging of the Navua
River is important to reduce the risk of flood and needs to be constantly maintained.

The participants were then asked how they understand climate hazards (Table 14.6). Firstly, climate hazards were
seen as a form of punishment by a spiritual entity: “God is punishing those who are sinful”—Interviewee. This view
was expressed by 13 and 8 participants in Wainadoi and Navua, respectively, all of whom are Christian. Climate haz-
ards were also seen as the result of the improper use of land by some Christian participants, who see the human occu-
pation of the earth as a duty of stewardship: “We don’t look after the land that’s why these things (natural hazards/
disasters) happen”—Interviewee. Other interviewees stated that the increase in climate hazards was because of a bad
omen and saw as a sign of the earth ending: “God is coming back soon, and we must prepare ourselves. The cyclones
and floods we experience here in Fiji are only telling us that He is coming soon. These things must happen before He
comes again”—Interviewee. This view was also prevalent among Christian participants, who believed that climate
hazards would continue to increase in frequency and severity, eventually leading to the end of the world.

Others saw climate hazards as a cycle of natural events. Flood was seen as a cleansing event of the environment
removing pollution and waste from the earth. An event such as a cyclone was seen as an accumulation of the increased
temperature with climate returning to normal as a means of nature balancing itself. Less than a tenth of respondents
(9 out of a total of 90) stated that increasing human impact on the environment in the first world countries has resulted
in climate change, which is increasing the severity of cyclones and floods and changing weather patterns. Some respon-
dents also identified deforestation and pollution as the result of human activities altering the balance of nature.

4.2 Coping methods in agriculture

The interviewee participants listed various methods to cope with the impact of climate hazards. Coping methods
used in Wainadoi and Navua are summarized in Tables 14.7 and 14.8, respectively.

For this study, the methods were divided into two categories: traditional (T) and modern (M). Traditional coping
methods are reliant on nature and the environment and include farming knowledge passed down from generation to

TABLE 14.7 Coping methods used in Wainadoi.

Observation of weather, insects, trees and birds to predict natural hazards (T)
Trimming of cassava (Manihot esculente) stem (T)

Planting on elevated beds (T)

Resilient crops (T)

Machinery (M)

Hybrid crops (M)

Rotational farming (T)

Crops with quicker harvesting times (M)

N N QO & = & T o O

Seasonal planting (T)

_

Trees used as wind breakers (T)

Source: Authors.
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TABLE 14.8 Coping methods used in Navua.

Hybrid crop (M) 21
Fertilizer (M) 9
Machinery (M) 7
Chemicals (M) 6
Observation of weather, insects, birds and trees to predict natural hazards (T) 2
Trimming of cassava and bele stem (T) 2
Seasonal planting (T) 1
Resilient crops (T) 1
Rotational farming (T) 1

Source: Authors.

generation. For instance, observing the weather, insects, birds and certain trees as indicators of climate hazards is a
traditional method. Other traditional coping methods include farming practices such as planting on elevated beds
of soil to prevent damage to crops and trimming cassava stems to reduce damage by strong winds. Traditional coping
methods are considered to leave less impact on the environment and do not require a heavy capital investment, hence
small-scale subsistence farmers can easily adopt them.

Modern coping methods rely heavily on technology, chemicals and pesticides. For weather prediction, government-
issued warnings broadcasted by radio and television fall under modern coping methods. This heavy reliance on
technology is also observed regarding the improvement of crop resilience through selective breeding of stronger
and more favorable traits. The use of machinery such as diggers also greatly reduces the amount of time to clear land
for the cultivation of crops compared to clearing land by hand. Heavy inputs of fertilizer, pesticides and chemicals
improve the survival rate and help the growth of crops. Modern coping methods leave more impact on the environ-
ment and sometimes require a large financial investment.

Overall, both traditional and modern methods are employed in both sites. Results show the benefit to adopt each
method, as the farmers from both sites state that each coping method is useful to some extent, although its effectiveness
varies.

First, regarding traditional coping methods, farmers state that they are easier to implement. The methods are far less
complicated and require less assistance. Knowledge and skills are formulated from the surrounding environment and
experience and are easier to obtain. Also, they do not have a monetary value. Some farmers, in particular in Wainadoi,
see the practice of traditional techniques and knowledge as maintaining their culture and tradition. However, tradi-
tional methods are not free from disadvantages, according to the interviewees. Such disadvantages include slower
maturity times (with an irrigated system of farming for dalo), and vulnerability to severe floods and strong winds.
Traditional crops are also viewed as weak and unadaptable in an ever-changing environment and their survival rates
are decreasing.

Second, regarding modern coping methods, farmers see them as durable in changing weather, requiring less labor
due to machinery and quicker maturing times. Those who are adopting modern coping methods state that the use of
machinery, chemicals, fertilizers and hybrid crops are effective. By adopting modern techniques in farming, survival
rates have increased, harvesting has become quicker, and they can till the land faster. Farmers in Navua stated a
preference for modern techniques based on the growing speed of crops. In Wainadoi, hybrid plants are seen as being
easier to harvest and plant due to faster maturing time, resilience to bad weather and increased survival rate. It is
however deemed an expensive method because of the necessity to hire equipment or purchase chemicals and fer-
tilizers. Interviewees also point out the disadvantages of modern methods as being easily spoiled, input reliant,
expensive, nonenvironment-friendly, and not practical in small farm settings. Modern hybrid crops are seen by
the interviewees to have a shorter shelf life and are stated to be smaller compared to traditional crops. The inter-
viewees also state that modern techniques and knowledge are not custom fitted to farmers and require some special
skills to employ.

Tables 14.7 and 14.8 indeed show a contrast between the two sites. In Wainadoi, traditional coping methods are
more frequently employed by farmers, while modern coping methods are widely used in Navua. While 18 out of
40 interviewees prefer to adopt modern coping methods in Wainadoi, the number of those who prefer modern
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methods in Navua is 43 out of 50. This difference between the two sites can be explained for several reasons. While
those reasons will be discussed later, here, the scale of farms is commented on. That is, in Wainadoi, the majority of
farmers are small-scale subsistence farmers. Hence, they do not have the financial capacity to employ modern cop-
ing methods. In Navua, relatively large-scale commercial farmers are dominant, and they have the capacity to
invest to adopt modern coping methods. Indeed, it is rather a “must” to produce a surplus to sell products in
the market. Our interviews also clarify that farmers find it most difficult to restart farms after a flood or a cyclone;
however, commercial farmers can restart farms quicker than subsistence farmers due to surplus monetary funds
obtained through the sale of crops. Subsistence farmers do not possess this coping capacity with crops grown for
subsistence use only.

A key finding from our interviews is that the participants in both sites are recognizing that traditional coping
methods are becoming ineffective to cope with the increasing frequency of floods and the intensity of cyclones, even
though some of them prefer to rely on them. Farmers highlighted the less reliability of traditional coping methods due
to changing climate conditions. For instance, forecasting bad weather and cyclones based on the observation of the
color of the sky or plant conditions is now becoming unreliable due to irregularity of the weather and the changing
climate pattern. Cyclones can now occur anytime and participants highlighted an increase in the number of cyclones
over the past decade. Older participants further stated that the country used to be exposed to a very intensive cyclone
every two decades. In today’s changing climate, the country is exposed to such intensive cyclones every year, which
makes it hard for farmers to solely rely on traditional coping methods as they are basically effective only under the
constant weather conditions and patterns. For instance, under the current climate conditions, the use of local breeds of
dalo was unable to cope with the sudden climate changes. Local breeds of dalo planted without the aid of manure and
chemicals were unable to thrive against changing climate. Very intensive cyclones such as Tropical Cyclone Harold or
Ana in 2021 destroyed everything, including cassava stem, elevated beds, or resilient crops, long used as traditional
coping methods.

Interviewees adopting modern coping methods were observed by us to be more vigorous to find better coping
methods. Such farmers stated that there is always a need to acquire farming knowledge and improve capacity to adopt
cost-effective but efficient techniques and methods. Such information can be collected from the internet, another cap-
ital. These interviewees are constantly searching for methods practiced in other parts of the world and often conduct-
ing an experiment. For example, one interviewee in Navua planted vegetables in plastic containers based on their
buoyancy to float on water. Such methods although not scientifically proven to be a sustainable agricultural practice
highly suggest the plight of farmers in uncovering new and better-coping methods.

Participant farmers overall recognize the need to improve current coping methods; otherwise, they would not be
able to continue farming. In both sites, a general shift from traditional coping methods to modern coping methods is
seen as a must, and participant farmers recognize the effectiveness and ability to adapt to climate change of modern
coping methods.

4.3 Farmers’ challenges in adopting effective coping methods

As stated, some farmers, especially those in Wainadoi, still prefer to rely on traditional coping methods, even
though they recognize that traditional methods need some improvement. Why do then those farmers keep relying
on traditional coping methods?

One of the factors which prevent farmers from adopting modern methods is that small-scale subsistence
farmers—the majority in Wainadoi—do not possess enough skills, knowledge or monetary capital to acquire the
equipment and materials required for modern coping methods. For instance, for small-scale farmers who mainly
plant subsistence crops, the use of machines requires a huge capital input, which is considered to be an unfeasible
investment. The constant use of chemicals or fertilizers also costs a lot and farmers may not receive enough returns
from the investment. The use of machines, chemicals, or fertilizers and planting hybrid crops would also require
some skills and knowledge, which most small-scale subsistence farmers do not possess. Small-scale subsistence
farmers are wearier of new options available to them and hesitant to take unknown risks (Yegbemey, 2020). For
those farmers, providing opportunities to interact and learn new technologies, techniques and financial assistance
available, such as holding workshops, would be effective. Indeed, such workshops are occasionally organized by the
Ministry of Agriculture nationwide to educate farmers on better coping methods against climate hazards and
enhance resilience. However, Vakabalea in Navua area farmers stated that very few agricultural workshops were
carried out in the area between 2015 and 2018. Even if such workshops are held, language often functions as a barrier
for farmers. Most small-scale subsistence farmers find it difficult to understand workshops because they are only
conducted in English. Participant farmers stated that they would better understand what is explained if workshops
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are delivered in their language. For example, the Raiwaqa Alta area located in Navua is dominated by Indo-Fijian
farmers; therefore, workshops need to be conducted in Fiji Hindi.

The second factor is that adopting nontraditional methods is seen by some as the loss of culture. This view was
observed in both study sites. These farmers tend to reject modern coping methods because they involve large-scale
alteration of their way of life and destruction of the environment, as opposed to traditional coping methods with less
impact on the environment. Maintaining traditional coping methods is their way and the base of their cultural identity.
Seeing traditional methods as the preservation of their culture is also associated with their religious belief. Religion
plays a major role to form how they perceive natural hazards (Bird et al., 2021; Cox et al., 2018; Nunn et al., 2016).
In the two sites, the damage on farms by floods was often perceived as a warning for farmers to return to the life
defined by their religious belief and obedience to God, in particular among those with a strong Christian background.
Farmers stated that the degree of disobedience to God could be identified through the scale of damage caused by
floods. According to those farmers, they were punished in the form of climate hazards for their degradation of char-
acter and the misuse of the environment. These farmers hence tend to hesitate to adopt modern coping methods, that
are seen as leaving more impact on the environment, or they tend to believe that there is nothing humans can do
against God’s punishment, other than correcting their sins.

As stated before, Navua farmers are more commercially oriented and relatively large-scale, while Wainadoi farmers
are mostly subsistent and small-scale, and do not have the financial resources to adopt modern technologies. They are
also less educated while retaining strong religious beliefs and intention to maintain their culture and identity; hence
they prefer to stay with traditional methods being cheaper, easy to use and deemed environmentally friendly.

5 Discussion and conclusion

The key findings of our research are threefold: (1) the traditional coping methods in agriculture are becoming less
effective under the current changing climate and intensive/frequent climate hazards; (2) farmers do recognize the
decreasing effectiveness of traditional coping methods; and (3) some farmers, particularly small-scale subsistent,
are hesitant, or cannot adopt more effective modern coping methods due to several reasons. While those farmers often
come across financial challenges to adopt new methods, farmers with less education and/or a strong religious belief
see the new modern methods as the loss of their culture and identity. Overall, we conclude that under the current
change of climate, small-scale subsistence farmers are becoming more vulnerable (Alpizar et al., 2020).

It is widely recognized that the poor are more prone to environmental hazards (Winsemius et al., 2018) as they tend
to inhabit remote low-lying flood plains due to limited development opportunities and relatively cheaper lands. Their
livelihoods are less protected (Bangalore et al., 2019) and thus have a lower chance of coping with property loss when
exposed to hazards such as floods (Thanh Thi Pham et al., 2020). If the poor are defined as those who lack access to
financial capital, our findings are parallel with those previous findings. Also, our findings may be relevant to other
climate hazard prone areas in Fiji.

What are then practical and feasible measures to enhance the resilience of small-scale subsistence farmers, in other
words, to support small-scale farmers to convert their coping methods to more resilient ones under the current climate
change? Given that many communities in Fiji are prone to climate hazards (Neef et al., 2018; Nichols, 2019), coping
methods in agriculture with climate hazards need to be redeveloped, reassessed, and reorganized for the resilience of
future generations facing similar circumstances (Bryant-Tokalau, 2018; Pan et al., 2018).

One possible measure is the implementation of an alternative farming system similar to a traditional farming sys-
tem, which may maintain farmers’ cultural identities while adopting a better and improved method of farming
(Clissold & McNamara, 2020; Sumane et al., 2018). The broad bed and furrow system is one such method. It consists
of raised farming beds constructed in the shape of an inverted trapezium by heaping soil dug from drains onto raised
beds to cater to seasonal flooding (Velmurugan et al., 2015). It is quite similar to a traditional method of planting dalo
on raised beds of soil surrounded by a drainage system. Compared to traditional methods, the broad bed and furrow
system enables high-value vegetables in the monsoon season to grow faster and is stated to increase cropping intensity
from 100% to 125%. This technique capitalizes on excess water to farming systems while harvesting water in the dry
season. The combination of raised beds and the stable supply of water maintains the mean temperature of the soil until
the harvest season. Excavated zones can be used for rice farming while in raised beds farmers can cultivate seasonal
vegetables (Sharma et al., 2020; Velmurugan et al., 2015). If this system is employed in Wainadoi and Navua, farmers
would practice a “new” method that maintains the characteristics of a traditional method of planting on elevated beds
while more efficiently managing the impact of a flood.

Planting resilient crops and seasonal planting are already employed as traditional coping methods in both sites. There
may be a possibility to improve these two methods. Participants identified yam (Dioscorea), giant swamp dalo
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(Cyrtosperma chamissonis), breadfruit (Artocarpus altilis), or sweet potato (Ipomoea batatas) as “hurricane foods.” Although a
strong cyclone may destroy the foliage and stem system, these crops are highly durable to wind and remain intact, hence
they can be consumed even after some time. Planting red grams, mung beans, and peanuts is also effective to recover lost
nitrogen from soil erosion or excess flooding (Isbell et al., 2017). These short-term maturing crops are easy to replant
compared to root crops. Other crops such as watercress (Nasturtium officinal) and pumpkin (Cucurbita) also grow well
in wet weather and ensure a higher return on investment over a shorter period. Farms with a high crop diversity have no
adverse impacts but may increase the likelihood of at least one crop surviving from the impact of a climate hazard.

Seasonal planting is also stated to be an efficient way to maintain a constant supply of produce year-round. Chang-
ing crop patterns, replacing existing crops and introducing new resistant crops will improve resilience against chang-
ing climate and intensifying climate hazards. The interaction of many species results in the mixture and rotation of
grasses and legumes over yield to produce more biomasses compared to monoculture yields (Isbell et al., 2017). If
hurricane foods are cultivated together with seasonal planting methods, it will ensure a ready supply of food available
when gardens are destroyed by cyclones or floods (Handmer & Iveson, 2017).

