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Abstract This chapter provides definitions of what climate variability and change
are and an overview of observed and projected changes in climate in tropical South
America. We present a review of the findings of the Intergovernmental Panel on
Climate Change (IPCC) from the First Report launched in 1990 until the Sixth Report
ARG released in 2021. This review includes the evolution of models, projections and
emission scenarios used by the IPCC since the 1990s. We also include a review
of observed long term hydroclimate variability for some key regions in tropical
South America that include biomes such as Pantanal, Amazon, the semiarid lands of
Northeast Brazil and the Paran-Plata river basin. For these regions, the focus is on
extremes, such as droughts and floods. Temperature, rainfall and drought projections
are assessed from the ensemble of global and regional model projections under global
warming scenarios of 1.5 and 4.0 °C for various regions of South America. Finally,
we also discuss some societal impacts of climate variability and change as well as
knowledge gaps that need to be filled with new studies.
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2.1 Introduction

2.1.1 Components of the Climate System

The climate system corresponds to the interaction among their components: atmo-
sphere, hydrosphere, cryosphere, lithosphere, and biosphere (IPCC 2007, 2013,
2021). Changes in one component directly or indirectly affect the other components
and are affected by them. Human-induced climate change already affects several
components of the climate system.

The atmosphere is a thin layer that surrounds the Earth and is composed of gases
and aerosols that become less dense as the distance from the Earth’s surface increases.
In this sense, 90% of the atmospheric constituents are within 15 km of Earth’s surface,
which corresponds to only 1/400 of the radius of Earth (Trenberth 2020). Carbon
dioxide (CO,), ozone (O3), methane (CH4) and water vapor (H,O) are examples
of gases with variable concentrations (also referred to as trace gases). Although at
small concentrations, these gases are essential for maintaining life, as they contribute
to the so-called greenhouse effect. The greenhouse effect is a natural process that
has existed since Earth’s formation. Without this natural effect, the global mean
temperature of the Earth would be —18 °C, which is almost twice as low as its
current mean temperature (~15 °C). When solar energy reaches the atmosphere,
the atmosphere is not able to absorb a large part of the radiation. The shortwave
radiation provided by the Sun is absorbed by the Earth’s surface and radiated back
as longwave radiation (infrared wavelength). This infrared radiation is absorbed by
greenhouse gases such as CO, and by clouds (remember that clouds are composed
of H,O). Some of the energy absorbed by the atmospheric constituents will also be
radiated back, primarily at infrared wavelengths, in all directions. In this process,
the radiation emitted downward from the atmosphere adds to the warming of Earth’s
surface by solar radiation. This enhanced warming is due to the greenhouse effect.
The problem facing the intensification of the greenhouse effect is that anthropogenic
actions have contributed to increasing the concentration of the greenhouse gases,
therefore increasing the greenhouse effect and the mean temperature of the planet.

The atmosphere interacts with other components of the climate system by means of
feedback mechanisms among the climate system components. The feedback mecha-
nisms are also radiative forcings. The term forcing refers to factors that drive or cause
changes in the climate system and, as a result, cause climate change. As defined by the
IPCC (2013), radiative forcing is a measure of the net change in the energy balance
in response to a perturbation. There are three ways to change the radiative balance
of the Earth: (a) changing the incoming solar radiation, (b) changing the quantity
of solar radiation that is reflected back (albedo) and (c) modifying the amount of
longwave radiation that the Earth radiates back to space (changes in the greenhouse
gas concentrations) (IPCC 2007). Climate responds to these changes through feed-
back mechanisms that can either amplify (positive feedback) or decrease (negative
feedback) the effects of a change in the climate.
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2.1.2 Natural Climate Variability and Change

The Earth’s climate is determined by the balance between incoming energy from the
Sun and outgoing energy emitted by the Earth/atmosphere system. Balance means
that what enters in a system leaves this system in the same magnitude. Therefore,
changes in the incoming or outgoing energy lead to changes in the climate. However,
what are the drivers of these energy changes in addition to the Sun? Before we explain
this subject, it is important to define the meaning of climate change and climate
variability. According to the glossary of the IPCC (2021):

Climate change: change in the state of the climate that can be identified (e.g.,
by 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.
Climate change may be due to natural internal processes or external forc-
ings, such as modulations of the solar cycles, volcanic eruptions and persistent
anthropogenic changes in the composition of the atmosphere or in land use.

Climate variability: change in the state of the climate that can be identified
(e.g., by 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. Climate change may be due to natural internal processes or external
forcings, such as modulations of the solar cycles, volcanic eruptions and persis-
tent anthropogenic changes in the composition of the atmosphere or in land
use.

Changes in climate have occurred even in the absence of humans (IPCC 2021).
Therefore, there are natural drivers contributing to these changes that can be internal
(components of the climate system) or external (solar luminosity variations, varia-
tions in Earth’s orbit around the Sun, and volcanic eruptions) to the climate system.
The internal drivers change the climate and are affected by the climate (feedback
mechanism); on the other hand, the external drivers can only affect the climate and
cannot be affected by it (Hartmann 2015). Internal drivers that can lead to climate
change are related to modifications in the thermohaline circulation, ice melting and
water vapor increase in the atmosphere. However, they are also greatly respon-
sible for climate variability on different time scales (weakly, intraseasonal, seasonal,
interannual, and decadal). This variability is associated with teleconnection patterns.

Teleconnection is a term used to refer to local anomalies in the atmosphere, which,
in general, are caused by a heat source in the ocean (Trenberth et al. 1998) and that
affects the climate of remote places. Thus, teleconnections also refer to local anoma-
lies in the ocean that disturb the climate system (IPCC 2021). We can also think about
teleconnection as a perturbation in the climate system caused by its own compo-
nents. For South America, a description of the main teleconnection patterns that
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cause climate variability over South America can be found in Reboita et al. (2021a).
In particular, considering an interannual time scale, the most studied and widely
known teleconnection pattern is the phenomenon of the El Nifio-Southern Oscillation
(ENSO). ENSO is an ocean—atmosphere coupled phenomenon that develops in the
east and central portions of the tropical Pacific Ocean (Wang et al. 2017; McPhaden
etal. 2020). The positive sea surface temperature (SST) anomalies indicate the ENSO
warm phase, while the negative anomalies indicate the cold phase (La Nifia). During
an El Nifio event, there is a sea-level gradient with lower values in the eastern Pacific
and higher values in the western Pacific, which weakens the trade winds (opposite
conditions are observed during a La Nifia event). These changes in atmospheric circu-
lation cause anomalous patterns in temperature and precipitation around the globe.
Over South America, El Nifio episodes are responsible for increased precipitation
over southeastern South America and less rainfall over portions of Amazonia and
northeast Brazil (Marengo et al. 2017, 2018; McPhaden et al. 2020; Reboita et al.
2021a). The positive SST anomalies during El Nifio events can also contribute to
boosting global temperatures, increasing global warming in specific years such as
2016 (McPhaden et al. 2020). In climate change scenarios, changes in ENSO are
still uncertain, although some models, considering high emission scenarios, indicate
that extreme El Nifio and La Nifia events may double in frequency in the future (Cai
et al. 2014, 2015, 2020).

Other important systems may be affected by teleconnection patterns in the Atlantic
Ocean sector, such as the North Atlantic Oscillation (NAO), the Southern Annular
Mode (SAM) and the Tropical Atlantic SST gradient, which involve variations of
opposite signs in the sea-level pressure and SST in both hemispheres (Foltz et al.
2019; Zhang et al. 2021), leading to variations in the position and intensity of the
Intertropical Convergence Zone (ITCZ). All these systems and their relationship with
teleconnection patterns are well described in Reboita et al. (2021a).