In any case, such “new” methods should not be implemented by a top-down approach. It is ideal if someone from
the area becomes a specialist in agricultural coping methods and works with farmers to identify their needs and
concerns (Yegbemey, 2020). Such a community-engaged and participatory approach would be more effective as
the community is heavily involved in decision-making and implementation processes (Bourne et al., 2021;
Thaler & Seebauer, 2019; Walshe et al., 2017).

Appendix

In-depth interview questions

1. Agricultural activities
What type of agriculture are you involved in?
Is your farm attended solely by your family members or together with other community members?
How many people from your household participated in the activity?
What is your reason for farming?
What are things you have to think about before you start planting?
When you went into farming what was your main goal? For example: to feed your family.
Apart from farming, do you have other sources of income? Example fishing.
2. Disaster preparation
What hazards/disasters are typically observed around the area?
What were the most severe hazards or disasters that you have experienced in your life?
How do you prepare your farm when there is:
a. cyclone approaching.
b. Heavy rain.
c. Flood.
When there is a natural hazard, who helps you prepare your farm for it?
Do you visit the agricultural site to identify the risk? If yes, how often? and if no, why not? And what are
the risks?
How do you address the likely risk that may face your agricultural activity?
3. Tendencies of flooding and perception
Is your farm close to where you reside?
What is the general weather like daily?
How does flooding affect the type of crops you cultivate?
How often do you experience flooding?
What months in a year do you often experience flooding?
Do you feel that heavy rainfall is the only cause of the flooding or are there other causes?
Do you feel that the intensity of floods has increased or decreased?
Do structures like the main road affect the intensity of floods?
Do you feel that the timing of floods within a year has changed recently?
When was the last time you experienced a natural hazard that has damage your crops?
4. Pre and post disaster management
How were you informed or warned about an approaching natural hazard?
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What was your reaction?
What was the impact of the hazard on your farm?
How long did it take for you to restart farming in the place where you had engaged in farming before the hazard?
What was the challenge?
During cyclone Winston, what were the measures that you took to minimize damage on your farm?
5. Local and traditional agricultural coping techniques for natural hazards
What do the following natural hazards indicate, according to legend/traditional knowledge?
a. Floods
b. Cyclones
c. Landslides
Please name at least 5 (or 10) traditional skills you know that will help you in a natural hazard.
Do you use your indigenous and local skills and knowledge to help you protect your farm when there is a natural
hazard? If so name these techniques.
Who taught you those skills and knowledge?
How do you obtain or pass on traditional skills in your community? For example, is it passed on from father to
son or is it a community effort to teach new farmers or is it acquired through observing others?
Is there a reason why you use traditional coping methods?
Have you applied those traditional skills to better protect your farm against a natural hazard and has it been
practical?
Are you currently using any modern techniques and knowledge on your farm? If so name these techniques.
Which knowledge and skills are more practical and useful to protect your farm, traditional or modern, can you
explain why?
6. Family and community involvement in local agriculture
Do people assist you individually or is it a communal effort?
How do the family and the community assist when they hear an approaching hazard?
What assistance do they give during and after the hazard?
7. Natural hazard aid from the government
What does the government support during a natural hazard?
What type of assistance did they give?
Did you receive any support from Fiji National Provident Fund?
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1 Introduction

Climate change and adaptation to its impacts has become a new paradigm. With it the focus of climate change—
related research and policy advice shifts from developed countries, where a mitigation paradigm was rooted, to coun-
tries of the Global South, which have great adaptation needs, but limited capacities to adapt.

The International Panel on Climate Change (IPCC) highlights that “Small Island States (SIS) in the Pacific, Indian,
and Atlantic Oceans have been identified as being among the most vulnerable to climate change and climate extremes”
IPCC (2012). The analysis of being exposed to natural hazards and disasters in the Pacific Island region stands at the
beginning of the chapter. It compares disaster in this part of the world with other regions and asks, if the Pacific Islands
are hotspots of disasters, or if disasters do not play much of a role in this part of the world.

Risk, vulnerability, and exposure are closely related. While risk refers to the likeliness that adverse external events
(i.e., events where people have no power to avoid) happen, vulnerability looks at these events and people’s ability to
cope with or even adapt to them. Resilience, the ability to bounce back to the state before a disaster stroke or even better
(“building back better”) is closely related to reflections on risk, exposure, and vulnerabilities.

The IPCC (2012) reflects on how these components of disaster risk are connected when it highlights that disaster risk
relates both to external events (hazards) and people’s exposure to these events and their ability to adequately respond
to hazards without experiencing damaging losses. The concept is very similar to Robert Chambers definition of (social)
vulnerability, which has two sides: an external side of adverse events that can have negative impacts on people’s lives
and livelihoods, and an internal sides, which reflects on people’s abilities to adequately respond to the external side
(Chambers, 1989).

The chapter looks first at the external side of vulnerability, the side that is characterized by events that pose severe
adverse stress on people’s lives. The chapter looks exclusively at natural hazards, although Chambers and others
include economic and political hazards as well (Birkmann & McMillan, 2020). A vital element of vulnerability is expo-
sure. One can interpret exposure as a social-spatial category which brings location and social group together. An urban
area (location) might experience a Tropical Cyclone. People living in informal settlements (social group) with impro-
vised houses are more severely exposed compared to those living in stable houses. Spatial exposure does not always
lead to vulnerability.

The chapter then reflects how people adapt to hazards, especially those closely related to climate change. Two
aspects are crucial: (1) what can be done to avoid that hazards turn into disasters. Here, people’s capacities and capa-
bilities to better respond to hazards stand in the foreground. (2) How is mobility part of these reflections on adapta-
tion? Is it part of adaptation processes, or is mobility, moving away from possible threats, an indication that adaptation
failed or is not possible?

Climate Impacts on Extreme Weather 253 Copyright © 2022 Elsevier Inc. All rights reserved.
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2 Climate change, natural hazards and disasters in Pacific Island countries and territories

Situated in the center of the Pacific Ring of Fire, the Pacific Island region is prone to and has been exposed to geo-
logical hazards, such as earthquakes, volcanic eruptions and tsunamis for thousands of years. More recently, impacts
of climate change have put other natural hazards (flooding, tropical storms, drought, and heat waves) in the focus of
attention. This includes sea-level rise that causes coastal erosion, salinization of freshwater resources in coastal areas
and atolls as well as increase of intensity of extreme weather events. While hazards with geological or meteorological
backgrounds occur in a sudden and unforeseeable manner and often release huge amounts of energy in a short period
of time, sea-level rise is a slow-onset, low-intensity hazard that takes decades to build up. Still it leaves locations unin-
habitable by eroding coastal areas, destroying freshwater resources and finally submerging larger land areas. Atolls
and low-lying limestone islands are particularly exposed to such impacts (Duvat et al., 2021).

2.1 The Pacific Islands region

There are 14 independent states in the Pacific Island region and seven territories of developed countries (Fig. 15.1).
The ratio between the Exclusive Economic Zone (EEZ) and land is around 44:1 in favor of the ocean. Countries and
territories have 550,344 km? in land. Papua New Guinea dominates land size with 462,840 km? leaving 88,655 km? to
the remaining 13 Small Island Developing States and seven territories. Far bigger is the EEZ, the parts of the ocean
legally under the control of countries. It is 24,412,561 km? (Weber, 2017). The open ocean (some 141 million km?), ocean
waters that are not assigned to any country, is not included in this figure. The PICT are small in population. By mid-
2020 a total of 11.5 million people live in independent Pacific Island countries and another 853,000 in the territories. The
only country with more than 1 million inhabitants is Papua New Guinea with a population of 8.9 million by mid-2020.
Second is Fiji with 895,000 inhabitants. The smallest states are Niue with 1600 and Tokelau with 1500 inhabitants
respectively (SPC, 2020).
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FIG. 15.1 The Pacific Island countries and territories (PICT). No permission required.
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Some islands have extremely high population densities. The most western islet of South Tarawa atoll in Kiribati,
Betio, had a population of 15,646 in 2010 living on 1.54km? This has been a population density of just over 10,000
people/km?. Until 2025 Betio’s population is expected to increase to 27,419 people. Then the population density will
be almost 18,000 people/km? (Government of Kiribati, 2012). The population density of Ebeye islet of Kwajalein Atoll
in the Marshall Islands is even higher: 15,000 inhabitants living on 0.36 km?; make a density of around 45,000 people/
km? (Weber & Koto, 2021).

Compared to developed and larger developing countries, economies of Pacific Island Countries and Territories
(PICT) are little diversified. Even economically, more advanced countries such as Fiji and Papua New Guinea have
rather small formal sectors (Table 15.1). Labor markets are not dynamic enough to accommodate all people seeking
work into the formal sector. In Papua New Guinea alone, more than 160,000 people enter the labor market annually. In
Fiji, the estimated number is around 15,000. In formal employment the public sector is dominant. In addition, there are
wholesale businesses and other service providers. Modern industries are restricted to bigger PICT. They cover a tiny
range of economic activities such as food processing (incl. Alcoholic and nonalcoholic beverages), furniture, textiles
and construction materials. The production of investment goods, consumer electronics, cars and other motor vehicles
does not exist in any PICT (Weber, 2017).

TABLE 15.1 Selected demographic and physical characteristics of PICTs.

Increase Land Population Atolls/

Population since 1960s area density (per/ Coral Raised Volcanic
Country Subregion  (mid-2020) (%) (km?) km?) Islands Islands  Islands Total
Cook Islands Polynesia 15,300 17) 237 65 7 0 8 15
Niue Polynesia 1600 (68) 259 6 0 1 0 1
Samoa Polynesia 1,98,700 73 2934 68 0 0 2+8islets 2
Tonga Polynesia 99,800 77 749 133 a few >100 a few ~170
Tuvalu Polynesia 10,600 95 26 408 9 0 0 9
Federated States  Micronesia  1,05,500 169 701 150 ~600 0 >10 607
of Micronesia
Kiribati Micronesia  1,18,700 174 811 146 32 1 0 33
Marshall Islands ~ Micronesia 54,600 292 181 302 34 0 0 34
Nauru Micronesia 11,700 154 21 557 0 1 0 1
Palau Micronesia 17,900 92 444 40 <300 >10 >5 340
Fiji Islands Melanesia 8,84,887 156 18,333 56 2 a few <100 ~320
Papua New Melanesia 89,35,000 309 4,62,840 13 a few a few >600 >600
Guinea
Solomon Islands  Melanesia 7,12,100 474 28,230 20 a few 0 >900 >990
Vanuatu Melanesia 2,94,700 277 12,281 25 0 82 82
Territory
American Samoa  Polynesia 56,800 183 199 285 2 0 5 7
French Polynesia ~ Polynesia 2,78,900 230 3521 73 ~80 a few ~40 130
Tokelau Polynesia 1500 (20) 12 97 3 0 0 3
Wallis & Futuna  Polynesia 11,400 33 142 93 0 0 2 2
Guam Micronesia  1,76,700 164 541 327 0 0 1 1
Northern Micronesia 56,600 583 457 124 0 0 15 15
Mariana Islands
New Caledonia Melanesia 2,73,000 216 18,576 67 0 0 7 7

No permission required.
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PICTs are exposed to various natural hazards. Their small size make them more vulnerable to such hazards, also to
such intensified by climate change. They cause great damage to countries and territories, put pressure on people’s lives
and livelihoods, and strain governments’ resources.

2.2 Natural hazards in the Pacific Islands region

Natural hazards can cause severe disasters in PICTs. Assessments differ, if Pacific Islands are hotspots of disasters,
or if disasters are less prevalent than in other parts of the world. In a recent brochure the European Union made even
wrong and misleading statements “The Pacific island countries (including Papua New Guinea, Fiji Islands, Solomon
Islands, Cook Islands, and Vanuatu) rank among the world’s worst affected in terms of casualties and people impacted
by disasters” (European Union, 2020). Nothing could be further from reality.

PICT do not have huge disasters by international standards. The numbers of people killed /affected are “tiny” com-
pared to the world’s biggest disasters. Damages in absolute money terms do not reach dimensions like elsewhere.
Between 1900 and mid-March 2021 there have been 409 disasters were recorded in the Pacific Island region
(Table 15.2). They caused a death toll of 13,860 people. Two disasters caused more than 600 death: The largest was
the eruption of Mt. Lamington, PNG, in 1951 with 3000 deaths. At second place is an earthquake/tsunami in Sandaun
Province, PNG, causing 2182 deaths in July 19. Over the past 120 years there have been 24 disasters recorded alone in
Asia that caused more fatalities than the combined death toll in PICT in this period (Centre for Research on the
Epidemiology of Disasters (CRED), 2021).

In this period (1900-2021) Asia had by far the biggest number of disasters (10,367) and biggest number of disaster
deaths (26.8 million). Respective numbers for the Americans are 5407 disaster events with 892,000 deaths and for
Africa 5154 disaster events with 1.5 million deaths. Europe is second lowest with 3146 disasters events that caused
the death of 9.2 million people. Three individual events contributed to almost 95% of the overall death toll in Europe:
(1) Famine in the Soviet Union (1932 /3.5 million deaths), (2) typhoid epidemic in the Soviet Union (1917-22, 2.5 million
deaths), and (3) drought in the Soviet Union (1921, 1.2 million deaths).

Tables 15.3 and 15.4 show that the numbers of disasters in PICT between 1900 and mid-March 2021 are not very
high, nor casualties and impacts in money terms, even if one considers that—especially in years far in the past- the
database has by far not recorded all disasters. Many important disasters are missing, e.g., the Spanish flu between
1918 and 1920, which affected Samoa like no other country causing around 8500 deaths (more than 20% of the pop-
ulation) (Weber, Kopf, & Vaha, 2021).

For Fiji, the disaster of February 1931, so far the most serious disaster in Fiji, is classified as tropical cyclone killing
200 people. Reports on the event state that although “the 1931 flood was generated by a hurricane, the disaster is
regarded primarily as a flood disaster because drowning caused the vast majority of deaths” (Yeo & Blong, 2010).
These few examples should suffice that disasters in the Pacific Island region are small compared to disasters elsewhere,
but are they insignificant?

In relative terms, disasters in PICT are looming threats to societies and economies with severe economic and social
consequences. Capacities to deal with such events are frequently overstretched. The small size of islands, their popu-
lations, economies, and capacities of governments and people to cope with disasters constitute severe vulnerabilities
making disasters major, disturbing events, which have the potential to undo development efforts of decades in the
blink of an eye.

2.3 Disasters in PICT compared to the world’s biggest recent disaster events

The most expensive disaster in modern history has been the 2011 Tohoku earthquake and tsunami. The costs are
estimate around USD 200 billion (Kim, 2011). The damage has been about 3.2% of Japan’s GDP in 2011. An analysis of
204 disaster events in 12 PICs between 1980 and 2016 shows that the average damage was 14.4% of the GDP. Samoa
(47.7% of GDP) and Vanuatu (42.8% of GDP) are on top of the list. The most severe of these 204 disaster events brought
economic damages of 161.8% of the GDP in the case of Samoa and 131.2% of the GDP in Vanuatu. Statistically, PICT are
hit by a disaster almost every second year. For Fiji the figure is more than 70%/year. Only PNG has a higher disaster
risk per year with 81%. Also above 50% are Vanuatu (57%) and Solomon Islands (51%) (Lee, Zhang, & Nguyen, 2018).

In Samoa a tsunami killed 143 people in September 2009. The death toll per 1000 people of Samoa’s population was
higher than for all countries affected by the 2004 Indian Ocean Tsunami except Sri Lanka. The argument is not that the
Samoan tsunami was a bigger disaster in absolute terms, but it affected a bigger share of the Samoan population. The
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Windstorm 11 5 11 6 18 7 44 7 19 29 2 2 2 7 4 4 4 16 9 4 211
Drought 1 1 1 3 3 3 1 2 2 17
Flood 1 12 19 5 2 2 1 1 1 46
Earthquake 1 2 2 18 9 8 1 1 1 43
Volcanic 1 17 1 7 1 27
Technological 1 1 1 1 10 1 1 1 1 1 19
Others 3 1 2 2 1 24 2 3 1 1 1 1 3 1 46
15 6 16 6 25 9 63 98 39 49 7 4 7 11 6 9 6 17 11 5 409
Melanesia 249 17 266
Polynesia 77 21 98
Micronesia 29 16 45
355 54 409

Data from Centre for Research on the Epidemiology of Disasters (CRED). (2021). The international disaster database. https://public.emdat.be/.
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TABLE 15.3 Disaster, fatalities, people affected, and damages recorded in the Pacific Island region (1900-2021).

Number Reported fatalities Population affected Reported losses (in 000'US$)

Windstorm 211 1945 3,814,650 4,038,880
Drought 17 84 3,662,019 94,900
Flood 46 233 1,003,064 350,375
Earthquake 43 6024 642,312 328,615
Volcanic 27 3515 296,032 110,000
Technological 19 865 12,153 12,000
Others 46 1194 62,858 31,650
Melanesia 267 12,591 8,374,650 2,448,406
Polynesia 97 834 768,730 1,374,469
Micronesia 45 435 349,708 1,143,545
TOTAL 409 13,860 9,493,088 4,966,420

Data from Centre for Research on the Epidemiology of Disasters (CRED). (2021). The international disaster database. https://public.emdat.be/.

TABLE 15.4 Reported disasters in the PICTs according to decades (1900-mid March 2021).

1900- 1910~ 1920- 1930- 1940- 1950- 1960- 1970— 1980— 1990- 2000~ 2010- since

Hazard 1909 1919 1929 1939 1949 1959 1969 1979 1989 1999 2009 2019 2020 Total
Windstorm 1 1 2 6 10 18 22 37 30 36 40 8 211
Drought 2 6 9 17
Flood 1 4 3 21 14 3 46
Earthquake 1 1 5 5 13 11 7 43
Volcanic 1 1 2 1 1 1 4 11 5 27
Technological 11 4 4 19
Others 3 5 9 17 10 2 46
0 1 1 4 7 13 20 31 54 76 100 89 13 409
Melanesia 4 3 11 8 24 37 49 65 55 11 267
Polynesia 1 1 4 2 11 4 15 19 19 19 2 97
Micronesia 1 3 2 8 16 15 45

Data from Centre for Research on the Epidemiology of Disasters (CRED). (2021). The international disaster database. .

damage was between 15% and 20% of the Samoa’s GDP in 2009 (World Bank, 2012). Already earlier, in 1991, Samoa’s
economy suffered damages from Tropical Cyclone (TC) Val amounting to 231% of the country’s GDP (CRED, 2021).

In Vanuatu TC Nigel caused a damage of USD173 million in 1985, about 131% of Vanuatu’s GDP (Lee et al., 2018).
Thirty years later, in March 2015, the country was struck by TC Pam, the most severe tropical cyclone ever recorded in
the Southern Hemisphere. The damage was some USD 449 million, around 60% of Vanuatu’s GDP (CRED, 2021).
A year later Fiji experienced a similarly strong tropical cyclone. TC Winston devastated major parts of the country
in February 2016 causing damage of some USD 900 million, about 20% of the GDP. If one includes the value of
destroyed environmental assets and losses in environmental services the total damage has been USD 1.3 billion
(Government of Fiji, 2016).

Niue is a tiny island-nation of 260km? and around 1600 inhabitants. The country has been suffering from cyclones
more than once in the past few decades (Barker, 2000). At times damages were so overwhelming that many suggested
evacuating the entire population to New Zealand (Wade, 2005).

Damages relative to a country’s GDP exceeds dimensions of even the world’s biggest disasters. This makes PICTs
hotspots of disasters. Even when damages are relatively small in absolute terms they are huge measured in countries’
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and people’s capacities to cope with such events. In many cases a single disaster put serious stress on governments and
people likewise. It is certainly realistic to assume that exposure to natural hazards will increase with climate change.
Societies have to better prepare and find ways to reduce disaster risks.

2.4 People’s vulnerabilities to disasters and the search for security

Reflections about vulnerability have a long tradition, which started outside climate change discourses. In his anal-
ysis of famines in India, Bangladesh, and Africa, Amartya Sen observes declines of food entitlements and shows that
not everybody is affected by hunger and famine in the same way and to the same extend (Sen, 1981). He distinguishes
between groups in society, their exposure to famine, and the implications/impacts on their lives. This “discovery” may
sound simple or even simplistic, but for long time it was not really an issue of social science research to distinguish
between those who are adversely affected by famine, those who are well protected and those who might even benefit.
When introducing differentiations the principle of vulnerable and less-vulnerable groups in societies have been artic-
ulated; famines became events of societal rather than natural causation.

(Watts & Bohle, 1993a, 1993b) reflect on vulnerability to food insecurity from a structural perspective. What con-
stitutes people’s vulnerabilities to such events? Around the same time, Blaikie, Cannon, Davis, and Wisner (1994) used
vulnerability in concepts around natural hazards and disasters. Since the beginning of the 21st century, more and more
authors have used climate change discourses and people’s vulnerabilities to show how impacts of climate change are
felt on grassroots levels (Adger, 2006; Kasperson et al., 2006; Leichenko & O’Brien, 2002).

“Social” vulnerability is often used as synonym to “poverty” (Sivadas & Ismail, 2020). This ignores that “poverty”
relates to deprivation while vulnerability reflects on exposure to external risks, shocks, stresses and how well a person
or a group of people can cope/adapt to such external pressures. According to Chambers vulnerability has two sides:
“an external side of risks, shocks and stress to which an individual or household is subject; and an internal side which is
defenselessness, meaning a lack of means to cope without damaging loss” (Chambers, 1989). Vulnerability is the com-
bination of adverse, external events and the capacity of a person/group of persons to cope with such events.Concepts
of coping played important roles in anthropological urban studies in Third World contexts (McFarlane & Silver, 2017;
Moser, 1998; Thieme, 2018). The concepts experienced a revival in food security research and livelihood analyses
(Chambers, 1989; Chen, 1991; Davies, 1996; Krishnamurthy et al., 2020; Oskorouchi & Sousa-Poza, 2021). Research
on famines in the Sahel and the Horn of Africa in the 1980s was often centered around “coping” to better understand
why some people survived periods of extreme food stress while others did not (Watts & Bohle, 1993a, 1993b); see
(Koch-Laier et al., 1996; Mekuyie & Mulu, 2021; Ncube et al., 2018). Later, when perspectives shifted from food to live-
lihood security and finally to sustainable livelihoods, the term “coping” was used to deal with different sorts of haz-
ards, natural as well as human-made.

Vulnerabilities to disaster relate closely to social and economic circumstances of people’s everyday lives and the
position they hold in the structural make-up of their societies. Certain categories of people, such as the poor, the
elderly, women-headed households and others are at great(er) risk to be adversely affected by hazards. There is much
evidence that simultaneous exposure to multiple hazards enhance social vulnerability. Multiple hazards of differing
categories (natural, social, economic, political) and differing time dimensions (sudden, long-term, etc.) need to be fac-
tored in when assessing overall vulnerabilities. Research on exposure to multiple hazards is scarce; far more is needed
to more comprehensively map vulnerable people’s realities (Anderson et al., 2021; Leichenko & O’Brien, 2002;
O’Brien & Leichenko, 2000; Pagliacci & Russo, 2020). Worthwhile research could be conducted where severe natural
hazards stroke at the time when communities were also exposed to the covid-19 pandemic.

2.4.1 Small islands and their vulnerabilities to natural hazards

Small islands, their isolation and remoteness can become a matter of life and death. In 2002 it remained long unclear,
if the people of Tikopia and Anuta, two isolated islands in the eastern parts of the Solomon Islands, had escaped TC
Zoe. Only surveillance flights by the Australian Air Force confirmed that all people were fine although 70% of their
houses had been completely destroyed (Courtney, 2005).

Societies in the Pacific Island region have dealt with hazards since centuries. Cyclones, floods, droughts and other
hazards have become part of people’s lives. People developed mechanism to cope with such hazards (Bertana, 2020;
Beyerl et al., 2018; Campbell, 2006; Latai-Niusulu et al., 2020; Neef et al., 2018; Nunn & Kumar, 2019; Nunn, 2007).
Modernization processes might have weakened traditional knowledge systems, but knowledge to respond to hazards
is still frequently applied.
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Social vulnerability to hazards has distinct structural and time dimensions. (Watts & Bohle, 1993a, 1993b) hint at
consequences when people are not able to recover from adverse events quickly and sufficiently. When a disaster
strikes, it is often the result of insufficient preparation/reduction of disaster risks. The accumulation of negative events
can enhance vulnerability when different adverse events come together, when people have not yet fully recovered
from a disaster when the next strikes. People’s vulnerabilities increase as their capacities to cope/adapt decline.
A number of Tropical Cyclones in PICT that happened simultaneously with COVID-19 pandemic are recent examples
of such multiple exposure (Farrell et al., 2020; Frausto-Martinez et al., 2020; Holland, 2020; Mahul & Signer, 2020;
Steenbergen et al., 2020).

A hazard type, its intensity and frequency is not enough to make predictions about the likeliness, scope and dimension
of a disaster. It is essential to analyze, who are the most vulnerable sections of society, how are they exposed to a hazard
and what constitutes their vulnerability. People’s capacities to successfully respond to a hazard/disaster can become
weaker through coping (Watts & Bohle, 1993a, 1993b). After a disaster they may sell assets to cope. They become impo-
verished. Disasters render them sick or injured. This weakens their capabilities to cope in future. People’s social networks
are destroyed when they flee and /or when members of their family die in the event of a disaster. The end of a hazard
does not mean the end of a disaster. People are often much weaker than before. People are more susceptible to future
hazards. The more often people have to go through disasters the less is needed to trigger another disaster.

Various Sustainable Livelihood Approaches (SLA) borrow much from Sen’s and Chambers’ insights. They add dis-
tinct applied elements making them tools to analyze vulnerabilities and to enhance livelihood security. The approaches
provide guidelines of how to analyze vulnerability contexts and people’s coping/adaptation capacities. Specific liveli-
hood capitals play a major role to support risk reduction: natural capital (access to land, marine and other natural
resources and the quality of these resources); physical capital (access to infrastructure, communication and information);
human capital (skills, formal qualification, health); financial capital (incomes of all sorts, savings and assets one easily can
convert into money). A fifth capital, which received particular importance is social capital, the membership in formal and
informal social networks that provide support and security to overcome adverse situations (Yila et al., 2013). Some
authors have recommended to add legal capital as separate category. Legal capital understood as supportive structures
and processes that have legal foundations (e.g., Human Rights, social security legislation entitlements versus voluntary
social welfare measures) and that enable people to enforce claims (Weber, 2017).

2.4.2 Adaptive capacities in Pacific Island societies

Small island societies have low adaptive capacities (de Agueda Corneloup & Mol, 2014; Lohmann et al., 2019). Trop-
ical and subtropical islands are particularly exposed to the impacts of climate change (Basel et al., 2020; Leal Filho et al.,
2020; Nand & Bardsley, 2020). Governments took notice of these challenges only slowly. While they have slowly
“mainstreamed” climate change and disaster risk reduction, the general public lack behind, not necessarily because chal-
lenges are unknown, but because other priorities receive more attention (Agrawala & Van Aalst, 2008). It is not only
people’s willingness to pay for adaptation efforts, but their ability to pay that make a difference (de-Graft Acquah &

Onumah, 2011; Akter, 2020; O’Garra & Mourato, 2016; Tulone et al., 2020).

In recent decades, there has been rapid change in PICT. Urbanization, individualization, and commercialization
have weakened community solidarity, subsistence production and exchange in small rural communities (Kronen &
Bender, 2007; Weber, 2014). Earlier people lived in big family networks. Obligations to support each other were
not individual decisions, but made by groups (Fleming, 1997; McLeod, 2010). They were ritualistic, enforced network
outcomes. At all times, however, people were agents of their destinies. Even today they are neither victims of natural
hazards, nor of social structures. People try to have impacts on both. Social structures are the outcome of agency and
social action (Hempenstall, 2011). Such anthropological insights are crucial for the activation of traditional, indigenous
disaster risk reduction mechanisms (Fletcher et al., 2013; Hosen et al., 2020; Kelman et al., 2012; Lesa, 2020).

In his report on traditional disaster risk reduction in Pacific Island communities (Campbell, 2006) provides valuable
insights in people’s knowledge to deal with natural hazards in systematic ways. The report gives details of traditional
coping mechanism and how societies adapt to hazards. Societies based on subsistence production generate surpluses
to bridge critical times, either through cash that has been generated selling surpluses or food preservation and storage.
What Campbell calls “Agricultural Resilience” uses crop and location diversity to minimize or spread risk. This is a
dominating principle of many subsistence or peasant economies: to put emphasis on livelihood security rather than on
profit maximization (Feeny, 1983; Sulewski et al., 2020).

In such societies, mutual help are strong features, which includes the membership to social as well as social-spatial
networks. Membership in social groups are constantly reinforced through rituals (birth, weddings, funeral, rites of
passage and initiation) that usually have reciprocal components. Thaman stresses the need to preserve “time-tested,
socially and environmentally suited Pacific Island food systems” that strengthen group relationships and enhance
cohesion (Thaman, 1982). Some societies, especially on small isolated islands have once been almost entirely autarkic.
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Authors describe them as subsistence affluence societies (Bainton & McDougall, 2021; Maiava, 2020; Sahlins, 1972).
Such communities have been regarded highly resilient to natural hazards and external intervention (e.g., in form
of inappropriate disaster relief ). Authors stress that increasing external influence weakened resilience, undermining
community solidarity, people’s social capital. External interventions in disaster risk reduction and postdisaster recov-
ery need to pay more attention to local contexts, capacities and constraints. Efforts should be designed in complemen-
tary ways that strengthen local populations’ agency and resilience and not weaken or replace them (Campbell, 2006; Ford
et al., 2020; Piggott-McKellar et al., 2020).

Well established institutions can reduce damaging impacts of natural hazards by enhancing people’s capabilities
and capacities. Social networks and social capital derived from them enable communities to confront hazards and help
reduce disaster risks. Functioning social networks also facilitate information flows. Such networks can be used in plan-
ning disaster risk reduction measures as well as recovery and rehabilitation processes (Yila et al., 2013).

Specific socio-cultural context deserve particular attention. Ethnic differentiation like in the Western Province of the
Solomon Islands after the 2007 tsunami (indigenous Melanesian vs immigrant Micronesian) or in Fiji after virtually
every disaster (indigenous Fijians vs Indo-Fijians) can disturb cooperation when sensitive ethnic issues are ignored.
Such differences can be helpful as different ethnic groups have different knowledge and skills in disaster risk man-
agement and postdisaster recovery. They also have access to different networks (Barnes-Mauthe et al.,, 2015;
MacGillivray, 2018; Ngin et al., 2020). Remittances from relatives in the Pacific diaspora can prove crucial for sustain-
ing the recovery from natural hazards (Bennett et al., 2020; Brent Vickers, 2018; Petzold, 2017).