2.1.3 Anthropogenic Climate Change

The Earth’s natural greenhouse effect has been modified by human activities. Humans
have increased the concentration of greenhouse gases in the atmosphere, leading to
the warming of the Earth’s surface, as a feedback process in the climate system (IPCC
2021). The sources of greenhouse gases can be natural and anthropogenic. H,O is the
most abundant greenhouse gas in the atmosphere. Its concentration increases as the
Earth’s atmosphere warms, leading to cloud formation and precipitation. However,
the greatest “villain” for increasing the greenhouse effect is CO,, which has had its
concentration greatly increased due to human activities. In 1850, the CO, concen-
tration was 280 parts per million (ppm); in August 2021, it reached 416 ppm, thus
indicating an increase of approximately 48% during this time interval (https://cli
mate.nasa.gov/vital-signs/carbon-dioxide/). When greenhouse gases are injected into
the atmosphere, they have long residence times, i.e., the amounts released into the


https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://climate.nasa.gov/vital-signs/carbon-dioxide/

2 Climate Variability and Change in Tropical South America 19

atmosphere today will remain in the atmosphere for up to two centuries depending
on the gas.

Land use changes are also responsible for anthropogenic climate change. When
the natural vegetation is changed by agriculture and urbanization, the local albedo
is modified as well as the water and energy surface budgets. In the case of urban-
ization, the large urban centers are also responsible for heat islands that contribute
to increasing the air temperature. Agriculture and cattle ranching also contribute to
climate change through the release of nitrous oxide (N,O) available in fertilizers.
Another serious issue is deforestation. Forests store large amounts of carbon since
trees and other plants absorb carbon dioxide in photosynthesis. Carbon dioxide is
converted into carbon and stored in all parts of the plants and the soil. However, the
stored carbon is released into the atmosphere in the form of carbon dioxide when the
forests are burned or cleared. Rainforests also play an important role in cooling the
local climate. As their canopy helps to trap moisture, it leads to slow evaporation,
providing a natural air-conditioning effect (Henson 2011). If the forest is removed or
burned over large areas, hotter and drier conditions are expected. Studies for South
America using climate models, such as Llopart et al. (2018) and Marengo et al.
(2021a and references quoted in), have indicated that changing the Amazon Forest
to grassland would result in an increase in temperature and in the occurrence of a
contrasting spatial pattern on precipitation over Amazonia and changes in the atmo-
spheric circulation for all South America. Increased deforestation may also affect
the hydrological cycle in the region, and recent studies by Gatti et al. (2021) have
shown that while the Amazon region functions as a sink of CO,, the southeastern
part of the region, along the so-called deforestation arc, behaves as a source of CO,,
with temperature increases, rainfall and atmospheric moisture reduction during the
last three decades.

Anthropogenic warming has resulted in an expansion of the dry climate areas
and a decrease in polar climates. The poleward shift of the Hadley cell could be
associated with this impact (Reboita et al. 2019). On the other hand, dry climate
regions are more vulnerable to desertification. This causes a loss of biodiversity and
reduces agricultural productivity, such as in the semiarid region of Northeast Brazil
(Vendruscolo et al. 2021). Marengo et al. (2020 and references quoted in) show
that with regional warming above 4 °C, semiarid regions become arid, and the risk
of Caatinga vegetation being replaced by arid vegetation is high, which affects the
populations in rural areas. On longer time scales, this aridification of the Northeast
would lead to land degradation, resulting in a desertification process.

Climate change is also playing an increasing role in determining wildfire regimes
(Shukla et al. 2019). In addition to the CO, from fires, bacteria in newly exposed soil
may release more than twice the usual amount of another greenhouse gas, nitrous
oxide, for at least two years. Brazilian biomes (Pantanal, Cerrado, Amazon Forest)
suffered much damage from fires in 2019 and 2020 (Henson 2011). A comprehensive
review of the increasing fire outbreaks in Brazilian biomes, their contributing causes,
overall environmental impacts and consequences for human well-being is provided
by Pivello et al. (2021).
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2.1.4 Main Concepts in Climate Change and Modeling

Figure 2.1 shows the air temperature frequency distribution for two scenarios: the
preindustrial period and present/future time. The difference in mean global tempera-
tures between these two scenarios is represented by a shift to the right of the frequency
distribution. At the same time, changes in both tails of the distribution can be seen,
which indicates an increase in the frequency of extreme weather events. Thus, in
statistical terms, climate extremes can be envisioned as a given probability distri-
bution of a specific event, for example, droughts. Extreme events can be classified
as weather extremes or climate extremes. The former refers to systems with short
durations, such as intense rain on a specific day; the latter refers to events with longer
durations, such as cold waves, heat waves, and droughts.

From observations, we know that our climate is changing, with one example
being the frequency, duration and intensity of extreme weather and climate events
(IPCC 2021). However, these extremes can also affect the climate itself. Reichstein
et al. (2013) highlighted that extremes produce a direct biogeochemical signal in
the atmosphere with local concentrations, for instance, of pollution. In other cases,
a climate extreme alters the turnover rate of terrestrial carbon pools, leading to
prolonged release of CO, into the atmosphere, such as the injection of CO, into
the atmosphere due to vegetation mortality during drought episodes.

To project changes in future climate, numerical climate models are used. Hence,
climate models simulate the physical processes taking place in the atmosphere,
providing us with data concerning atmospheric circulation, temperature, precipi-
tation, etc. If a model can successfully simulate the main features of atmospheric
circulation, the mean state of the climate (average temperature and precipitation)
and the frequency of extreme events, it can give us the confidence to apply them
to future projections. More details on climate models, scenarios, projections, and
uncertainties are shown in Sect. 2.2.
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Fig. 2.1 Schematic representation of the probability density function of daily temperature in the
preindustrial period and present/future climate
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2.2 Climate Modeling: A Primer

2.2.1 Climate Models: Concepts and Evolution

Since the 1960s, climate models have evolved a long way until the current state-
of-the-art in Earth System Models (ESMs). The first atmospheric models, called
atmospheric general circulation models (AGCMs), consisted of physical equa-
tions governing atmosphere dynamics, radiative transfer, and other parametriza-
tions. These models were numerically solved using computers and were forced by
prescribed boundary conditions such as solar radiation, sea surface temperature, sea
ice, and land surface cover. In parallel, oceanic general circulation models (OGCMs)
solved similar equations for the ocean and were forced by other boundary conditions,
such as air temperature and wind. Climate calculations with a combined Atmosphere—
Ocean Model were first performed by Nobelist Syukuro Manabe at the Geophysical
Fluids Dynamic Laboratory GFDL (Manabe and Bryan 1969), giving birth to the
atmosphere—ocean global climate models AOGCMS.

During the 1990s, global climate models were generally AOGCMs, with hori-
zontal resolutions typically 300—700 km and 12-24 vertical levels in the atmosphere.
These models were used in the First and Second Assessment Reports of the IPCC
(IPCC 1990, 1995). The use of individual model ensembles (to account for uncer-
tainties in the initial conditions) was rare. In the early 2000s, the first climate system
models (CSMs) integrated the four main climate system components. Atmosphere,
ocean, land cover, and sea ice were dynamically simulated, varying in time and feed-
backing with the other components. In CSMs, the prescribed boundary conditions
are solar radiation, aerosols (volcanic and anthropogenic), and atmospheric compo-
sition. Typical resolutions at the time were 200 km (horizontal) and 30 levels in
the vertical direction for the atmospheric model, and asymmetric resolutions for the
oceans, depending on whether it simulates an oceanic current (15-20 km) or not
(150-200 km). Land surface and sea ice were usually run at the same resolution as
the atmospheric model. These models need to be initialized for at least 30 years until
the shallow ocean temperature reaches equilibrium. The use of individual model
ensembles became increasingly common (5-100 ensembles). CSMs were the stan-
dard in the Third and Fourth IPCC Assessment Reports (IPCC 2001, 2007) and were
still used in the Sixth [PCC Assessment Report AR6 (IPCC 2021).

In the late 2000s, the first ESMs were built. In this type of model, the climate
system is just a component of the Earth system. In addition to the climate system
components, the ESMs explicitly simulate the carbon, water and nitrogen cycles,
atmospheric chemistry, and aerosols, directly simulating sea-level rise. CO, and
aerosol emissions are inputs to the model, and since the full carbon cycle is simulated,
the model computes CO, concentrations. To do that, these models must be initialized
by > 1000 years so that the soil and ocean carbon can reach equilibrium. Not all these
characteristics are present in all ESMs, but to be considered an ESM, the model must
simulate the full carbon cycle. ESMs are the current standard for the Fifth IPCC ARS
and Sixth IPCC AR6 Assessment Reports (IPCC 2013, 2021), although only a few



22 J. A. Marengo et al.

models of the Coupled Model Intercomparison Project Versions 5 and 6 (CMIP-5
and -6, respectively) ensembles are fully integrated ESMs. These models have much
finer resolutions, sometimes < 100 km for the atmospheric and oceanic models.

Following the evolution of climate models, the attribution of causes of climate
change has also been better established:

® The IPCC First Assessment Report (FAR IPCC) (IPCC 1990) concluded that
while both theory and models suggested that anthropogenic warming was
already well underway, its signal could not yet be detected in observational
data against the ‘noise’ of natural variability.

e The IPCC Second Assessment Report (SAR IPCC) stated that the balance
of evidence suggests a discernible human influence on global climate. The
SAR stated that ‘the balance of evidence suggests a discernible human
influence on global climate’ (IPCC 1995).

e The IPCC Third Assessment Report (TAR IPCC) concluded that there is
new and stronger evidence that most of the warming observed over the last
50 years is attributable to human activities (IPCC 2001).

e The IPCC Fourth Assessment Report (IPCC AR4) further strengthened
previous statements, concluding that most of the observed increase in global
average temperatures since the mid-twentieth century is very likely due
to the observed increase in anthropogenic greenhouse gas concentrations
(IPCC 2007).

e The IPCC Fifth Assessment Report (IPCC ARS5) assessed that a human
contribution had been detected to changes in warming the atmosphere and
ocean; changes in the global water cycle; reductions in snow and ice; global
mean sea-level rise; and changes in some climate extremes. ARS concluded
that it is extremely likely that human influence has been the dominant cause
of the observed warming since the mid-twentieth century (IPCC 2013).

e The IPCC Sixth Assessment Report (IPCC ARG6) establishes that it is
unequivocal that human influence has warmed the atmosphere, ocean, and
land. Widespread and rapid changes in the atmosphere, ocean, cryosphere
and biosphere have occurred (IPCC 2021).

If we are interested in a more precise representation of the local climate, regional
climate models (RCMs) are recommended. Their advantage is that they have a higher
horizontal resolution (< 50 km) compared to GCMs, being able to better represent
aspects of topography, for example. However, RCMs need both initial and spatial
boundary conditions, which are provided by GCMs or by reanalysis. A review of the
fundamental aspects of GCMs is available in Ambrizzi et al. (2019). With the purpose
of establishing a common framework to facilitate the application and comparison
of the results obtained with regional climate dynamic and statistical downscaling
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and a common protocol for downscaling experiments in different regions of the
world, the World Climate Research Program (WCRP) established the Coordinated
Regional Climate Downscaling Experiment (CORDEX) in the late 2000s (Giorgi
and Gutowski 2015; Giorgi et al. 2021).

2.2.2 Evolution of Climate Emissions Scenarios for IPCC

The IPCC has used a common set of scenarios across the scientific community to
provide better comparisons between various studies and to make it easier to commu-
nicate model results. In the FAR IPCC (IPCC 1990), idealized emission scenarios
were assumed, such as greenhouse gas (GHG) emissions growing at a fixed rate
(e.g., 1% a year). Starting with the SAR IPCC (IPCC 1995), a set of six alternative
emission scenarios, IS92a-f, were used. These scenarios embodied a wide array of
assumptions reflecting how future greenhouse gas emissions might evolve in the
absence of climate policies beyond those already adopted (Leggett et al. 1992).

Socioeconomic and emission scenarios are used in climate research to provide
plausible descriptions of how variables such as socioeconomic change, technological
change, energy, land use, and emissions of greenhouse gases and air pollutants may
evolve in the future. They are used as input for climate model runs and as a basis
for assessing possible climate impacts, mitigation options, and associated costs. The
scenarios from the Special Report on Emission Scenarios (SRES) (Nakicenovic et al.
2000) were used in the TAR IPCC (IPCC 2001) and IPCC AR4 (IPCC 2007) reports.
Scenarios were chosen based on our future motivations and emphasis. The A family
of scenarios assumes we would focus on economic motivations, while the B family
assumes more environmental motivations. Completing the set, family 1 assumed a
globalized economy, while family 2 emphasized local communities. The four main
scenarios (Al, A2, B1, and B2) considered different futures for global population,
global per capita income, per capita energy consumption, and CO, emissions per
unit of energy produced, with outcomes varying from endless comfort and efficiency
(A1) to a return to nature and community (B2), with a sustainable and equitable
world in between (B1).

The modeling process using these emissions scenarios follows the sequence:
socioeconomic forcings—population, gross domestic product (GDP), and tech-
nology—determine GHG and aerosol emissions, which then determine GHG and
aerosol concentrations, then radiative forcing, then climate (temperature, precipi-
tation, snow cover, sea ice, sea level, etc.), geophysical impacts (river discharge,
fires), and impacts on humans and other species (diseases, heat stress, species distri-
bution, etc.). Although this is a logical way of thinking, the uncertainties in the
modeling processes increase from the beginning to the end of the modeling sequence,
maximizing uncertainty at the end of the chain.
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The IPCC ARS (IPCC 2013) scenarios modified this modeling sequence, mini-
mizing the uncertainty at the center of the modeling chain, i.e., at the radiative forcing.
Scenarios were aggregated at four radiative forcing levels by 2100, above preindus-
trial levels—2.6, 4.5, 6.0, and 8.5 W/m?Z. Representative concentration pathways
(RCPs) were modeled to account for the socioeconomic-technologic emissions and
concentration pathways that lead to the selected radiative forcings (van Vuuren et al.
2011).

The TPCC AR6 (IPCC 2021) projected global scenarios based on the shared
socioeconomic pathways (SSPs) concept. This new set of scenarios synthesizes
knowledge across the physical sciences, impact, adaptation, and mitigation research.
The core set of SSP scenarios assumes five main pathways—sustainability (SSP1),
regional rivalry (SSP3), inequality (SSP4), development based on fossil fuels (SSP5),
and a middle-of-the-road pathway (SSP2). Each pathway is assigned to one or
more radiative forcings by 2100 above preindustrial levels: SSP1-1.9, SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5, covering a broad range of emission pathways,
including new low-emissions pathways. In [IPCC AR6 (IPCC 2021), emissions
vary between scenarios depending on socioeconomic assumptions, levels of climate
change mitigation, and air pollution controls (for aerosols and nonmethane ozone
precursors).