2.4.3 Remoteness, isolation and displacement as challenges to disaster management

The example of Tikopia and Anuta after TC Zoe in 2002 shows that locations, and connected to it, accessibility, are
crucial for disaster management and postdisaster recovery (Korovulavula et al., 2020; Petzold & Magnan, 2019).
Another example of severe isolation in the Pacific Island region is Kiribati, stretching almost 5000 km from East to
West. The distance from the most western island (Banaba) to the country’s most eastern island (Caroline Island in
the Southern Line Group) is more than 4500 km. In December 1999, it took a group of dancers three weeks to travel
by boat from Kiribati’s capital on Tarawa Atoll in the very west to Caroline Island to celebrate the new Millennium
(Associate Press Archive, December 31, 1999).

Temporary displacements happen connected to disasters. Evacuation centers provide safe places to people exposed to
floods and cyclones. Usually they return to their own houses once the hazard is over. Permanent resettlement might
happen more often in future, even within the same country. After the tsunamis in the Solomon Islands (2007) and Samoa
(2009) challenges around disaster rehabilitation differed greatly as a result of land tenure. In the Solomon Islands, people
who had moved to higher grounds after the tsunami became squatters on government land. The provincial government
tried to relocate them back to the coastal zone, where schools destroyed by the tsunami were rebuilt. In Samoa, govern-
ment provided various support (heavy machinery, building material/ tools, financial support) to enable people from the
coastal zone to build new villages at higher grounds. New houses, schools, churches, shops, etc. emerged within a short
time. The Polynesian land tenure system in Samoa meant that people relocated within their own land.

A challenge to informal elements of social capital is that the creation of formal safety nets is difficult (Adams & Neef,
2019). Micro-finance initiatives can provide such security, but they usually have elements of formalization (Feeny,
1983). Where protection remains informal and depends on community cohesion and solidarity safety nets can become
less efficient through modernization processes and increasing social and economic differentiation of communities
(Diedrich & Aswani, 2016). When some no longer depend on social capital as they have become well-off over time,
traditional support structures erode or even collapse. Most challenging are transitions from traditional to modern sys-
tems of social and economic security. While the traditional systems have weakened, the new systems are not (yet) fully
established to provide sufficient support (Weber, 1995). Such challenges happen when social security shifts from infor-
mal arrangements to formalized systems (Hu, 2020; Solimano, 2021).

2.4.4 Migration as successful adaptation to climate change

A particular discourse has emerged about the role migration in the adaptation to the impacts of climate change. Is
migration an element of climate change adaptation (Hochachka, 2021; Maharjan et al., 2021; Mohammed et al., 2021;
Nalau & Verrall, 2021), or does the need to migrate show that adaptation has failed (Nand & Bardsley, 2020).

There are instances environmental change including climate change impacts make people move. Not always are
such migrants welcome in the places they try to reach. The notion of migration with dignity refers to the asymmetries
between migrants that are welcome in the destination and such that are seen as unwanted immigrants, which are even
criminalized (former Kiribati President Tong 2006, per. communication).

The social construction of good and bad migrants is the result of socio-economic and cultural dynamics that create
real or perceived antagonism between migrants and people, media and political ideologies in the countries the



262 15. People’s management of risks from extreme weather events in the Pacific Island region

migrants go to (Browne & Reilly, 2020; Hirsch, 2019). For the past two decades, terminologies such as “environmental
refugee” /“climate (change) refugee” have dominated the debate. Strictly speaking, there are only a few legal systems
that recognize “refugees” caused by environmental deterioration. The major legal framework, the Convention Relat-
ing to the Status of Refugees, does not provide such protection (Derham et al., 2020; Scott, 2020).

Pacific Islands have a long history of migration (Weber, 2014). Initially migration was driven by people’s own moti-
vations and efforts to settle the vast expanse of the Pacific Ocean and to travel to neighboring and far away islands
(Finney et al., 2007; Nunn & Kumar, 2019; Nunn, 2007). Then people were taken around by outside powers to distribute
labor according to colonial requirements (Scarr, 1967; Singe, 2020). Islands were emptied for nuclear testing (Weber &
Koto, 2021). Today migration has become a means for many Pacific Islanders to seek greener pastures outside their home
countries. The notion of being “environmental” or “climate change refugees” is rather strange to the people of the Pacific.
Most of them even reject not only the terminology, but the entire concept (Smith & McNamara, 2015).

2.4.4.1 Migrants as actors and translocality

Migrants are actors. They use their agency when moving to other places. We rarely can identify a single cause for
migration, but migrants” expectations are as complex and multilayered as their reasons to move (Marino & Lazrus,
2015; Sakdapolrak et al., 2016). It is difficult to disentangle environmental/climate reasons from economic improve-
ment, livelihood security, or poverty, ethnic discrimination/persecution, and other reasons. There are many examples
where two, three or even more of such reasons mix.

Looking at people’s strategies to diversify livelihoods (Adzawla & Baumiiller, 2021; Kimengsi et al., 2020; Mohammed
et al., 2021; Salam & Bauer, 2020; Sodokin & Nyatefe, 2021) migration, livelihood diversification and climate change
adaptation connect in a positive way. When people experience that climatic changes make their efforts to gain secure
livelihood difficult they decide to move elsewhere, at least part of their household. Climate change leading to higher
intensity of extreme events, negative impacts of food production, and/or sea-level rise make prevailing economic con-
ditions harder and aggravate marginalization and poverty (O’Brien & Leichenko, 2000). Often vulnerable people live in
marginal lands, informal settlements and other locations that are particularly exposed to the impacts of climate change
(Weber, 2017). In such situations livelihood diversification coincides with migration, the diversification of locations.
Translocal households (McMichael et al., 2021; Peth & Sakdapolrak, 2020; Steinbrink & Niedenfiihr, 2020; Vibert, 2020).

Different members of the same household live in various places to optimize work. This enhances livelihood security.
Those who leave send remittances to their loved ones back home in the village. They enhance structures of reciprocity
and mutual support. When this increases security and well-being then migration has been a positive way of adaptation
(Tacoli, 2011).

2.4.4.2 Labor mobility in PICT

Many Pacific Islanders experienced positive impacts on their livelihoods as well those of family members back
home when they became Gastarbeiter in Australia, New Zealand, and the USA right after World War II. Migration
opportunities varied according to economic booms and depressions in receiving countries. Some PICs have formalized
access to other states, either through citizenship or particular arrangements their governments have entered. People
living in Pacific Island Territories have citizenship of their respective metropolitan country. Formalized labor migra-
tion schemes are summarized in Table 15.5.

In addition to Pacific Islanders, who can reside and work in countries at the rim of the Pacific Ocean there are other
arrangement that make permanent immigration easier for people from PIC. New Zealand and Samoa have an annu-
ally quota that allows 1100 Samoans and their core families to permanently emigrate to New Zealand to take up work
there (Samoan Quota). With Fiji (250 per year), Tonga (250), Kiribati (75) and Tuvalu (75) similar agreements exist,
although with lower numbers (Pacific Access Category). Eligible applicants are drawn by lot (Weber, 2017).

Australia and New Zealand have also temporary unskilled labor schemes that allow every year thousands of Pacific
Islanders work in horticulture and the tourism industry of both countries. In 2017/18 the Seasonal Worker Program
(SWP) issued some 8500 visa to Pacific Islanders. Some 80% of seasonal workers came from Tonga and Vanuatu.
Samoa and Timor Lesté contributed almost 20%. A few other PIC had smaller percentages (Gibson & Bailey, 2021).

In 2017/18 New Zealand’s Recognized Seasonal Employer (RSE) program had a cap of 12,500 intakes. More than
11,000 workers actually came for the 2017 /18 season. Between 2007 and 2018 around 38% of seasonal workers to New
Zealand came from Vanuatu, 19% from Tonga, 16% from Samoa, 5% from Kiribati, 2% from Solomon Islands, and 1%
each from Fiji, PNG, and Tuvalu. The remaining 18% were seasonal workers from Asia. In July 2018 Australia started a
Pacific Labour Scheme (PLS). Similar to the Seasonal Worker Program it issues visa to citizens of PIC (incl. Timor
Lesté). Under this scheme low- and semiskilled workers can come to Australia for up to 3 years (Gibson & Bailey, 2021).
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TABLE 15.5 Migration data and formalized schemes for Pacific Islander labor migration.

Country
(bold)
territory Stock of Stock of Pacific access category Skilled Unskilled
(governed Population  emigrants emigrants as %  (PAC)/Samoa quota (SQ) labor labor Migration
by) (mid-2020) (in “000) of population (annual quota) schemes schemes opportunities
Polynesia
American 56,800 - Full access to USA
Samoa (incl. USA Pacific
(USA) Territories)
Cook 15,300 28.4 61.4% PICTA-TIS Full access to NZ
Islands
French 278,900 - Full access to NZ
Polynesia
(France)
Niue 1600 9.2 75.6% PICTA-TIS Full access to NZ
Samoa 198,700 1204 67.3% 1100 (SQ) PICTA- SWP, RSE,
TIS, PLS PSWPS2
Tokelau 1500 - Full access to NZ
(New
Zealand)
Tonga 99,800 474 45.4% 250 PICTA- SWP, RSE,
TIS, PLS PSWPS1
Tuvalu 10,600 n.a. n.a. 75 PICTA- SWP, RSE,  Special Deal with
TIS, PLS PSWPS2 German merchant
marine
Wallis and 10,600 n.a. n.a. Full access to France
Futuna (incl. French Pacific
(France) territories)
Micronesia
Fed. States 105,500 21.9 19.7% PICTA-TIS Full access to USA
of
Micronesia
Guam 176,700 - Full access to USA
(USA) (incl. USA Pacific
Territories)
Kiribati 118,700 6.4 6.5% 75 PICTA- SWP, RSE,  Special Deal with
TIS, PLS PSWPS1 German/Japanese
merchant marine
Marshall 54,600 10.5 16.6% PICTA-TIS Full access to USA
Islands
Nauru 11,700 n.a. n.a. PICTA- SWP,

TIS, PLS PSWPS2
Northern 56,600 -

Mariana

(USA)

Palau 17,900 8.0 38.8% PICTA-TIS Full access to USA
(incl. USA Pacific
Territories)

Continued
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TABLE 15.5 Migration data and formalized schemes for Pacific Islander labor migration—cont’d

Country
(bold)
territory Stock of Stock of Pacific access category Skilled Unskilled
(governed  Population  emigrants emigrants as %  (PAC)/Samoa quota (SQ)  labor labor Migration
by) (mid-2020) (in “000) of population (annual quota) schemes schemes opportunities
Melanesia
Fiji Islands 884,887 182.2 21.3% a PICTA- RSE*
TIS,
SMS, PLS
New 273,600 - Full access to France
Caledonia (incl. French Pacific
(France) territories)
Papua 8,935,000 61.2 0.9% PICTA- SWP,
New TIS,, PLS PSWPS1
Guinea
Solomon 712,100 5.4 1.0% PICTA- SWP,
Islands TIS, SMS, PSWPS2
PLS
Vanuatu 294,700 3.9 1.6% PICTA- SWP, RSE,
TIS, SMS, PSWPS1
PLS
Timor 1,066,409 23.0 2.2% PLS SWP, Applied for ASEAN
Leste PSWPS2 membership (2011)
(2010)
Polynesia 673,800 205.4
Micronesia 541,700 37.8 Full access to developed countries 1,049,600

Melanesia 12,166,696 252.7

total (incl. 14,448,605 518.9
Timor
Leste)

SWP, Seasonal Worker Program from 1 July 2012 to 30 June 2016.

PSWPSI, Pacific Seasonal Worker Pilot Scheme which started in 2008 with four countries (Kiribati, Papua New Guinea, Tonga and Vanuatu; PSWPS1).

PSWPS2, 2011 four more Pacific Island countries were invited to join the program (Nauru, Samoa, Solomon Islands and Tuvalu; PSWPS2). East Timor participated in a
small trial of seasonal mobility in the accommodation sector.

RSE, Recognized Seasonal Employer (RSE) Scheme started in 2007. The NZ Department of Labour has Inter-Agency Understandings with the following Pacific Island
states: Kiribati, Samoa, Tuvalu, Tonga, Solomon Islands and Vanuatu, although the scheme is open world-wide.

PLS, Pacific Labor Scheme for low and semiskilled workers, up to three years in one contract.

SMS, Skilled Labor Mobility Scheme of the Melanesian Spearhead Group started in 2012

PICTA-TIS, Pacific Islands Countries Trade Agreement-Trade in Services, negotiations concluded in February 2012; not yet in force

* Excluded for political reasons between 2007 and 2014.

No permission required.

Beyond these migration opportunities Pacific Islanders can migrate to developed countries at the rim of the Pacific
Ocean through obtaining regular work permits and visa for the purpose family reunion. From Fiji, e.g., a notable num-
ber of citizens work in the British Army, making it the biggest ethnic section of the British Army (King, 2021). Some
7000 Fijians live in the U.K., most of them as active or retired soldiers of the British Army (Hulkenberg, 2015). Finally
thousands of rugby players from predominately Fiji, Papua New Guinea, Samoa, and Tonga work and live in Europe
(France, U.K.), New Zealand and Australia and the USA (Guinness, 2018; Hawkes, 2018).

Of the 12.3 million people who lived in PICs (11.4 million) and territories (854,000) by mid-2020 some 1.05 million
have a right to reside and work in a metropolitan country without the need of a residential or work permit (SPC, 2020).

2.4.5 Disaster management and its integration with climate change adaptation

Impacts of climate change often relate to hazards that easily can trigger disasters. Tropical storms and floods stand
at the top of hazard events that turned into disasters, but also droughts do play some role. All these hazards can
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increase in intensity through climate change. Over the past two decades major efforts have been taken up from Pacific
Island countries’” governments, regional organizations and nongovernmental organizations to integrate climate
change and disaster risk reduction/management efforts (Gero et al., 2010). Effort to integrate climate change and disas-
ter management includes attempts to mainstream both.

In 2005 Pacific Island leaders made commitment to address disaster issues systematically when they endorsed the
Pacific Disaster Risk Reduction and Disaster Management Framework for Action, 2005-2015: The FfA intended to cre-
ate resilient countries and communities. It had been a process driven globally by the Hyogo Framework for Action
2005-15 and the International Strategy for Disaster Reduction (ISDR).

In the same process Pacific Leaders endorsed the Pacific Islands Framework of Action on Climate Change (PIFAC),
200615, which also calls for specific actions against the impacts of climate change, including to the effects of extreme
climatic events.

Between 2006 and 2016 the Pacific Disaster Risk Management Partnership Network (PDRMPN), an “open-ended,
voluntary” membership of international, regional and national government and nongovernment organizations, sup-
ported Pacific countries toward mainstreaming DRM through addressing their disaster risk reduction and disaster
management priorities.

Mainstreaming is transforming an idea into strategic intervention. When referring to mainstreaming in the context
of disaster risk management the effort is to integrate key principles of disaster risk management into national devel-
opment goals and their implementation such as policies and strategies. It also means integration into development
planning and budgetary processes. In reality this requires that all new legislation is tested, if it is cohesive with the
ideas and priorities of disaster risk reduction. It means in addition that budgets of relevant government sections have
resources allocated that help to address disaster risk reduction. Some governments combined disaster and climate
change perspectives through Joint National Action Plans (JNAPs).