2.2.3 Uncertainties in Model Projections and Model
Limitations

The Intergovernmental Panel on Climate Change (IPCC) has used an ensemble
of different climate models to address climate system uncertainties and to avoid
individual model biases since the TAR IPCC report (IPCC 2001). To standardize
comparisons between the different models and their differences in grid type, resolu-
tion, and output variables, the climate modeling community developed increasingly
sophisticated CMIPs.

Both CMIP3—used in the IPCC AR4 (IPCC 2007)—and CMIP5—used in the
ARS (IPCC 2013) included experiments testing the ability of models to reproduce the
twentieth century global surface temperature trends both with and without anthro-
pogenic forcings (GHGs and aerosols). The CMIP6 models used in the IPCC AR6
(IPCC 2021) include new and better representations of physical, chemical, and
biological processes and higher model resolution than climate models considered
in previous IPCC assessment reports, in addition to improvements in the historical
radiative forcings. These enhancements improved the simulation of the last century’s
mean state of most large-scale indicators of climate change and many other aspects
across the climate system (IPCC 2021).

In ESMs, the magnitude of feedback between climate change and the carbon cycle
becomes larger but also more uncertain in high CO, emissions scenarios (very high
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confidence). However, climate model projections show that the uncertainties in atmo-
spheric CO, concentrations by 2100 are dominated by the differences between shared
socioeconomic pathways, i.e., by humankind’s own choices. Additional ecosystem
responses to warming do not yet fully included in climate models, such as CO,
and CHy fluxes from wetlands, permafrost thaw, and wildfires which would further
increase concentrations of these gases in the atmosphere (IPCC 2021).

In summary, although scenarios are the major source of uncertainty in climate
projections, model uncertainty widens the range of possible future climates. These
uncertainties include inaccurate representation of interannual and interdecadal modes
of climate system variability and misrepresentation of parametrizations and feed-
backs, mainly those related to clouds. Another example is the impossibility of
modeling the occurrence of random climate-relevant events, such as volcanic
eruptions.

2.3 Observed and Projected Climate Scenarios in Tropical
South America

2.3.1 Observed Changes: A Summary

In the upcoming subsections, a review of climate trends is presented for some regions
of Brazil. These regions correspond to Brazilian biomes (Fig. 2.2): the Amazon biome
in the Amazon River basin, the Caatinga biome in the semiarid lands of Northeast
Brazil, the Pantanal biome, and the Parana-La Plata River basin that covers parts of
the Cerrado, Atlantic Forest and Pampas biomes.

To study rainfall variability, we consider the standardized precipitation index
(SPI). The SPI is a drought index proposed by Mckee et al. (1993) to quantify the
probability of occurrence of a precipitation deficit at a specific monthly time scale.
To calculate the SPI, precipitation data are fitted to a gamma probability distribution
function, and then the inverse normal distribution function is used to rescale the prob-
ability values, resulting in SPI values with a mean of zero and a standard deviation of
one. As the SPI is a normalized index, it allows the comparison of the index between
different locations and climates, which is important for drought monitoring in a large
country such as Brazil (Cunha et al. 2019). The time series of SPI-12 months for the
regions considered below are shown in Fig. 2.2.
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Fig. 2.2 Time series of SPI-12 months for the 5 indicated regions from 1961 to 2021. The regions
correspond to the Brazilian biomes. Source IBGE-Servico Florestal do Brasil: https://snif.florestal.
gov.br/es/los-biomas-y-sus-bosques/608-florestas-nos-biomas-brasileiros

2.3.2 Changes in Rainfall and Hydrology in the Amazon
Region

Historical trends in Amazonian precipitation vary considerably among studies,
depending on the dataset, time series period and length, season, and the region evalu-
ated. Most modern rainfall records start in the 1960s, hampering the quantification of
trends in the Amazonian region. Studies analyzing rainfall trends in the Amazon for
the past four decades show a north—south opposite trend, including increasing rainfall
in the northwestern Amazon and a decrease in the southeastern Amazon, particu-
larly in the last decade (Fig. 2.2d and e). These trends may be a consequence of the
intensification of the hydrological cycle in the region (Gloor et al. 2013; Barichivich
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et al. 2018; Science Panel for the Amazon 2021). The droughts in 1983, 1998, 2010
and 2016 affected the entire Amazon, and the drought in 2005 affected mostly the
southern Amazon.

This intensification means increased climate variability, reflected by the increase
in recent extreme hydroclimatic events due to stronger northeast trade winds that
transport moisture into the Amazon. Recent work by Espinoza et al. (2019) shows that
while the southern Amazon exhibits negative trends in total rainfall and extremes, the
opposite is found in the northern Amazon, particularly during the wet season. Wang
et al. (2018) combined both satellite and in situ observations and revealed changes
in tropical Amazonian precipitation over the northern Amazon. Due to increasing
rainfall in the northern Amazon, the overall precipitation trend on a basin scale
showed a 2.8 mm/year increase for the 1981-2017 period (Paca et al. 2020).

As shown by Schongart and Junk (2020), water level data for the Rio Negro at
Manaus, close to its confluence with the Solimdes (Amazonas) River, started being
recorded in September 1902. The mean amplitude between the annual maximum
(floods) and minimum (droughts) water levels is 10.22 m (1903-2015). Barichivich
et al. (2018) indicated a significant increase in the daily mean water level of approx-
imately 1 m over this 113-yr period. Furthermore, the authors observed a fivefold
increase in severe flood events resulting in the occurrence of severe flood hazards
over the last two decades in the central Amazon (2009, 2012-2015, 2017, 2019 and
2021) and droughts in 2005, 2010, and 2016.

Substantial warming of the tropical Atlantic since the 1990s has played a central
role in the region’s hydrology, increasing atmospheric water vapor imported by trade
winds into the northern Amazon basin and increasing precipitation, especially during
the dry-to-wet and wet seasons. The simultaneous cooling of the equatorial Pacific
during this period strengthens the Walker circulation and deep convection over the
Amazon (Marengo et al. 2021a).

2.3.3 Rainfall and Hydrological Variability in the Pantanal
Region

Bergier et al. (2018) used a seasonal rainfall time series from 1926 to 2016 for the
Pantanal and found a positive trend in the number of rainy days for all seasons. Lazaro
et al. (2020), using a 42-year historical series, found that the number of days without
precipitation has greatly increased in the northern Pantanal, as well as the loss of
water mass in the landscape over the last 10 years, specifically during the dry season.
Overall, currently, the northern Pantanal has 13% more days without rain than in
the 1960s (Lazaro et al. 2020). The rainfall during the summers of 2019 and 2020
was well below normal (Fig. 2.2¢) and lower than that during the 1970s. For 2020,
rainfall was reduced until November. It rained just 160 mm in January, and in March
and November, it rained half of the expected value. Since August 2019, rainfall was
below normal, and in October 2019, it rained 50 mm (half of the 100 mm average).
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This suggests a late onset of the rainy season of the hydrological year 2019-2020
(Marengo et al. 2021b).

Marengo et al. (2021b) showed that the river levels at Ladario represent the hydro-
logical regime of the Upper Paraguay River Basin, which enables the characteriza-
tion of a given period as drought or flood in the Pantanal. The annual mean level
of the Paraguay River at Ladario is 273 cm (1900-2020), ranging from 145 cm in
November to 405 cm in June. In terms of the daily absolute maximum, the five
events with levels above 600 cm were registered in April 1988 (664 cm) and May
1905 (662 cm). In April 1988, the river level rose to 664 cm, flooding small commu-
nities along the river’s shores. The year 1970-1971 recorded the largest number of
days with levels equal to or below 100 cm during the observation period. On the
dry side, the 5 years with the lowest minimum levels were reported in September
1964 (—61 cm), September 1971 (—57 cm), October 1967 (—53 cm), September
1969 (—53 cm), and October 1910 (—48 cm). Negative values indicate observations
below the zero level of the river gauge. The lowest values were measured from 1962
to 1973; all 12 years had levels of 100 cm and below. The most recent minimum
level value was —32 cm in October 2020. This is the lowest level in 49 years since
the previous lowest minimum in 1971. This is consistent with the SPI values from
Fig. 2.2¢ showing negative SPI values in those years.