The annual meetings of the PDRMPN were essential in the integration of disaster related fields and activities with
those concerning climate change. Information sharing provided opportunity to relevant NGOs, government minis-
tries, donors and transnational bodies at regional as well as international levels such as various UN agencies and
the World Bank. Although the idea of exchanging ideas stood in the forefront of these meetings they were also a plat-
form to facilitate concrete actions among participants to reduce vulnerability and enhance resilience to disasters and
the effects of climate change. In particular the open meetings provided a wide scope to civil society organizations to
have a voice in important decision making.

PDRMPN facilitated cooperation and the formation of partnerships and coordinated activities. It worked excellent
on inter-country levels within the Pacific islands and to link them to international efforts, mainly within the United
Nations system. Weaknesses were in linking to subnational levels, particularly grassroots organizations and activities.
Applied activity at the grassroots are often separated from the policy development efforts of efforts organized under
PDRMPN.

3 The 2020/2021 cyclone seasons and covid-19 in the Pacific Islands region

In 2020 and 2021 Solomon Islands, Vanuatu, Fiji and Tonga experienced a number of severe Tropical Cyclones (TC)
that coincided with the covid-19 pandemics. Multiple hazards affected people at the same time. These caused severe
hardship to people, who already suffered much from restrictions and job losses from covid-19. The pandemics put also
severe challenges to disaster response. Countries had to deal with severe tropical cyclones just at the time when gov-
ernments tried to implement measures against COVID-19 (Weber et al., 2021). Relevant authorities had to reduce infec-
tion risks as much as possible, which affected virus containment measures.

The strongest of the cyclones was TC Harold, which caused severe damages in early April 2020. TC Harold was a
powerful cyclone reaching highest category 5. It caused widespread destruction in Solomon Islands, Vanuatu, Fiji, and
Tonga. The cyclone caused 30 deaths, 2 in Fiji, 1 in Vanuatu, and 27 in the Solomon Islands. Three countries had not yet
recovered from damaging cyclone disasters just a few years earlier (Vanuatu, Cyclone Pam in 2015, Fiji, Cyclone Win-
ston in 2016, and Tonga, Cyclone Gita in 2018).

When TC Harold was approaching the Solomon Islands the country had no covid-19 cases. The government
advised many, who were temporarily staying in the country’s capital Honiara to return to their home islands to reduce
over-crowding especially in informal settlements to support social distancing measures. On April 4 more than 600
persons from Malaita Island wanted to return home on MV Taemarehu. Strong winds caused by TC Harold washed
37 people off the ferry. All are still reported missing and are assumed to be indirect casualties of covid-19
(Holland, 2020).
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In Vanuatu TC Harold destroyed around 80% of houses on the northern islands of Espiritu Santo and Pentecost.
Around 80,000 people got displaced, crops destroyed and livestock perished. As a result of covid-19 restrictions for-
eign aid workers had left the country just a few weeks prior to TC Harold and were to quarantine before they could
return. As a result Vanuatu was handling disaster relief efforts entirely through own staff in order to avoid that the
coronavirus could enter the covid-free country.

In Fiji TC Harold caused damage of some USD 44 million, destroyed at least 635 houses and damaged an additional
2100 homes, many in locations that were under lockdown because of covid-19 (e.g., Kadavu Island, Vatulele, Southern
Lau islands). Special arrangements for relief efforts were needed to reach these places. Relief supplies, e.g., were not
shipped from Suva, which was under lockdown then, but from Natovi jetty some 50 km north of Fiji’s capital. All offi-
cers involved in relief efforts traveling to outer islands have been screened by the Ministry of Health. Nobody from the
Suva containment area could be included in relief operations on outer islands.

Of more than 10,000 temporarily displaced persons some 6200 sought refuge in 250 evacuation centers despite social
distancing restrictions in place. The assessment of damages and providing relief to affected people right after TC Har-
old were difficult as measures to avoid the spread of the coronavirus had to be observed (Mangubhai et al., 2021).
Social distancing rules were in place, people were told to stay at home, and advice given was to regularly wash one’s
hands. It is close to impossible to follow such crucial advice to protect oneself and others from a deadly virus, when
house are blown away by unimaginable strong winds, when people have to find refuge in overcrowded evacuation
centers.

TC Harold reach Solomon Islands and Vanuatu at a time when both countries had no recorded covid-19 cases. Effort
of the governments of these two countries was to avoid that international aid personnel brings the coronavirus to their
countries. In Fiji 17 covid-19 cases had been reported by April 7, 2020. It was uncertain, if unreported cases in the com-
munity existed. To avoid the spread of covid-19 to outer islands, travel to these islands had been discontinued.

Less than 8 months after TC Harold Fiji was struck by TV Yasa, one of the strongest cyclones ever observed in the
South Pacific and the most powerful since Cyclone Winston in February 2016. TC Yasa hit Fiji on December 17, 2020.
The cyclone reached wind gusts of up to 345 mph. It was the fourth cyclone of the highest storm intensity (Category 5)
in 4 years that reached Fiji. Another 6 weeks later Tropical Cyclone Ana made landfall in Fiji on January 31, 2021 caus-
ing much damage to informal settlements in Suva before proceeding to Kadavu, where also severe damages were
reported. Both TC reached Fiji when it was covid-free. Relief operations were easier than after TC Harold.

4 Conclusion

Natural hazards have happened in PICT since long. Disasters arising from these hazards have been small by inter-
national standards, but huge considering the smallness of PICT, their limited capacities and capabilities to deal with
such disasters. PICT have contributed little to global greenhouse gas (GHG) emissions, but climate change is a reality in
this part of the world with considerable impacts. There is little uncontested evidence that extreme events have become
more frequent in PICT. With a number of severe Tropical Cyclones between 2015 and 2020 it appears that cyclone
hazards have intensified. It is predictable that this trend continues into the future. Hazards will continue to become
stronger as higher ocean water temperatures provide more energy when cyclones generate and then intensify.

It is essential to reduce disaster risks, and optimize rehabilitation and recovery after disasters. This includes better
preparedness to extreme events. Traditional experience, knowledge and skills are no longer enough to reduce disaster
risks. Still people’s knowledge play important roles to provide sound foundations on which external interventions and
ways to deal with disasters can be based on. To devaluate people’s knowledge will not only reduce effectiveness, but
also take away from them responsibility and agency: people’s ability to make decisions concerning their own lives and
to implement them. Already today, such implementation has become concerted action between insiders and outsiders;
between traditional and modern ways. Such combination of efforts can strengthen resilience and people’s ability to
face hazards well enough that they do not turn into disasters.

The greatest deficit is that adaptation is greatly understood as an instrument of Public Work Departments, building
codes and engineers. Adaptation widely ignores vulnerable people’s aspiration to reduce risks by diversifying liveli-
hoods. This long standing strategy is the most important mechanism people have to deal with natural hazards and
disasters. While the analysis of livelihood diversification has become a major paradigm in research of climate change
and disaster risk reduction, policies and government action in these areas are too often ignoring the messages of such
research. There is certainly scope to improve.

Still situations will become more challenging when in situ adaptation is not enough. When pressures become so
severe that there is a need to evacuate people for good, to bring them to safety. Here it is essential to safeguard that
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they can live in dignity elsewhere. To integrate requirements arising from climate change and disaster risk reduction
with development efforts is urgent and timely. In this context, it is essential to include climate change concerns into
negotiations about unskilled and skilled labor, whether permanent or temporary. Such measures can strengthen adap-
tive capacities.

Policies that aim at disaster risk reduction exist in PICT on regional, national, and subnational levels. Sections of
governments that deal with climate change and disaster risk reduction are well connected. The exchange of informa-
tion has improved a lot. Much weaker are links between governments and local communities. An urgent requirement
for the near future is a better connection between decision making on national levels and the grassroots. This includes
logistical links, the further integration between climate change and disaster risk reduction, and the mainstreaming of
policies, funds and efforts into development planning.

Local-level institutions and networks strengthening solidarity and mutual support, both formal and informal, are
central to people’s agency and interaction. Such efforts cannot neglect or even disguise that natural hazards happen to
people, who often are exposed to other challenges, such as poverty, unemployment, livelihood insecurity and tenure
insecurity. It is particular damaging when natural hazards affect people, who face other disadvantages at the same
time. Such exposure to multiple hazards makes disaster risk reduction particularly challenging. Here more sensitivity,
but also creativity is asked from state actors.
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1 Introduction

The impacts of climate change have been felt across the world. However, it is still a grand challenge for scientists and
scholars to understand the nature of these impacts on the hydrological cycle. This is the case considering the spatial-
temporal dimensions of water and how its movement, distribution and quality is and will respond to climate change.
Research evidence (Global Change and Extreme Hydrology: Testing Conventional Wisdom, 2011) observed that climate
change has exacerbated the occurrence of extreme hydrological hazards with the most common hazards being extreme
floods and droughts. Whereas floods and droughts occur as a result of natural climate processes, human interventions
equally impact the nature of these hydrological hazards. In fact, the complexities of the interactions between the atmo-
sphere and the systems on the land surface have impeded a clear understanding of hydrological extremes. In essence,
the occurrence of extreme floods and droughts is defined by different processes that occur at different spatial-temporal
scales in the atmosphere, catchments, socio-economic processes and river systems that feed back to each other.
Giuntoli, Vidal, Prudhomme, and Hannah (2015) assert that the understanding of future the occurrence of extreme
floods and droughts is enabled by use of global hydrological and climate models. However, as the author further notes,
there are major uncertainties that limit this understanding. Tabari (2019) ascends to the same opinion, further noting
that the rarity of these events along with their small sample size limits the ability to carry out their analysis. Further-
more, the author posits that misrepresentation of the associated processes at the mesoscale levels, the course spatial-
temporal resolution of the global models and the interconnectedness existing between different extremes, further com-
plicates the analysis. Whereas this is the case, the available evidence shows that hydrological extremes will continue to
increase in the future, as Giuntoli et al. (2015) further argue. This will further be worsened by the increasing world
population. This increase is deemed to increase both risk and vulnerability as there would be higher demand for a
scarce commodity and increased conversion of forests to urban centers that will likely experience extreme urban flood-
ing incidents.

Risks of weather and extreme climate events affect virtually all natural and nonnatural systems (GoK, 2018;
Sivakumar et al., 2014). In reference to Murray and Ebi (2012), responding to climate extremes does not only depend
on the hazard, but also on other dimensions of risk which include the factors of vulnerability and exposure. Following
this point, the Sendai Framework 2015-30 was brought up requiring that the member states enact concrete actions for
reducing disaster risk while at the same time safeguarding development gains. Previously in 2013, the Warsaw Inter-
national Mechanism (WIM) of losses and Damage came into force as a result of the small Island developing states
(SIDs), and Least Developed Countries (LDCs) demanding that the residual and unavoidable losses and damages that
are not addressed by disaster risk reduction and adaptation strategies are addressed (Stabinsky & Hoffmaister, 2015).
This was particularly the case following the observation that these countries were the most vulnerable to climate
change impacts including extreme events, and low onset disasters. In essence, climate change extremes have resulted
in damage and losses that cannot be addressed through adaptation and mitigation strategies. Hence, WIM sought to
address this issue by providing financial assistance, enabling data collection, its analysis and creation of its awareness,
and provision of coordination and oversight role in dealing with the impacts of climate change, and risk management.
It is important to note that managing the risk of extreme events requires the understanding of the risk, and this is often
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realized through assessment. However, according to Liu, Li, and Attarod (2021), higher uncertainties have been
highlighted in view of the occurrence of climate extremes. The understanding and assessment of climate extremes
is still in its infancy stage and, as a result, this may compromise risk management approaches. This point has been
echoed by Schewe et al. (2019), indicating that at both regional and global levels, the understanding, assessments,
and attribution of hydrological extremes along with the associated impacts remains a great challenge. This challenge
is largely attributed to the fact that human interventions have, to a greater extent, contributed to the occurrence and the
nature of hydrological extremes being observed in recent times.

2 Management measures

2.1 Mitigation

Disaster mitigation has been defined by Field, Barros, and Stocker (2012) as the actions that attempt to limit further
adverse conditions once a certain disaster has materialized. Extreme weather and climate events have greater impacts
on those sectors that have closer links to climate, such as water, agriculture and food security, forestry, health, and
tourism. This situation calls for more stringent and comprehensive mitigation measures.

In the context of climate change, mitigation initiatives have been largely employed in order to limit their undesirable
impacts (Barnett & Webber, 2009). In particular, mitigation techniques and mechanisms have been instituted to effec-
tively respond to, and reduce disaster risks. From the local to the global scale, weather and climate risks have been
characterized by more frequent and catastrophic extreme events such as droughts, floods, landslides, among others.
In particular, there has been an increased worldwide concern in regard to hydro-climatic extremes (Liu et al., 2021).
This is the case considering hydrological extremes, with a main focus on droughts and floods.

Mard and Baldassarre. (2016) observed that management and response to hydrological events have been made
more complex by the fact that hydrological systems were largely interfered with by human interventions. To this
end, the authors further assert that feedback mechanisms between society and the hydrological extremes warrant more
research and scientific inquiry. This is because society has been shaping hydrological extremes even as these extremes
shape society. As a result of this interaction, the evolution and mechanism of hydrological extremes has become even
more complex, and without a clear understanding of this complexity, the relevant risk management approaches may
be limited.

One of the most significant hydrological events viewed from a local to global scale is floods. In the past decade,
floods have been responsible for approximately 64% of all disaster events in Africa. This status is followed by severe
storms that are experienced at the level of 15% (Disasters in Africa: 20 Year Disasters in Africa: 20 year review, 2000). On the
other hand, widespread occurrence of droughts has also been reported across the globe. In particular, the Greater Horn
of Africa has experienced lengthier and severe droughts with the example of the 201011 drought event that resulted to
losses of billions of dollar in economic output and even loss of lives and livelihoods. The most recent drought in the
Greater Horn of Africa was also reported in the year 2015-16, which left a large percentage of the population in
starvation.

Elsewhere in Australia, the Millennium drought that occurred since 2003-12, resulted in death and drying of the
main Australian rivers. In addition to this, the famous California 2012-15 droughts resulted to severe water shortages
with adverse effects not only to the agricultural sector, but also in other important sectors of the economy. In view of
the above cases of hydrological extremes, Kenya has made attempts to develop policy guidelines (GoK, 2018;
Sivakumar et al., 2014) to help mitigate the impacts of weather and climate extreme events. This has been the case
in deploying disaster mitigation interventions elsewhere in places like the Netherlands, California and Australia
among others regions.

According to Cabrera, Daniel, Guillermo, and David (2009), the inherent risks associated with these hydrological
extreme events must be effectively managed. This calls for concerted and dedicated efforts in harnessing mitigation
options and integrating climate resilience measures to reduce risks. Many nations of the world, particularly in Africa
and Asia, have already welcomed the process of mainstreaming climate change management initiatives into the
national planning and development agenda, guided by accurate and reliable weather and climate data, analysis,
and policy frameworks.

From the local to global scale, there exists documented evidence of the increasing trend in the rate at which the
global climate is changing (Devkota & Gyawali, 2015). The available evidence shows that among other weather
and climate extremes, hydrological events are bound to increase in severity and frequency in future (Diaz &
Corzo, 2018). With the observed increase in frequency and severity of hydrological events being confirmed by more
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research evidence (Royan, Hannah, Reynolds, Noble, & Sadler, 2014), the necessity for a spatiotemporal analysis of
these extremes has been highlighted and emphasized. This case in point has been further informed by the remarkable
local and regional variability in floods and drought hazards that has been pointed out through climate model projec-
tions across the globe and further pointed out by Kundzewicz and Matczak (2015).