2.3.4 Rainfall Variability in Northeast Brazil

Northeast Brazil (NEB) is under the influence of Atlantic trade winds that converge
along the Intertropical Convergence Zone (ITCZ). The meridional migration of
the ITCZ in the semiarid region of NEB determines the rainfall peak season from
February to May. Years with drought were observed during El Nifio in 1983, 1998
and from 2012-2018 as well as in other years characterized by warm surface waters
in the Tropical North Atlantic (Fig. 2.2a). The 2012-2018 drought was associated
with a warmer tropical North Atlantic and aggravated by an El Nifio event in 2016
(Marengo et al. 2020). Influences from the tropical Pacific Ocean by means of El
Nifio and from a warmer tropical North Atlantic that moves the ITCZ anomalously to
the north are the main causes of rainfall deficiency and drought in the region (Brasil
Neto et al. 2021).

The drought that started in 2012 left 1717 municipalities of NEB (96% of total)
in a state of emergency, which included rural food insecurity (Marengo et al. 2017,
2020; Brito et al. 2018; Alvala et al. 2019; Cunha et al. 2019; Vieira et al. 2020).
During the 2012-2018 drought, the volume of water in the reservoirs on the Sdo
Francisco River (Cunha et al. 2019), an important Brazilian river that crosses the
region, was reduced to minimal levels. This was coupled with an increase in demand
for irrigation water and evaporation from the reservoirs. As a result of the sharp
reduction in the Sdo Francisco River flow since 2012, it became necessary to modify
the operation of the reservoirs—which were designed in the 1970s—to maintain a
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baseflow capable of sustaining the various water uses, mainly the water supply to
several cities along the river and large irrigation projects (Marengo et al. 2021a).

2.3.5 Rainfall and Hydrological Variability in the Parand-La
Plata River Basin

Since the 1960s, seven droughts (1977, 1984, 1990, 1992,2001, 2012 and 2014) have
reduced reservoir storage for Sao Paulo state in Brazil (Fig. 2.2c) (Naumann et al.
2021). In some parts of the La Plata Basin (LPB), such as the Upper Parana River
Basin, severe-to-exceptional hydrological drought conditions have been present since
2014. Nevertheless, in the last two years, 2020-2021, this situation has worsened.
Indices of precipitation indicate that the precipitation in the Parand River basin
(Fig. 2.2¢) has been below average in recent years (Naumann et al. 2021). Several
dry and rainy cycles since the early 1900s have been observed, with the most severe
drought on record taking place from December 1968 to September 1971, peaking
in March 1969. However, it is important to note that, at that time, the water demand
throughout the Parand River basin was much lower than at present (Cunha et al.
2019). Levels of the Parana River at Corrientes (Naumann et al. 2021) show that the
low levels detected in 2020 and 2021 are comparable to those experienced during
the two most severe low-level events in recorded history, i.e., 1934 and 1944.

2.3.6 Cyclones Over the South Atlantic Ocean

Different types of cyclones develop over the South Atlantic Ocean: extratropical,
subtropical and tropical (Reboita et al. 2021b, c, e). Extratropical cyclogenesis is
the most frequent, and tropical cyclogenesis is the rarest, even though the east coast
of Brazil is a region with the potential for tropical cyclogenesis most of the year
(Andrelina and Reboita 2021). Extratropical cyclones have a higher frequency in the
latitude band of 45° S, whereas subtropical and tropical cyclones occur along the
east and south coasts of Brazil. As these systems develop close to the coast, they may
cause strong winds, heavy rain and floods.

Projections for the end of the century (2080-2099) under the RCP8.5 scenario
through an ensemble with the Regional Climate Model (RegCM4) nested in different
CMIP5 global climate models (GCMs) and an ensemble with GCMs indicate
(Fig. 2.3): (a) extratropical cyclones over the South Atlantic Ocean are projected
to decrease in frequency due to the decrease in near-surface baroclinicity (Reboita
et al. 2021c; Marrafon et al. 2022); on the other hand, intensity may be equal to
or higher than the historical period (1995-2014), and they can cause more intense
rainfall and winds. While the total frequency of extratropical cyclones is projected
to decrease, the number of explosive cyclones (deepening rate of ~ 24 hPa/24 h) is



30 J. A. Marengo et al.

Lower

frequency of

extratropical
clones

Atlantic Basin

Fig. 2.3 Projected trends in the frequencies of extratropical, explosive and subtropical cyclones at
the end of the century (2080-2099) under the RCP8.5 scenario compared to the historical period
(1995-2014)

projected to increase (Reboita et al. 2021c¢); (b) subtropical cyclones are projected to
decrease in frequency in part due to the intensification of the South Atlantic subtrop-
ical anticyclone (de Jesus et al. 2021; Reboita et al. 2019). On the other hand, intense
convection may cause this kind of cyclone to become stronger; and (c) for tropical
cyclones, there are no trends in their frequency by the end of the century (Marrafon
et al. 2022).

2.3.7 Changes in Mean Climate and Extremes Based
on CMIP6 and CORDEX Models Under Various Levels
of Warming (from 1.5 to 4 °C)

Recent work by Almazroui et al. (2021) shows the results of an analysis of a large
ensemble of models from CMIP6 over South America for future changes in slices
2040-2059 and 2080-2099 relative to the reference period (1995-2014) under four
shared socioeconomic pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). The
CMIP6 models successfully capture the main climate characteristics across South
America for the reference period. Future precipitation exhibits a decrease east of
the northern Andes in tropical South America and the Amazon and an increase over
southeastern South America and the northern Andes, consistent with earlier CMIP
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(a) 34 CMIP6 models — 1.5°C (b) 20 CMIPE models = 4.0°C (c) 18 CORDEX madels - 1.5°C (d) 13 CORDEX models - 4.0°C

Fig. 2.4 Changes (relative to 1995-2014) in mean annual temperature (7 in °C) projected by
CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) global warming levels
and for CORDEX models (under RCP8.5 scenario) and considering 1.5 (¢) and 4.0 °C (d) global
warming levels (GWLs). Boundaries of IPCC AR6 Atlas regions are shown in the upper left corner
of the panel. The same regions are used in Figs. 2.5 and 2.6

(3 and 5) projections. In contrast, temperature increases are robust in terms of magni-
tude even under SSP1-2.6. Future changes mostly progress monotonically from the
weakest to the strongest forcing scenario and from the mid-century to late-century
projection period. Furthermore, an increasingly heavy-tailed precipitation distribu-
tion and a rightward shifted temperature distribution provide strong indications of a
more intense hydrological cycle as greenhouse gas emissions increase. The authors
found no clear systematic linkage between model spread about the mean in the refer-
ence period and the magnitude of simulated subregional climate change in the future
period.