Durack, Wijffels, and Matear (2012) concluded that the water cycle was intensifying in relation to hydrological pro-
cesses of key importance such as precipitation, runoff and evaporation. The authors further assert that hydrological
extremes were characterized by increasing trend, frequency, magnitude and duration. This situation calls for more
robust disaster risk management approaches given that the ever changing weather and climate situation is likely
to cause more intensified droughts and floods events. This is to suggest that drier and wet conditions that correspond
to drought and flooding events respectively, are likely to be experienced across the globe.

In fact, Qing, Wang, Zhang, and Wang (2020) posit that the occurrence of extreme hydrological events poses a great
threat to both water and food security situations across the globe. Notwithstanding, the predicted future increase in
hydrological extremes has been attributed farther to not only climate change, but also to the complex interaction of
climate change, population growth, increasing demand for urban development coupled with increasing water
demand, and other socio-economic factors of interest.

Mitigation and adaptation measures to risks of hydrological extremes have been widely utilized in the context of
risk management. The management strategies that are associated with the hydrological events such as flooding events
have been highlighted by Apel, Aronica, Kreibich, and Thieken (2009), Thieken et al. (2002), and Thieken and Menzel.
(2004). On an account of research by Dovers and Hezri (2010), mitigation remains a difficult challenge although if the
world would adhere to the agreed targets to reduce carbon emissions, more realistic disaster risk reduction would be
realized.

With reference to flood risk management, Genovese and Thaler (2020) observed that flood mitigation is often more
structural than drought measures of mitigation. In fact, the mitigation initiatives of both drought and floods risk
require an integrated approach since they are both extreme events that feed to each other.

As has been interrogated and described by Kiluva (2012), structural and no-structural mitigation measures are
deployed together for effective flood risk management. Largely, structural measures are commonly aimed at reducing
the harm of floods through landscape reconstruction. In addition, structural flood risk reduction measures make use of
flood control structures such as levees, dykes, culverts, dams, and diversion canals, among other structures. Whereas
this is the case for the structural mitigation measures, nonstructural measures are often deployed with the aim of ensur-
ing that damage to the elements at risk is reduced. In many instances, nonstructural mitigation is done by evacuating
people and their property from those areas that are deemed risky.

Further nonstructural mitigation according to Kiluva (2012) can be achieved by instituting measures such as flood
forecasting and early warning systems, regulations on land use practices, flood proofing measures, and in the larger
perspective, mitigation policies that encompass preparedness, emergency response protocol development and recov-
ery mechanisms.

Generally, a combination of both structural and nonstructural mitigation measures has been cited to be more effec-
tive as opposed to just relying on either structural or nonstructural strategies. Following this point, a recent study by
Yun etal. (2021) argued that reservoir regulation can be used to mitigate risks of future hydrological extreme events in
the Lancang-Mekong River Basin. However, as the authors further indicate, realizing total mitigation of hydrological
extreme events through reservoir regulation may be limited by the fact that there exists limited knowledge in relation
to the changes of hydrological extremes under climate change. This situation is justified by the fact that hydrological
extreme events that are triggered by the ever changing weather and climate occur in different spatial-temporal scales
whose extent has not yet been well captured and mimicked by the global climate and hydrological models (Tabari,
2019). Adaptation to the footprints that have been created by the ever changing weather and climate remains key
in reducing the inherent risks.

2.2 Adaptation

Adaptation to extreme hydrological events contributes to disaster risk management. The relationships between cop-
ing, coping capacity, adaptive capacity, and the coping range have been very well discussed in the Field et al. (2012)
report. More research output on adaptation to climate change impacts has been documented by Abegg, Agrawala,
Crick, and De Montfalcon (2007) and Adger et al. (2007). In addition to this, there is need to assess the various available
adaptation practices, options, constraints and capacity to adapt for effective and sustainable adaptation (Beg et al.,
2002; Birkmann & von Teichman, 2010).
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An extreme event in the present climate may become more common, or more rare, under future climate conditions.
When the overall distribution of the climate variables changes, whatever happens to the mean that the climate may be
different from what happens to the extreme events at either end of the distribution. Understanding the indicators of
vulnerability and adaptive capacity are hence important in instituting effective adaptation measures (Adger
et al., 2007).

According to a report documented by Field et al. (2012), adaptation in human systems refers to the process of adjust-
ment to actual or expected climate and its effects, in order to moderate harm or exploit beneficial opportunities. The
authors continue to report that in natural systems, the process of adjustment to the actual climate and its effects; human
intervention may facilitate adjustment to the expected climate.

At the local to global scale, the existing inequalities influence local coping mechanisms and adaptive capacity, and
this farther poses disaster risk management and adaptation challenges. Research findings by Simonovic (2010) high-
light that climate change adaptation strategies are hence significant and critical processes for both reduction and man-
agement of risks posed by extreme hydrological events. In an attempt to contribute to what adaptation entails, Murray
and Ebi (2012) pointed out that the processes of adjusting to the actual effects, as well as the expected impacts of cli-
matic extremes, constitute adaptation. This is the case considering that such processes are aimed at reducing, moder-
ating and even ensuring that beneficial opportunities are exploited. Murray and Ebi (2012) further observed that
understanding of the dimensions of exposure and vulnerability was a key aspect for effective strategies of adapting
to climatic extremes. In fact, the main aim of adaptation as a risk management approach is to reduce vulnerability.
Moreover, it is essential to note that adaptive actions are known to offer both short and long term benefits.

Whereas a variety of climate change adaptation measures have been put in place across the globe, a particular inter-
est in adapting to the risks of hydrological extreme events are highlighted herein. This is the situation despite research
evidence pointing out that adaptation is a more messier prospect as much as it may seem easier (Dovers & Hezri, 2010).
The reason and explanation for the mess is attributed to the factors of how much adaptation is justifiably needed, given
that the occurrence of droughts and floods is highly marred by complexity and uncertainty that arise from this
complexity.

Another important reason for this mess in adaptation has been attributed to the role that is played by the contextual
matters that are often marred by large extents of variations in view of local vulnerabilities, differences in policies and
economic factors in the larger perspective. More to this point, the third reason for the adaptation being more messier
than often thought relates to the how to adapt. This is the case considering the key role that is played by both policy and
institutional mechanisms that are deployed to enable adaptation measures to take place. In actual sense, whereas mit-
igation initiatives target a global phenomenon, adaptation initiatives are more of local response to a problem that is
occurring and experienced at a global scale.

The need for climate change adaptation varies from place to place, a situation that is highly dependent on the sen-
sitivity and vulnerability to environmental impacts. To this end, Kundzewicz and Matczak (2015) noted that unless the
world adapts to the increasing occurrence and extremity of floods and droughts, higher socio-economic losses are
likely to be realized. According to Jongman (2018), flood risk management through adaptation will be more effective
if an integrated approach is applied. Further to this, the author continues to highlight that a combination of adaptive
strategies such as flood control infrastructure, risk financing schemes such as insurance, and nature-based solutions
would be an ideal form of integration. The author further, however, notes that integration of different adaptation strat-
egies varies from place to place. In addition, this variation is further affected by the prevailing risk levels, political
goodwill and funding capacity. A case in point involves the use of nature-based flood risk management approaches,
such as making room for the river system in the Netherlands, and also ensuring that physical protection structures
such as dyke are put in place. Such a scenario is often limited by the fact that large capital investments are required,
and without political goodwill, such good plans may not be realized. This is especially the case considering the devel-
oping countries whose competition for the available resources allocation limits engagement in such approaches that
are aimed at adapting to floods.

Contrary to the argument by Jongman (2018) that flood control infrastructure were still great strategies of adapting
to the extreme flood events, Kundzewicz and Matczak (2015) note that the traditional structural controls against floods
have proved to be ineffective, especially when extreme and rare events prove more disastrous even on the flood control
structures themselves.

Cases of residual risks that are characterized by flood control dam failure have been reported across the globe, a
factor that exposes the limitations of deploying structural risk reduction measures. Of great concern to note is the argu-
ment by Kundzewicz and Matczak (2015) that highlights that when a dyke fails during an extreme event, it no longer
acts as arisk reducing dyke, but rather it amplifies the problem. On the other hand, in the event a dam fails, when it was
designed for storage of water to use as a buffer during droughts, this may instead enhance drought impacts as the
reservoir storage capacity is depleted.
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The process of adapting to climate change involves taking accurate actions that are geared toward preparing for,
and adjusting to the present and future extreme events and their subsequent effects on the environment. In reference to
a research account by Mubaya and Mafongoya (2017), adapting to droughts and floods as the main hydrological
extreme events requires that both formal and informal institutional arrangements are put in place to facilitate the adap-
tation measures. In essence, the informal arrangements have been highlighted for facilitating more collective action by
communities as opposed to the formal institutions. In addition to the role that is played by institutions in enabling
adaptation measures and the associated implementation, policy frameworks are essential tools that are used by gov-
ernments to create an enabling environment for institutional arrangements to work. Equally important, adaptation
practices in view of droughts, include and are not limited to the supply and demand sides strategies. The former seeks
to increase and augment water supplies while the latter seeks to improve water use efficiency.

Incremental adaptation initiatives aim at maintaining the essence and integrity of a system. Those adaptation strat-
egies that are transformational aim at changing the fundamental attributes of a system in response to climate change
and its adverse impacts to cope with the resultant consequences. Kundzewicz and Matczak (2015) further point out
that drought and flood early warning systems act as the soft adaptation measures and are particularly used for trig-
gering the mobilization of adaptation measures to the extremes.

2.3 Early warning systems

The success of any early warning system relies on the free flow of information. According to Rogers and Tsirkunov
(2011), an effective early warning system must empower individuals, communities and businesses to respond timely
and appropriately to hazards in order to reduce the risk of death, injury, property loss and damage. These early warn-
ings must get the message across and stimulate those at risk to take action in form of invoking response measures. The
costs and benefits associated with the individual early warning systems must also be accurately evaluated (Rogers &
Tsirkunov, 2010).

The development of effective early warning systems could contribute to fostering livelihood resilience by improving
coping mechanisms and even enhancing adaptive capacity. However, Baudoin, Henly-Shepard, Fernando, Sitati, and
Zommers (2014) caution that the current shortcomings in early warning systems’ conception and applications under-
mine risk reduction at the grassroots level, which contributes to loss of lives and shocks to livelihoods. The authors
further recommend the need to significantly improve the way in which early warning systems are designed and
applied. The same research findings proceed on to suggest deployment of an integrated cross-scale approach that
ensures the involvement of the at-risk population in all phases; from the risk detection phase, through to all emergency
management processes.

The obvious intensification of the hydrological cycle as a result of global warming raises serious concerns about obvi-
ous future floods and their potential impacts on socio-systems and eco-systems, where the degree of exposure to these
extreme events has also increased. Research findings by de la Fuente, Meruane, and Meruane (2019) confirm to the world
that the development of adequate adaptation solutions such as early warning systems is crucial for effective forecasting
aimed at providing timely and sufficient information and support for real-time decision-making purposes.

A report by the United Nations entitled (Establishing drought early warning systems in West Asia and North Africa (LIN-
DESA/DSD) Intern, 2013) emphasizes that joint responsibility is encouraged to involve more power in face of the battle
of combating extreme hydrological events. This objective can be achieved through cooperation and coordination at
local, national, regional and global levels and through partnerships with a multitude of stakeholders, ranging from
the citizens to policymakers to the private sector. The same approach is supported by the Warsaw International Mech-
anism (WIM) of losses and Damage, a framework that encourages leadership, cooperation and coordination in addres-
sing loss and damage associated with climate change impacts. This is through financial assistance, improving data
collection, analysis, and creation of awareness of weather and climate data and information, and further to this, pro-
viding leadership and oversight role in order to eliminate overlap and duplication of efforts (Stabinsky & Hoffmaister,
2015). In the current sense, WIM further seeks to enable pooling of resources and create synergies in order to deal with
climate change impacts that cannot be addressed by adaptation and mitigation measures. This includes extreme events
such as hydrological extremes like drought and floods.

Adaptation to the changing weather and climate in many countries on the planet is achieved by using early warning
systems (EWS) (Willis, Wilgen, Everson, Abreton, & Pero, 2001). In view of the aforementioned, it is, however, noted
that early warning information does not always reach the people who need it most, despite a warning being issued,
and the reliability of the early warning information also needs improvement. The foregoing authors further found that
the packaging of the early warning information needs to be improved, including carrying out translation of the mes-
sage into local languages to support local level response strategies.
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According to Field et al. (2012), early warning systems refer to the set of capacities that are needed to generate and
disseminate timely and meaningful warning information to enable individuals, communities, and organizations that
are threatened by a hazard to prepare and to act appropriately and in sufficient time to reduce the possibility of harm or
loss. More research to support the role of early warning systems in disaster risk reduction in the context of extreme
weather and climate has been conducted by Abegg et al. (2007), Barnett and Webber (2009), Birkmann and von
Teichman (2010), Simonovic (2010), and Sivakumar et al. (2014).

Integrated communication systems are deployed to facilitate vulnerable communities with early warning messages
to reduce risks from extreme weather and climate events. The enhancements of both short-and long-term coping strat-
egies, climate monitoring and early warning systems, flood control infrastructure, and other disaster preparedness
measures at all levels, including subregional, national, and local levels could help in reducing vulnerability to climate
change and climate variability.

As has been reported by Huho, and Kosonei (2014), understanding and managing extreme weather and climate
events is achieved by use of early warning systems. To support this argument, for instance, Kenya has a sophisticated
early warning system that utilizes modern technology that alerts vulnerable communities of potential floods and
drought related risks. The risk information is effectively communicated to risk prone regions through the Short Mes-
saging Service (SMS) and electronic mail. The recipients of the early warning messages are hence able to make
informed decisions for better preservation of their investments and livelihoods (GoK., 2004). In the case of flooding,
timely evacuation to safer grounds is instituted and lives and property are saved.

As documented by Alfieri, Salamon, Pappenberger, Wetterhall, and Thielen (2012), early warning systems use sci-
entific models that integrate the components of risk knowledge, monitoring and predicting, dissemination of informa-
tion and response to the subsequent generated early warnings. Communities that make use of early warning systems
end up reducing disaster risks and hence ensuring preparedness and rapid response to extreme weather events. It is
critical to note that many countries in Africa have outdated and inadequate hydro-meteorological stations that are in
most cases not updated, leading to ineffective means of generating and disseminating disaster early warning infor-
mation. To this effect, Hallegatte (2012) recommends early warning systems for the developing world, whereby most
countries still lag in installing the systems. This situation calls for governments to install and reactivate all existing
automatic weather and agro-meteorological stations and automatic hydrological stations in their respective countries.
Those countries that have invested in robust hydro-meteorological stations and hydrological systems are able to pro-
vide the needed weather and climate risk information to the end users such as farmers, academic institutions, research
institutions, among others.

Several traditional and modern early warning systems in relation to managing the risk of droughts and floods have
been largely deployed by both the governments and communities to increase their adaptive capacity. Early warning
systems entail capacities that are developed by different authorities, be it in a modernized or traditional way for the
purposes of both generation and dissemination of meaningful information for warning of potential extreme events in a
timely manner. According to Alfieri et al. (2012), early warning systems play a critical role in disaster risk management
in the sense that they enhance preparedness levels. This is a key factor that contributes in reducing the risk of the
impact of droughts and floods.

Largely, numerical weather prediction has been emphasized as a basis for the development of flood early warning
systems across the globe. In this sense, early warning systems are known to enable the detection of extreme events
early enough, giving those at risk enough lead-time to prepare and respond effectively. Important to note, is the fact
that hydrological hazards do not actually have political boundaries, as highlighted by a research by Niebla et al. (2011).
The author makes reference to a concept adopted in Europe known as the Alert4All. It is a scalable and innovative
approach whose aim is to improve the communication systems on alerts and disaster warnings. The system creates
synergies between the aspects of technology, human and management in order to align alerting procedures and struc-
tures with the contemporary types of disasters across boundaries. This approach enables preparedness across borders.
The level of preparedness that is realized may be in relation to plans on response and emergency.