In this subsection, we consider the Northern South America (NSA) and South
American Monsoon (SAM) ARG6 regions to represent the Amazon Basin and the
Northeastern South America (NES) AR6 region to represent Northeast Brazil (Itur-
bide et al. 2021) (Fig. 2.4). Various levels of warming are considered. For tropical
South America, we also include Southeastern South America (SES) so that the entire
region (tropical South America) is treated as NSA, SAM, NES and SES. In addi-
tion, we are working under a new methodology, employing global warming levels
(GWLs) (1.5, 2.0, 3.0, and 4.0 °C), instead of decades. Nevertheless, it is important to
highlight that such levels of warming can be translated in terms of time (decades), as
demonstrated by Seneviratne et al. (2021). For example, the 1.5 °C GWL (relative to
the recent past, 1995-2014) will be achieved around the 2050s under the SSP5-8.5
scenario, while the 4.0 °C GWL will be achieved around the 2090s using SSP5-
8.5 (see Table 4.2 in Chap. 4—IPCC 2021). Considering the preindustrial period
(1850-1900), the 1.5 °C GWL will be reached in 2030 for all scenarios.

2.3.8 Temperature Projections

The mean temperature (7'), minimum temperature (TN), and maximum tempera-
ture (TX) are used to assess the change in the average temperature magnitude. The
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minimum of minimum temperatures (TNn) and the maximum of the maximum
temperatures (TXx) are used to evaluate the change in the extreme temperature
magnitudes, while days with TX above 35 °C (TX35) and days with TX above
40 °C (TX40) are used to assess the changes in the frequency of warm temperature
extremes. The enhanced warming over high-latitude oceans is apparently attributed
to the positive snow and sea ice albedo feedback effect in these regions (Goosse et al.
2018). The smallest warmings occur in the tropical region of both hemispheres.

Table 2.1 summarizes projections of changes in air temperature and its extremes
for NSA, SAM, NES and SES considering 1.5 and 4.0 °C GWLs under the SSP5-8.5
(RCP8.5) scenario for CMIP6 (CORDEX) models relative to 1995-2014. For the
1.5 °C GWL, the NSA, SAM, NES and SES heat up approximately half of that value
(approximately 0.7 °C). However, as the level of warming rises, this difference is
reduced. For the 4.0 °C GWL, in the NSA, SAM, NES, and SES, the temperature
increases between 2.9 and 4.2 °C in the CMIP6 and CORDEX models. The same
behavior is observed for TN, TX, TNn and TXx. Regarding the frequency of warm
extremes (TX35 and TX40), the increase from 1.5 to 4.0 GWLs are very high, mainly
for SAM, where it will reach almost 92 (107) days with TX above 40 °C, considering
CMIP6 (CORDEX) results.

Both the projected magnitude of warming and the frequency of occurrence of
hot extremes are higher for SAM than for all South American regions (Fig. 2.4).
This feature is also presented in Chou et al. (2014), Reboita et al. (2014), Lépez-
Franca et al. (2016), Teichmann et al. (2021) and Coppola et al. (2021). Chou et al.
(2014), using the Eta Regional Climate Model forced by two global climate models,
HadGEM2-ES and MIROCS, under two RCP scenarios (8.5 and 4.5), show that in
the future, the major warming area will be located in the central part of Brazil. In
Coppola et al. (2021) and Teichmann et al. (2021), the results from two regional
models nested in three GCMs from CMIPS and RCP2.6 and RCP8.5 show the most
warming over the NSA, SAM and NES. Lépez-Franca et al. (2016), using 4 RCMs
driven by 3 GCMs and projections for 2079-2098, show greater increases in warm
nights and warm days over northern South America. Additionally, Reboita et al.
(2014) projections, using RegCM3 nested in ECHAMS and HadCM3 MCGs under
the A1B scenario, indicate general warming throughout all South American regions
and seasons, which is more pronounced in the far-future period.

According to the IPCC (2021), it is virtually certain, compared with the recent
past (1995-2014) and compared to the preindustrial period (1850-1900), that all of
South America will have an increase in the intensity and frequency of hot extremes
and a decrease in the intensity and frequency of cold extremes under a 4.0 °C GWL.
Additionally, according to this report, it is virtually certain that the mean air temper-
ature will rise across all of South America, with the largest increases occurring in
the Amazon Basin (NSA and SAM).
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Table 2.1 Changes in the magnitude and frequency of temperature indices for 1.5 and 4.0 °C
GWLs using CMIP6 models under the SSP5-8.5 scenario and CORDEX models under the RCP8.5

scenario
Temperature AR6 1.5°C 4.0°C
index and unit | region | c\pg CORDEX CMIP6 CORDEX
T (°C) NSA 08(02-12) |07(05-1.1) |3.8(3.1-4.5) |32(3.2-4.8)
NES 0.7(03-1.1) |07(04-1.0) |3.1(2.7-3.6) |3.5(3.0-4.3)
SAM 08(03-1.3) |08(0.5-1.2) |3.9(3.24.6) |4.2(3.4-5.0)
SES 0.6(02-0.9) | 0.6(0.3-0.8) |3.0(2.5-34) |2.9(2.4-3.5)
TN (°C) NSA 0.7(02-1.1) |07(04-1.1) |3.6(3.0-4.3) |3.4(2.9-4.0)
NES 0.6(02-1.0)  |0.7(0.4-1.0) |3.1(2.5-3.8) |3.2(2.6-3.7)
SAM 08(03-1.3) |08(0.5-1.1) |4.0(3.44.6) |4.0(3.24.7)
SES 0.6 (02-0.9) | 0.6(0.3-0.8) |3.1(2.4-3.5) |3.0(2.5-3.6)
TX (°C) NSA 09(02-1.4) |08(0.5-1.1) |42(3.3-52) |3.9(3.0-5.0)
NES 08(02-1.3) |07(04-1.0) |3.8(3.1-4.6) |3.3(2.9-3.8)
SAM 09(03-1.6) | 09(0.5-1.3) |4.5(3.4-5.5) |4.4(3.5-5.2)
SES 0.7(0.1-1.1)  |0.6(02-0.9) |3.1(2.2-3.8) |2.9(2.3-3.5)
TNn (°C) NSA 07(02-1.0) |07 (04-1.1) |3.5(2.6-4.4) |3.8(3.1-4.5)
NES 0.7(03-0.9) | 0.6(0.4-0.9) |32(2.6-4.1) |3.3(2.6-3.7)
SAM 08(03-1.3) |07(03-1.1) |3.7(29-4.5) |4.1(3.1-5.1)
SES 0.6(02-12) |05(0.0-0.8) |2.9(24-34) |2.6(1.7-3.2)
TXx (°C) NSA 1.0(03-1.6) 09(0.5-12) | 4.5(3.7-52) |4.2(3.3-5.0)
NES 09(03-1.6) | 08(0.5-1.2) |3.9(3.34.5) |3.9(3.4-43)
SAM 13(04-24) | 12(06-19) | 6.1(4.3-8.0) |5.5(4.3-7.0)
SES 09(0.4-1.4) |08(03-1.3) |4.1(32-5.0) |3.9(3.1-4.5)
TX35 (days) | NSA 16.1 (1.7-28.4) | 18.1 (7.1-26.6) | 89.7 98.1
(33.0-109.1) | (69.3-122.1)
NES 8.5(1.7-24.8) | 10.5(3.8-25.6) |43.3 575
(33.9-100.3) | (33.9-87.3)
SAM 17.8 (4.5-31.4) | 20.1 (9.6-37.3) |91.7 106.7
(43.3-153.0) | (80.7-132.4)
SES 57(1.9-10.7) |6.0(1.0-9.1) |282 34.1
(16.6-36.2) | (19.8-47.5)
TX40 (days) | NSA 43(0.0-16.1) | 6.0(0.0-12.9) 39.2 526
(1.6-77.7) | (11.0-104.9)
NES 190097 | 1.8(0.14.6) | 184 216
0.8-37.1) | (5.7-43.3)

(continued)
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Table 2.1 (continued)

Temperature AR6 1.5°C 4.0°C
index and unit | region | \pipg CORDEX CMIP6 CORDEX
SAM 3.9(02-13.1) | 8.5(1.5-17.8) |29.4 57.0
(4.1-552) | (28.5-101.2)
SES 23(04-52) | 1.402-23) 108 12.6
(6.0-19.4) | (5.4-22.1)

Source Interactive Atlas—IPCC ARG6 (Iturbide et al. 2021)
Displayed are median values and, in parentheses, the 5-95% ranges over NSA, SAM, NES, and
SES relative to the period 1995-2014

2.3.9 Precipitation Projections

The total precipitation (PR) is used to indicate the change in the amount of precipita-
tion, and the maximum 1-day and 5-day precipitation (RX1day and RX5day) are used
to show the change in the magnitude of precipitation extremes. Unlike the results for
temperature, precipitation and its extremes exhibit a more heterogeneous behavior
and, in most regions, with no agreement between the models (see precipitation global
maps at https://interactive-atlas.ipcc.ch/). Moreover, for the near future (2021-2040)
or for the low GWLs (1.5 °C and 2.0 °C), even considering the most pessimistic
scenarios (SSP5-8.5 and RCP8.5), the sign of change is very weak, with no agree-
ment between models. Figure 2.5 presents the change in annual precipitation (PR)
for 1.5 and 4.0 °C GWLs relative to 1995-2014 using CMIP6 and CORDEX models
under the SSP5-8.5 and RCP8.5 scenarios, respectively. The only robust signs of
projected changes in annual precipitation and where there is an agreement between
the models (Fig. 2.5b and d) occur in the east of the NSA, with a 12% reduction
(median) in PR, as well as in southwestern South America (SWS). Projections of
increases in PR are observed over SES and in the extreme west of northwestern
South America (NWS). The drying (wetting) conditions over NSA and SAM (SES)
are also presented in Chou et al. (2014), Llopart et al. (2014), Reboita et al. (2014),
Coppola et al. (2021), Teichmann et al. (2021), and Teodoro et al. (2021).

Chou et al. (2014) showed a reduction in summer precipitation over northern and
central South America and an increase in PR over southern South America. Llopart
et al. (2014), using the regional climate model RegCM4 driven by the HadGEM,
GFDL and MPI GCMs under RCPS8.5 and, more recently, Teodoro et al. (2021),
have also shown projections of reduced precipitation over the broad Amazon and
central Brazil region and increased precipitation over the La Plata basin and central
Argentina. According to Llopart et al. (2014), the tendency toward an extension of the
dry season over central South America is due to a late onset and an early retreat of the
SAM. Reboita et al. (2014) also projected dry conditions in all seasons over northern
South America and an increase in precipitation over the SES mainly in spring and
summer. More recent work by Coppola et al. (2021) points out that extreme wet and
flood prone maxima are projected to increase over the La Plata basin (SES).
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{a) 33 CMIPE models — 1.5°C (b) 19 CMIPE models — 4.0°C (c) 18 CORDEX models — 1.5°C (d) 13 CORDEX models - 4.0°C

Fig. 2.5 Changes (relative to 1995-2014) in mean annual precipitation (PR, in %) projected by
CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) GWLs and for
CORDEX models (under RCP8.5 scenario) considering 1.5 (¢) and 4.0 °C (d) GWLs. GWLs.
Red circles and ellipses indicate areas with robust signs of projected changes in annual precip-
itation and where there is an agreement between the models. See Fig. 2.4 for names of regions
delimited in figure

Regarding the behavior of the magnitude of extreme precipitation (RX1day and
RX5day), there is an increase over most of South America, including the Amazon
and Northeast Brazil. It is important to highlight that extreme precipitation is deter-
mined by local exchanges in heat, moisture, and other related quantities (ther-
modynamic changes) and those associated with atmospheric and oceanic motions
(dynamic changes) (Seneviratne et al. 2021). The increase in water vapor leads to
robust increases in precipitation extremes everywhere, with a magnitude that varies
between 4 and 8% per degree Celsius of surface warming (thermodynamic contribu-
tion) (Fischer and Knutti 2016; Sun et al. 2020). However, the dynamic contributions
show large differences across models and are more uncertain than thermodynamic
contributions (Shepherd 2014; Trenberth et al. 2015; Pfahl et al. 2017).

Increases in extreme precipitation magnitude and frequency over NSA, SAM,
NES, and SES are projected for the end of the century using a 4 °C GWL (Li et al.
2021). However, using RCMs, Chou et al. (2014) and Coppola et al. (2021) projected
negative changes in precipitation extremes over the NSA. Regarding SAM, NES, and
SES, Coppola et al. (2021) project positive changes, while Chou et al. (2014) project
negative changes, except for SES.

In summary, IPCC (2021) projections indicate that for mean precipitation there
will be a drying (wetting) signal for NSA and NES (SES). IPCC (2021) states that an
intensification of heavy precipitation is projected with medium confidence, compared
to the recent past (1995-2014) and with the preindustrial period (1850-1900) for 2
and 4 °C GWLs, for NSA, SAM, and NES and particularly for SES.

2.3.10 Drought Projections

Consecutive dry days (CDD) are used to assess changes in meteorological drought.
Figure 2.6 presents changes in CDD for 1.5 and 4.0 °C GWLs relative to 1995-2014
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(a) 32 CMIPE models - 1.5°C (b} 19 CMIPE models — 4.0°C (c) 18 CORDEX models — 1.5°C (d} 13 CORDEX models - 4.0°C

Fig. 2.6 Changes (relative to 1995-2014) in consecutive dry days (CDD, in number of days
projected by CMIP6 models (under scenario SSP5-8.5) considering 1.5 (a) and 4.0 °C (b) GWLs
and for CORDEX models (under RCP8.5 scenario) considering 1.5 (¢) and 4.0 °C (d) GWLs. See
Fig. 2.4 for the names of the regions delimited in the figure

using CMIP6 and CORDEX models under the SSP5-8.5 and RCP8.5 scenarios,
respectively. The increase in CDD over the Amazon basin is remarkable, indicating
a drier climate in the future, both in CMIP6 and CORDEX models. Over NES, the
models also show an increase in CDD. Over the SES, there is no agreement between
the models, but the model results show an overall decrease in precipitation at 1.5 °C
GWLs. According to Chou et al. (2014), Coppola et al. (2021), and Reboita et al.
(20214d), positive changes in CDD over NSA, SAM and NES are projected in the
far-future.

2.4 Impacts on Natural and Human Systems

2.4.1 Impacts on Natural Ecosystems

The drought that started in 2012 highlights the vulnerability of NEB. Arid condi-
tions have been detected during recent years mainly in the central semiarid region,
covering almost 2% of NEB (Marengo et al. 2020). The projections of vegetative
stress conditions derived from the empirical model for the vegetation health index
(VHI) are consistent with projections from vegetation models, where semidesert
types typical of arid conditions would replace the current semiarid bushland vegeta-
tion (“caatinga”) by 2100 (Marengo et al. 2020). Therefore, there is a possibility that
under permanent drought conditions with warming above 4 °C, arid conditions would
prevail in NEB since 2060, which would lead to land degradation and desertification.

The drought situation in 2019-20 in the Pantanal and the Upper Paraguay River
basin has been unusually harsh, with dry and warm conditions favoring the prop-
agation of fires. The increased number of fires affects human activities and biodi-
versity. These fires and droughts aggravated the situation of vulnerable fauna and
flora. Changes in the quality of the rainy season can also affect wetland hydrology,
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and droughts can seriously affect the living conditions of biological populations
(Marengo et al. 2021a).