The Alert4All concept in Europe was made in line Common Alerting Protocols (CAP) by WMO (Yu-fai & Cheng,
2018). The CAP approach recommends a standardized format of a message that is designed for all hazards, all media,
and communications. Simply stated, it is a standard way of ensuring that a message on an alert is understood across
borders in the way for all hazards, and through all media and that the communication is standardized all across. This is
the case considering that hydrological hazards among other weather and climate extremes know no boundaries and as
such, they need to be managed in an integrated manner. Further making reference to a research by Chaves and De
Cola, (2017), the effective and efficient management of hydrological extremes, requires timely communication with
the population at risk. More to this, the relevant information and recommendations for the appropriate actions to
be taken should be highlighted. The authors noted the Alert4All concept as an example that showcases efficiency
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and effectiveness in communicating alerts on hydrological hazards. Following research evidence by Hallegatte (2012),
hundreds of lives are saved annually through early warning systems and the generated warnings and information.
Furthermore, more than 2.5 billion of Euros are saved through these early warning systems as author further notes.
With the assured early availability of accurate climate risk information to users, accurate and reliable future planning is
enabled for disaster risk reduction purposes and effective response.

2.4 Response

Weather and climate-induced hydrological extremes, such as floods and droughts are witnessed locally and glob-
ally. Understanding and managing these connected extreme events is critical for the effective risk reduction. Effective
response to hazardous hydrological extreme events such as floods and droughts is critical for the global Sustainable
Development Goals (SDGs) to be realized. According to a study by Devkota and Gyawali (2015), extreme hydrological
events can be addressed through adhering to prudent water resources management practices. Response to extreme
hydrological extremes such as droughts and floods occurs in various ways. First, it entails the responses that human
populations deploy with the aim of reducing the risk of these events, and on the other hand, the responses by the
environment to these events. With reference to the former, both formal and informal responses to droughts and floods
have been documented. Following the formal responses to hydrological extreme events, governments across the world
have adopted adequate policy initiatives to deal with the associated risks of droughts and floods.

Floods and droughts with extreme consequences result from the superposition of various processes at different
space- and time scales. A report by Dovers and Hezri (2010) states that through institutions, humans are able to
respond to droughts and floods. To facilitate decision-making and deliberations in view of these events, policy pro-
cesses are employed as a deliberate mechanism that enables the workings of the weather and climate risks responding
institutions. Formal institutional responses to droughts and floods are often backed by the state and in other cases, the
private sector, not forgetting the role that is played by international bodies such as the United Nations and the World
Bank among other institutions. Informal institutional arrangements are commonly found among communities in the
local context, and even when formal institutions are present, they still operate. This is the reason why researchers such
as Agrawal (2010) and Mubaya and Mafongoya (2017) recommend the integration and recognition of informal insti-
tutions and individual local efforts in response to droughts and floods extreme events. A close collaboration and inclu-
sion of all stakeholders has been supported by research evidence as documented by Somanathan et al. (2014) and
Wilhite (2019).

Whereas the human responses to droughts and floods are defined through the lens of policies and institutional
arrangements, the environmental responses are more complex. This is the case considering that, in places where flood-
ing occurs, the immediate environment may respond by becoming uninhabitable due to the ecosystem’s changes
resulting to growth of unfriendly environmental features. In view of drought hazards, response by the environment
may be the extinction of some species that are important for the environment, which may further serve to amplify the
potential impact of droughts and floods risk in future. The feedback mechanisms of droughts and floods may result to
either ameliorating or worsening impacts of drought and flood risk.

Initiatives, whether at local or global scale, that involve mitigation efforts and adaptation strategies through deploy-
ment of early warning systems are geared toward ensuring effective response to the extreme hydrological events. The
overall goal is to reduce the potential risks that are associated with the extreme events.

2.5 Policy

Policy alludes to the set principles, and guidelines that are adopted and followed by a government to guide
decision-making for better outcomes for a society. Dovers and Hezri (2010) define policy as the position that is taken
and communicated by a government in recognition of a problem that affects the society, and how the said problem
should be dealt with. To this end, a government specifies, and implements policy interventions with the sole aim of
influencing the behavior of the society to realize the goals of the policy established.

According to Wilhite (2019) on drought risk management, the main aim of policy response to drought is to encour-
age the pollution and the economic sectors perceived to be vulnerable to deploy measures of risk management that are
reliable. It is also within the drought policy framework that sustainable use of natural resources and the agricultural
resources is largely promoted and pursued. In addition to this, through policy frameworks, recovery from drought and
floods as the most prevalent hydrological extremes are propagated. In essence, proactive planning and proactive mea-
sures are highlighted in view of risk and resource management and public outreach programs.
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Dovers and Hezri (2010) further assert that policy implementation may take the form of policy programs such as the
dissemination of weather information, and the support to conserve water through local funded projects in view of a
drought policy. Considering management of risks of weather and extreme climate events, a policy framework is
required to guide the mitigation and adaptation initiatives. This is in line with the opinion of Pielke (1998) that climate
change policies focus mainly on mitigation and adaptation risk management options.

Various nations across the globe have enacted policy frameworks to guide them when responding to effects of cli-
mate change and extreme events. According to Sivakumar et al. (2014), risks of climate change and extreme events
have been on the increase in frequency and severity across the globe. Efforts to either mitigate and/or adapt to the
effects have been realized through policy frameworks. It is within these frameworks that risks are defined, and modes
of reducing, mitigating and even adapting to the effects on the pipeline are addressed. Cochrane, Young, Soto, and
Bahri (2009) highlight that public policy and institutions play a major role in promoting and guiding both the adap-
tation and mitigation of the risks of weather and climate extreme events.

In reference to management of risks that are associated with hydrological extremes, more challenges especially in
policy response have been highlighted. This is the case considering that hydrological extremes in view of droughts
and floods pose a great challenge to scientists. According to recent research evidence by Liu et al. (2021), understanding
the hydrological extreme events such as droughts and floods is marred by higher uncertainties. These uncertainties are
largely associated with climate change projections, and the human interventions that either ameliorate or exacerbate
hydrological extremes risk. Elsewhere in Yarlung Zangbo river basin in China, management of hydrological extreme
events had been challenged by limited scientific understanding (Lutz, Immerzeel, Shrestha, & Bierkens, 2014). This
is the case due to uncertainties arising from climate change projections, and on the other hand, human interventions
which are difficult to observe and integrate in the hydrological models.

Policy responses to hydrological extreme events such as drought and floods have been implemented across the
world. Drawing lessons from the case of the 2014-15 drought that occurred in Brazil affecting water supplies to
the Sao Paulo city, it is evident that political context affects policy effectiveness. In response to this drought,
Grover and Lucinda (2020) noted that the major water utility serving the city responded by implementing two eco-
nomic instruments, that is, a financial reward and penalty for reducing and increasing water consumption,
respectively.

Interestingly, the penalty-based policy instrument, which was implemented after the national elections in Brazil,
realized better water conservation levels as opposed to the reward-based one. Commenting on this situation,
Grover and Lucinda (2020) argue that the choice of the reward policy instruments was influenced by the political land-
scape of the day. This is a case of how policy response to hydrological extreme events is not only a function of scientific
research principles but is largely influenced by political context.

Policy response to floods and droughts should be based on the sound understanding of the associated risks. Par-
ticularly, droughts are slow creeping disasters whose impacts take a longer time before being manifested in various
socio-economic sectors. Following this point, policy responses to droughts have been rather more reactive as opposed
to being proactive responses. Echoing this statement, Kamara, Sahle, Agho, and Renzaho (2020) noted that in the King-
doms of Eswatini and Lesotho, policy response to drought risk was largely reactive. This was the case as the national
policies on drought did not incorporate the resilience to recurring droughts in their goals. This is against the call for
enhancing resilience against disasters as provided for in the Sendai Framework for disaster risk reduction.

Kamara et al. (2020) criticize countries” policy response to drought by citing that these countries are more concerned
with disaster management and recovery. To this end, the authors recommend an adoption of a policy response that
seeks to adhere to the principles of the Sendai Framework on disaster risk reduction as opposed to emergency man-
agement and recovery. Wilhite (2019) further supports the opinion that policy response to drought has been a reactive
one. The author notes that policies that promote crisis management approach to droughts risk increasing vulnerability
to future drought events. Furthermore, the author points that policy response to drought should engender a sense of
cooperation and coordination across all the levels of administration. This should be the case in view of asserting
national government leadership in ensuring that proactive measures are put in place and measures to increase adap-
tive capacities of communities to survive lengthened periods of drought episodes.

Wilhite (2019) continues to point out that in policy response to drought, reliance on crisis management approach in
view of drought risk, may not be viable in case of extended periods of droughts. This is the case considering that cases
of more frequent, severe, and prolonged drought events have been on the increase with concern for the management of
hydrological drought being highlighted. This sentiment was further echoed by a research by Van Loon (2015) that
although hydrological drought affected more sectors than other droughts, research attention was not directed to it.
This was equally the case considering that policy response only recognized the meteorological and hydrological cat-
egories of drought. This is to suggest that mitigation and adaptation policies often negated the importance of
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considering hydrological droughts, especially when considering lengthened periods of drought that affect the hydro-
logical system, and even the ground water resources.

Focusing on flood risk management policies, a tendency for many governments to adopt proactive response initia-
tives is largely highlighted. Presumably, the far-reaching tangible impacts of floods may be attributed to this tendency.
However, as Shah, Rahman, and Chowdhury (2018) observed in their research, flood risk management remains a
daunting task to countries situated in both the developed and developing world. This is the case considering that flood
risk management policies have largely promoted structural flood risk reduction measures such as diversion channels,
dams, dykes, embankments, and other related control measures.

Together with the nonstructural response measures such as early warning, land-use changes, and reduction of expo-
sure and vulnerability among others, as such have been highlighted in flood risk management policies. In most cases,
control measures of flood risk are often deployed as mitigation measures, while the nonstructural ones have been used
mostly for adaptation purposes. Considering this point, van Buuren, Ellen, and Warner (2016) observed that in the
Netherlands, flood risk management had gone through a vigorous policy learning process. The authors argue that,
although the Dutch flood risk management policy had promoted protection-oriented measures against floods, through
a process of policy learning, they deployed a risk approach as witnessed in the last decade.

In fact, the 2009 National Water Plan in the Netherlands was introduced on the concept of multilayered safety. This
was done in recognition of the shortcomings of over-dependency on protection measures against floods, and the need
to develop resilience. This was in view of adapting to the inevitable occurrence of future flood events, especially when
considering that as much as climate change contributed to trigger hydrological extremes, human contribution could
not be ignored. In this connection, socio-economic development, coupled with an increased population and impervi-
ous surfaces especially in urban centers, have brought about new challenges for flood management policy makers.
Following this situation, Hurlbert and Gupta (2016) recommend adaptive governance as the ultimate solution for
the increasingly evolving nature of flood risk across the globe. Echoing this opinion, Haasnoot, Kwakkel, Walker,
and ter Maat (2013) further recommend the deployment of adaptive and dynamic policies that have the capability
to incorporate uncertainties and unforeseen future occurrences.

2.6 Institutions

In any society, there are laws, processes, arrangements, and customs structures underpinning the social, cultural,
economic, and political relationships and the associated transactions. These structures are termed as institutions, and
they may exist in multiple levels of organizations within a society. Agrawal (2010) noted that these organizations exist
in categories of public, private, and civic, and as such, they are generally categorized as formal or informal. The formal
institutions are characterized by organizational structures with tangible governance frameworks.

On the other hand, the informal institutions relate to uncodified rules of the game that are based on social and cul-
tural norms. Altogether, both the formal and informal institutions are responsible factors that shape the behavior of
societal interactions that further influence the adaptive capacity of individuals. Arguably, institutional arrangements
are known as mediators of livelihood outcomes in communities, especially when dealing with climate change risks and
extreme weather events. This position can further be explained by higher risks and poor livelihood outcomes that are
reported among the poor dwelling in slums in the event of extreme hydrological events such as floods. In such a sit-
uation, the impact on communities living in slums will be magnified against a backdrop of those that live in other areas
in the urban setting. Such situations are an outcome of institutional arrangements as argued by Agrawal (2010). In this
context, the author asserts that social exclusion of vulnerable groups such as women and children may be due to insti-
tutional arrangements that favor men over women. Arguing for the same opinion, Mubaya and Mafongoya (2017)
observed that institutional arrangements may favor some groups over others, and as such, when dealing with climate
change risks and extreme weather events, some groups may access institutional support than others. Such a situation
brings about differentiated livelihood outcomes, vulnerabilities, and adaptive capacities. Whereas this may be the neg-
ative outcome of institutional arrangements, such a situation can be mediated by making integrated institutional
arrangements that recognize the vulnerable and secluded groups whose adaptive capacity may be limited.

Essentially, institutional arrangements exist at international, regional, and national levels. At the international level,
the United Nations has been on the forefront and so to speak, it gives support to the National Adaptations Plans (NAP).
Such support has been realized through recommendations of policy, and the political agenda development. More so,
international institutions provide scientific information and guidance to guide policy on mitigation and adaption mea-
sures. Needless to state, such institutions as well provide the technical and financial support along with the capacity
building initiatives for national adaptation plans.



280 16. Management of extreme hydrological events

Besides the international institutional arrangements, regional institutional arrangements have been used for the
support of cross-border issues highlighted by Alfieri et al. (2012). A case in point that supports regional institutional
arrangements relates to the scenarios in the Nile River Basin, whose management during both cases of flood and
drought scenarios requires institutional support both in the upstream and downstream countries. Largely, the national
institutions depend on the regional institutional arrangement to meet their objectives in view of weather and climate
change risks and extreme events management. These regional institutional arrangements mostly steer the action of
National Adaptation Plans (NAP) by providing technical as well as financing support of the same. This position is
further echoed by cases in the European Union (EU) strategy in view of adapting to climate change risk. The EU frame-
work provides the much-needed information and financial resources that are needed to boost the capacities of national
adaptation plans for actions in managing risks of climate and extreme weather events.

In reference to the national institutional arrangements, nations across the globe often designate a national institution
or so to speak, an agency. At times, it may be a designation of several governmental institutions to lead the national
adaptation plans up to the local level by engaging different actors across board. This is to suggest that institutions play
a critical role in ensuring that there is a successful implementation of mitigation and adaptation strategies. According
to Dovers and Hezri (2010), institutions create an enabling environment for organized and collective efforts that are
geared toward realizing shared societal goals. Such goals take in the efforts to meet and address common societal chal-
lenges such as climate change risks and extreme weather events. It is also through these institutions that differences in
collective efforts are reconciled. Although this is the case, it is important to note that institutions are generally persistent
in their role but marred with constant evolution.

By and large, institutional arrangements influence vulnerability by structuring risks and the eventual impacts
(Agrawal, 2010). Accordingly, these institutions further play a mediating role in view of individual and community
response to climate change and extreme weather events risks and their anticipated impacts. Interestingly, in most cases
these institutions act as the means through which external facilitative resources are channeled. In actual sense, these
institutions govern the accessibility of resources for mitigation, thus facilitating effective adaptation to climate change
risks and extreme weather events.

In connection to the foregoing, Somanathan et al. (2014) highlight that institutional arrangements have a greater
impact on both the feasibility and choice of policy options to be implemented in view of mitigation measures against
climate change risks and extreme weather events. The authors further argue that the economic decision-making pro-
cesses are mediated by the institutional structures. Equally important, they further shape the political decision-making
context upon which some interests are suppressed while others are empowered. Moreover, dominant policies are
enabled by institutions which play a major role in shaping thoughts and understanding of policy choices.

3 Challenges

Considerably, the management of risks of extreme hydrological events which have been accelerated by climate
change, and further compounded by anthropogenic activities, has proved to be a challenging task. This has been
the case considering that research evidence points out that hydrological extreme events are bound to increase in both
frequency and severity (Giuntoli et al., 2015). This is in line with the projected changes as accounted for by global cli-
mate models (GCMs), as well as by global hydrological models.

The output of global climate models is used as a forcing to simulate future hydrological extreme values. However,
as Giuntoli et al. (2015) observed, these models are characterized by uncertainties that blur the understanding of hydro-
logical extremes risk. Risk is defined through the elements of the hazard, exposure and vulnerability. However, it is
important to note that the hazard data for hydrological extremes is limited (Bayazit, 2015). According to Bayazit (2015),
the nonstationarity characteristic of hydrological extreme records presents a challenge for the climate models, which
are often inclined toward stationarity of data. Therefore, as the author further observes, estimation of changes in the
extreme tails of data, that is, low and high ends, is much more difficult as compared to estimating changes realized in
the mean conditions. This is not just the case when considering the data on the extremes, but as well, the ability of the
climate models to reproduce these extremes is deficient. In this case, therefore, the available climate models remain
limited in helping to estimate the extremes. In view of both the exposure and vulnerability data that is required to
perform a comprehensive risk assessment, research evidence indicates that such data is largely unavailable
(Trajkovic et al., 2016). In addition to such data being unavailable, the world is currently grappling with unprece-
dented changes to land use, urbanization and increased population, which is constantly altering the exposure and
vulnerability components. Populations move from one area to another, voluntarily or being assisted, others are dis-
placed, and others even migrate, and they may settle either permanently or temporarily in areas that have different sets
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of risk. Such risks are different in the sense that these people have to disengage and engage with different sets of insti-
tutions, risk management strategies, knowledge, and resources, among others, as such. As well, hazards are dynamic
in nature and therefore, when people move from one place to another, they may experience differences of hazards in
time and space. This further undermines the ability of scientists to assess the risk of hydrological extremes for better
management thereof. In fact, the uncertainties in the hazard, exposure and vulnerability components are defined by
Hurlbert and Gupta (2016) as the risk, alluding to the fact that risk is the effect of uncertainty. By so defining risk, the
authors allude to the fact that uncertainty should be accounted for when managing risks. Therefore, consideration of
the dynamics of the risk components (or their proxy indicators) and their interactions is paramount. Making reference
to the dynamic nature of risk components, extreme hydrological events force the population to move from one area to
another, a factor that shapes both their exposure and vulnerability in a complex manner. Hurlbert and Gupta (2016)
further recommend adaptive governance as a response measure to climate change risk, and hydrological extremes.

According to a research account by Webster et al. (2003), policy response to climate change impacts is marred by
challenges. The authors attribute these challenges to the uncertainties that characterize climate change science in rela-
tion to climate projections. This position is echoed by research evidence by Brandt (2014) who observed that policies
that are directed toward reducing perceived risks of extreme events receive inconsistent response from both the public
and the government. Simply stated, governments and the general-public response to extreme events related to climate
change may be low since these events do not occur frequently, and that the risk-reducing policies directed to these
extreme events are only based on perceptions and climate projections which are, in the actual sense, marred with
uncertainties.

The foregoing situation results in the case of having policy implementation programs that are not in tandem with the
changes that occur in view of climate risk and the occurrence of extreme events. To address this challenge, Haasnoot et al.
(2013) suggest that a dynamic adaptive policy is critical in agreement with the previously mentioned suggestion by
Hurlbert and Gupta (2016). Such a policy framework gives room for accounting and incorporating uncertainties.

Whereas uncertainty has been largely blamed for the largely ineffective policy response to the risk caused by
extreme hydrological events, Helm (2008) attributes the gap between climate science and policy knowledge to prob-
lems associated with the political and economic environment. The author argues that the complexity of the political
economic environment tends to favor some policy instruments aligned with some interests, and at the same time may
disregard some other policies that are not in line with the political and economic interests of the time. This situation
may be further illustrated by exploring the 2014-15 drought that hit Sao Paulo city in Brazil. In this case, the autonomy
of water management utilities in the city was compromised by political influence and as a result, an ineffective policy
instrument of financially rewarding the residents for conserving water was implemented (Grover & Lucinda, 2020).

Important to note also is an observation that was made by Wilhite (2019) that policy makers often fall short of under-
standing the technical and scientific issues that arise when addressing hydrological extremes. This is also the case with
scientists, who as well have a poor understanding of the constraints that exist in relation to policy processing when
dealing with extreme hydrological events. Wilhite (2019) notes that limited integration of science and policy in the
planning process, inhibits effective policy response to droughts and floods. Therefore, the author recommends over-
coming this limitation by enhanced communication between scientists and policy makers with the view to ironing out
the limiting factors. It will also enhance understanding of the related risks and, as such, be able to identify the best way
of managing the risk.

Another important point to note is that adaptation and mitigation policies interact with other aspects of policy, a
situation that can bring both negative and/or positive impacts on the policy goals. This argument is in line with an
account by Haasnoot et al. (2013) whose study of flood risk policy response in the Netherlands, found out that man-
agement of hydrological extreme events was largely affected by the European Union (EU) policy framework. To incor-
porate the objectives of the EU Water Directive Framework, the Delta program had to introduce a clause noting that
water resources management in the Delta would meet the criteria for ecological and water quality objectives as set out
by the directive. To meet the arising policy requirements from other policies, Haasnoot et al. (2013) observed that the
management of hydrological extreme events in the Rhine Delta in the Netherlands under the Delta program pursued a
dynamic adaptive policy framework.

Notably, governance and institutional arrangements are complex domains affecting the coordination of adaptation
and mitigation policies that are meant to deliver adaptive capacities to actors. This complexity undermines the efforts
directed toward developing policies in view of either adapting or mitigating risks of droughts and floods. Further
noting the effect of this complexity, Grobicki, MacLeod, and Pischke (2015) posit that an integrated risk management
policy directed to both floods and droughts is urgently needed. This is because a situation of overlapping policy
responses results in wasted resources. In this case, the authors point out that separately managing flood and drought
risks was bound to bring about conflicting objectives in the environmental policy.



282 16. Management of extreme hydrological events

In line with Kane and Shogren (2000), limited understanding of the cross-link between adaptation and mitigation
policies can undermine the general effectiveness of public policies and programs. This position was further highlighted
by an interesting observation by Di Baldassarre, Martinez, Kalantari, and Viglione (2017) in relation to droughts and
floods feedback mechanisms. The authors further agree that treating droughts and floods as separate events was
bound to affect risk management effectiveness. In consideration of this point, it is therefore imperative for both policy
makers and institutions working to manage the risk of hydrological extremes to consider an integrated approach to the
management of these hydrological extreme events. The challenge here is to ensure that the separate policies adopted
for drought and flood risks do not result in unproductive counter-effects. This situation was later illustrated by
Di Baldassarre et al. (2018) pointing out that construction of reservoirs for flood risk control worsened water shortages
elsewhere within a river basin. To overcome this challenge, higher levels of institutional coordination and collabora-
tion have been highlighted and argued out by Wilhite (2019).

Birkholz, Muro, Jeffrey, and Smith (2014) point out that risk perception largely affects the effectiveness of flood risk
management in various places across the globe. In considering the case of California residents, Birkholz et al. (2014)
observed that their perception of flood risk was compromised by the presence of levees giving them a false hope that
they were secure from flooding. This case highlights the need for effective communication of risk, and the creation of
awareness with the aim of shaping behavior of society to support the available policy objectives.

In agreement with Birkholz et al. (2014) and Hurlbert and Gupta (2016), the argument that risk is both real and a
product of social construction has been highlighted. This is to suggest that the realities of risk, coupled with how soci-
ety talks about the risk, have a mutually influencing effect on each other. As a result of the foregoing, it therefore occurs
that risks are brought about through social processes that are debated, selected, and eventually transformed to con-
form with the views of society.

4 Recommendations and a case study

Having extensively explored the management of risks of weather and extreme climate events with a particular focus
on hydrological extreme events, various lessons were drawn in view of making recommendations. The need for effec-
tive management of hydrological extreme events in view of floods and droughts has been largely explored. Among the
most applied strategies of risk management are mitigation and adaptation options.

Interestingly, as Hurlbert and Gupta (2016) research findings indicate, a fragmented approach to risk management
of extreme hydrological events has been adopted in the years across the globe. The authors further state that mitigation
and adaptation policies have been missing in view of their effectiveness. This is the case considering that such policies
are formulated in response to drought and flood risk definitions that are highly flawed. In most cases, these definitions
are more technically coined and, as such, they fail to incorporate the risk perspective from the point of view of
policymakers.

To this end, it is highly recommended that the gap between the scientific definitions of both drought and flood risks,
and policymakers” understanding of risks is closed. More to this point, Hurlbert and Gupta (2016) suggest that the
dimensions of framing policy, defining risk, and in the larger perspective, the consideration of the cross-links that exist
between the policy problems of drought and floods should be considered.

Considerably, an issue of uncertainty that is inherent in climate change projections has been subjected to scholarly
criticism. This is because making decisions under uncertain claims of climate change impacts may be a taunting task for
a policymaker. To this end, it is hereby recommended that development of a holistic risk analysis framework consid-
ering the dynamics of the risk components (or their proxy indicators), and their interactions which are missing in the
literature are pursued. This is in line with recent research by Viner et al. (2020) highlighting the need to account for the
evolving nature of risk components, and their interaction in the management of climate extremes. This is in view of
considering planning for an uncertain future in the face of increased competition for the available resources. At least,
efforts to make uncertainty clear to policymakers and the vulnerable communities at large should be stepped up in
order to shape the right perception toward extreme hydrological events among stakeholders. Notwithstanding,
accounting for the effect of social processes and how they shape and are shaped by risk perception, would be an added
advantage to realize effective management of the risk of hydrological extreme events.

Arguably, cases of drought and flood risk management have been present both in the past and in current times. In
view of this, the drought risk management approach following the United States of America’s (USA) California
2012-15 multiyear drought will be explored. The state of USA July 2015 drought impact and intensity have been
highlighted and discussed by Cody, Folger, and Brown (2015) as shown in Fig. 16.1 below.



4 Recommendations and a case study 283

Ul SI D r o ug h t M on i tor (Relea‘sjeg I]'Zu?s?a:y,z.l?lli 2015)

Valid 8 a.m. EDT

- ;‘]-

Drought impact Types:
r~’ Delineates dominant impacts

S = Short-Term, typically less than
6 months (e.g. agriculture, grasslands)

L = Long-Term, typically greater than
6 months (e.g. hydrology, ecology)

Intensity:

[] DO Abnormally Dry

[ ] D1 Moderate Drought
] D2 Severe Drought

I D3 Extreme Drought
B D4 Exceptional Drought

Author:
Richard Heim

NCEI/NOAA

The Drought Monitor focuses on broad-
scale conditions. Local conditions may
vary. See accompanying text summary for
forecast statements

http://droughtmonitor.unl.edu/
FIG. 16.1 Drought conditions in the United States of America on the July 28th, 2015. No permission required.
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According to Lund, Medellin-Azuara, Durand, and Stone (2018), the 5-year drought in California, brought about
innovations, and lessons for drought risk management in the present time and future. The author observed that expo-
sure to such severe droughts, reveals the weaknesses that exist in management of risk in view of the existing measures,
be it in line with mitigation or in adaptation.

Wilhite (2019) posits that there are four areas of interest to consider when managing the risk of drought as a hydro-
logical extreme event. Primarily, there is a great need to enhance risk and early warning information systems, analysis
of the vulnerabilities of different sectors and the population, assessment of impact and general communication of the
risk. Secondly, careful application of well selected practices in relation to preparedness and mitigation are highly sup-
ported. Moreover, creation of awareness and education of stakeholders on risk management through a participatory
process is hereby suggested. Notwithstanding, governance of the policy framework coupled with political commit-
ment and goodwill along with responsibility is further highlighted.

An observation by Lund et al. (2018) states that California drought risk management was largely influenced by the
lessons learned in the previous droughts. The authors indicate that both policy and institutional preparedness are
largely informed by the performances in the previous droughts. This was the case even to the infrastructure and water
shortages that were experienced in a previous drought. As a mitigation measure, California boasts of water projects
that enable water deliveries during droughts. Such deliveries are enabled by a well-planned and managed network of
water suppliers who store water for use and deliveries during droughts. Unfortunately, due to the severity and length
of the 5-year California drought, less water in stores was realized along with less deliveries being reported, with even
some suppliers recording no deliveries as of the year 2014. This case illustrates a point known as “policy tipping point.”

Although Wilhite (2019) suggested that early warning systems in the preparedness for drought were critical in risk
management, Mount et al. (2015) point out that the information on early warning was not well integrated in this case.
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Mount et al. (2015) assert that the water monitoring systems of California were primitive and characterized with sig-
nificant gaps in relation to monitoring of critical information such as water use, flows, storages, and diversions outside
the urban areas. Lack of this critical piece of information compromised the ability of California agencies to reduce the
drought risk of the time.

Whereas this was the case for information and preparedness, Mount et al. (2015) further state that there lacked clar-
ity in view of the drought management policy objectives, expectations, and priorities. This point can further be illus-
trated by the 2014 actions that curtailed water management as proposed by the water board. The amount of water that
is required for meeting all needs of the public health and safety issues did not comply with Wilhite (2019) suggestion
that science and policy ought to be integrated coupled with clear communication, which in essence should be under-
stood by all stakeholders. In this case, Mount et al. (2015) highlight that this curtailment as argued by critics and many
water users in California was not well articulated and effectively communicated to the stakeholders.

Whereas California is known to have experienced other drought events prior to the 201215 droughts, few lessons
were learned. This is according to an observation made by Mount et al. (2015) that despite prior experience in dealing
with droughts, California was yet to learn and apply the lessons on developing a robust water supply network, and the
need to effectively manage demand. Beside this point, the authors further found that California still lagged in its effort
to modernize and develop an effective environmental drought management policy. This was the case considering that
as the author puts it, little scientific research, and integration of the same was lacking. Allocation of environmental
water was not considered, a factor that put the biodiversity and the environment at a great risk of the drought.

Generally, the California case study clearly illustrates the need to understand the risks derived from hydrological
extreme events from the scientific point of view, and then integrate it with policy. Furthermore, the case highlights the
urgent need for information on risk, vulnerability, and exposure in the management of floods and droughts risks.
Besides, the case further highlights the dangers of not incorporating the uncertainties generated from science and com-
municating them to stakeholders. In fact, the case further spells out the need to consider a robust risk management
approach, which has the capability to incorporate not only uncertainties, but also the complexity of occurrence of
hydrological extreme events in view of climate change as noted by Hurlbert and Gupta (2016).

Hurlbert and Gupta (2016) recommend consideration of adaptive risk management approach in relation to policy
framing, risk definition and response to climatic extremes such as floods and drought hazards. This position is as well
held by Wilhite (2019) who argued for an integrated approach in managing drought risk in this human-dominate era.
Further agreeing with the foregoing statement and referring to the Dutch Delta flood risk management approach,
Haasnoot et al. (2013) promote the adoption of a dynamic, and adaptive approach to the risk management of hydro-
logical extremes events. These extreme events are further accelerated by a growing world population, climate change
and the complexity occasioned by a growing socio-economic environment.
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