Drought and flood events in Amazonia have produced impacts such as an increased
risk of forest fires, extreme warming, floods and inundations, which can affect the
human population and flora and fauna both on land and in lakes and rivers (Davidson
et al. 2012; Marengo et al. 2013; Brando et al. 2014; Doughty et al. 2015). While
droughts increase the risk of tree mortality, the combination of severe droughts and
floods can put additional stress on Amazon forests, especially if the flooding regime
of regularly inundated areas is perturbed outside of their natural range (Langerwisch
et al. 2013). It also affects riverine carbon balance by outgassing carbon from the
Amazon River and the amount exported to the Atlantic Ocean, with nonlinear effects
to be expected if deforestation is also considered (Langerwisch et al. 2016).

2.4.2 Potential Impacts on Society

Due to the impacts of the 2012-2017 drought in NEB, public policies have been
implemented to reduce social and economic vulnerability for small farmers. In the
long term, to make the semiarid region less vulnerable to drought, strengthened
integrated water resource management and a proactive drought policy are needed
to restructure the economy. Integrating drought monitoring and seasonal climate
forecasting provides a means of assessing the impacts of climate variability and
change, leading to disaster risk reduction through early warning. In a future scenario
with a high risk of drought and possible desertification in regions with warming
above 4 °C, agricultural activities can be affected by severe water stress and may be
devastating for local populations. This condition can make drought irreversible, and
prolonged water stress could lead to aridity and land degradation (Marengo et al.
2020).

Changes in the rainfall regime and the flood pulse in the Pantanal are likely to
disrupt the processes that maintain these landscapes; furthermore, landscape modi-
fication may dramatically alter wetlands (Ivory et al. 2019; Marengo et al. 2021b).
Many human activities in the region rely on the ecosystem services provided by
the Pantanal, including professional and touristic fishing and contemplative tourism
(Bergier et al. 2018). The available land for cattle ranching and farming is dependent
on the extent of flooding during each wet season. Due to these flooding events, local
ranchers struggle to survive. Because of drought, fires spread and affect the natural
biodiversity in the Pantanal region as well as the agribusiness and cattle ranching
sectors. The uncontrolled fires occurring in the dry season are of anthropogenic
origin. They are directly related to deforestation, cleaning, and reforming pastures.
Improper practices and the use of fire as a management practice without control
techniques endanger conservation (Aragdo et al. 2018; Alho et al. 2019).

Itis important to mention that in the Amazon region, the perception of drought and
flood by the population may be different when compared to other regions, and low
or high river levels are better indicators of drought or floods, respectively, compared
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to rainfall anomalies. Through their close dependency on water levels, local people
are well placed to detect variability in both climate and hydrological regimes and
can respond to early warning signals to cope with potential impacts on their activ-
ities (Pinho et al. 2015; Marengo et al. 2018). Development in the Amazon region
has pushed the agricultural frontier, resulting in widespread land cover change. As
agriculture in the region has low productivity and is unsustainable, the loss of biodi-
versity and continued deforestation will lead to high risks of irreversible changes in
Amazon forests (Nobre et al. 2016).

2.4.3 Governance Actions to Mitigate Climate Change:
Examples for Northeast Brazil (NEB) and Amazon

In this section, we focus on two regions of South America that have high social
and biodiversity vulnerability in tropical South America, NEB and Amazon, respec-
tively. In NEB, current-drought emergency relief measures include water distribu-
tion by trucks (“carros pipa”), plus cash transfer and state-sponsored microinsurance
programs for smallholders (Magalhdes 2016). Actions are heavily concentrated on
water distribution, initially to rural but also to urban and coastal communities that
depend upon water supply originating in the semiarid regions. In addition, recent
anti-poverty programs, such as education, health and extreme poverty alleviation,
have significantly improved the life conditions in the region (Alvala et al. 2019;
Marengo et al. 2020). Despite significant improvement in quality-of-life indicators
in the past 15 years, levels of vulnerability remain high, especially in rural house-
holds that are more dependent on agriculture (Engle and Lemos 2010). In a recent
work, Marengo et al. (2021c) presented a list of initiatives that can be considered
adaptation options to cope with drought in NEB in the long term. Some are tech-
nical options, while others can be considered more political. However, others are
related to monitoring and early warning of drought and seasonal climate forecasts
from national and regional agencies. The target of all these actions is the protection
of vulnerable populations and small-scale farming in the semiarid region of NEB.

The challenges of governance of climate change in the Amazon region are related
to the fact that even though the region will be impacted, drivers of deforestation
are linked to economic activities such as logging, cattle ranching, soy harvesting,
and mining, as well as to public investments in infrastructure such as roads and
hydropower plants (Science Panel for the Amazon 2021), all of which have played
a significant role in the economic growth of the region and of Brazil.

Amazonian municipalities of Brazil are involved in global climate governance.
The actions are linked to the national policy to control deforestation. Other actions can
be characterized by the initiatives taken by municipalities to become involved in inter-
national negotiation processes focusing on the United Nations Framework Conven-
tion on Climate Change (UNFCCC) and the Reducing Emissions from Deforestation
and Forest Degradation (REDD+) mechanisms. These initiatives have strengthened
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subnational, national, regional and transnational networks and have created commit-
ments to mitigate and find ways to adapt to global climate change. This is relevant to
the goals of deforestation reduction proposed by Brazil during the Paris Agreement
in 2015 (IPCC 2021).

2.5 Gaps, Limitations and Future Lines of Work

With the likelihood of more frequent droughts, there is a need for a better perception
that adaptive capacity is still low, as shown by the consequences of recent droughts in
tropical South America. Science has assembled enough knowledge to underline the
global and regional importance of the Amazon, Pantanal and Parana-Prata regions,
which can support policy-making to keep these sensitive ecosystems functioning.
This major challenge requires substantial resources and strategic cross-national plan-
ning and a unique blend of expertise and capacities established in the regions’ coun-
tries and from international collaboration. While science can still advance further
in this area, we have also assembled enough knowledge to underline the global
and regional importance of an intact Amazon region to support policy-making and
to keep this sensitive ecosystem functioning. Measures and strategies for drought
preparedness could be strengthened by regional, national and international financing
mechanisms to provide for disaster risk reduction and disaster risk management in
the long term.

A multiannual drought has been affecting the Plata Basin since mid-2019. The
lack of rainfall, mainly in the upper part of the basin, has led to a considerable
decrease in the flow of the Paraguay and Parand rivers. Due to its prolonged duration
and severity, this drought has already produced many impacts on several different
socioeconomic sectors and has also severely affected ecosystems. These include
water supply disruptions, forest fires, reduced agricultural yields, decreased river
transport on the Paraguay and Parana rivers, and a considerable reduction in hydro-
electric energy production (Naumann et al. 2021). The impacts of this drought need
to be assessed in the context of cross bordering collaboration.

On the governance side, governments and institutions are critical determinants of
adaptive capacity and resilience in NEB, from the municipal to the federal levels.
Other actions on the scientific side include preventive activities, such as risk moni-
toring and early warning systems for weather and climate extremes that can trigger
natural disasters that would impact human and natural systems. These actions include
seasonal climate forecasts for the region, spanning from model development to risk
communication to the public and decision-makers. Also, it is necessary to consoli-
date disaster risk management in Brazil, which requires exploring synergies between
all the institutions involved. It is necessary to create mechanisms for the integration
and articulation of technical and scientific knowledge of the various dimensions of
risk by ensuring a linkage between policies related to disaster risk reduction, climate
change adaptation, and the UN Sustainable Development Goal 13 (Climate Action).
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