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RESUMO 

 

Dos SANTOS, L. O. F. EXTREMOS CLIMÁTICOS NA AMÉRICA DO SUL E 

PANTANAL: PADRÕES, TENDÊNCIAS, FORÇANTES OCEÂNICAS E IMPACTOS.  

Cuiabá, 2024, 107f, Tese (Doutorado em Física Ambiental) – Instituto de Física, Universidade 

Federal de Mato Grosso. 

 

A intensificação dos eventos climáticos extremos nas últimas décadas tem alterado 
significativamente os padrões hidrológicos e térmicos na América do Sul, com impactos 
particularmente severos em ecossistemas sensíveis como o Pantanal. Esta tese, com base na 
análise de séries temporais de precipitação e temperatura, índices climáticos extremos e 
anomalias de temperatura da superfície do mar (TSM), identifica tendências robustas de 
aquecimento e alterações importantes na distribuição e intensidade das chuvas, tanto em escala 
regional quanto continental. Em nível continental, observou-se um aumento generalizado na 
frequência de dias e noites quentes, redução consistente de eventos frios e padrões contrastantes 
nos extremos de precipitação. Algumas regiões experimentaram maior intensidade e frequência 
de chuvas extremas, enquanto outras enfrentaram secas prolongadas e declínio no volume total 
precipitado. Tais mudanças estão fortemente associadas às anomalias de TSM no Pacífico 
equatorial (região Niño 3.4) e no Atlântico Tropical Norte (TNA), com o El Niño 
frequentemente associado a déficits hídricos e a La Niña à intensificação de chuvas, 
especialmente no norte e leste do continente. No Pantanal, a situação é mais crítica. A região 
vem registrando aumento na frequência, severidade e duração das secas, intensificadas por 
mudanças no uso e cobertura do solo, como desmatamento e expansão agropecuária. A análise 
do índice SPEI-12 entre 1980 e 2022 confirma essa tendência, com destaque para o 
agravamento entre 2019 e 2022. Os índices TX90p (dias quentes) e CDD (dias secos 
consecutivos) foram os principais condicionantes do estresse hídrico observado. Projeções 
climáticas com modelos CMIP6 (cenário SSP585) apontam para um futuro com mais ondas de 
calor, redução da precipitação total e riscos elevados de incêndios e colapsos hidrológicos. 
Nesse cenário, os resultados reforçam a urgência de políticas públicas integradas de adaptação 
climática, gestão hídrica e ordenamento territorial sustentável para mitigar os impactos 
ambientais e socioeconômicos das mudanças climáticas. 
 
Palavras-chave: Anomalias oceânicas; Eventos extremos; Mudanças climáticas; Pantanal; 
Uso do solo. 
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ABSTRACT 

 

SANTOS, L. O. F. CLIMATE EXTREMES IN SOUTH AMERICA AND THE 

PANTANAL: PATTERNS, TRENDS, OCEANIC FORCINGS, AND IMPACTS. Cuiabá, 

2024, 107p, Thesis (Ph.D. in Environmental Physics) – Institute of Physics, Federal University 

of Mato Grosso. 

 

The intensification of extreme climate events in recent decades has significantly altered 
hydrological and thermal patterns in South America, with particularly severe impacts on 
sensitive ecosystems such as the Pantanal. Based on the analysis of precipitation and 
temperature time series, extreme climate indices, and sea surface temperature (SST) anomalies, 
this thesis identifies robust warming trends and significant changes in rainfall distribution and 
intensity, both at regional and continental scales. At the continental level, there has been a 
widespread increase in the frequency of hot days and nights, a consistent reduction in cold 
events, and contrasting patterns in precipitation extremes. Some regions experienced higher 
intensity and frequency of extreme rainfall, while others faced prolonged droughts and a decline 
in total precipitation. These changes are strongly associated with SST anomalies in the 
equatorial Pacific (Niño 3.4 region) and the Tropical North Atlantic (TNA), with El Niño often 
linked to water deficits and La Niña to increased rainfall, particularly in the northern and eastern 
parts of the continent. In the Pantanal, the situation is more critical. The region has seen an 
increase in the frequency, severity, and duration of droughts, exacerbated by land-use and land-
cover changes such as deforestation and agricultural expansion. Analysis of the SPEI-12 index 
between 1980 and 2022 confirms this trend, with a notable worsening between 2019 and 2022. 
The TX90p (hot days) and CDD (consecutive dry days) indices were the main drivers of 
observed water stress. Climate projections from CMIP6 models (SSP585 scenario) indicate a 
future with more heatwaves, reduced total precipitation, and heightened risks of wildfires and 
hydrological collapse. These findings underscore the urgent need for integrated public policies 
on climate adaptation, water management, and sustainable land-use planning to mitigate the 
environmental and socioeconomic impacts of climate change. 
 

Keywords: Oceanic anomalies; Extreme events; Climate change; Pantanal; Land use. 
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1 GENERAL INTRODUCTION 

In recent decades, the intensification of extreme climate events has emerged as one of 

the most evident manifestations of climate change and variability on a global scale (AVILA-

DIAZ et al., 2023a). Phenomena such as heavy rainfall, prolonged droughts, heat waves, and 

floods have become more frequent and severe, causing significant impacts on natural 

ecosystems, infrastructure, agricultural production, public health, and water security. In tropical 

regions such as South America, these impacts tend to be even more pronounced due to the 

combination of high climate sensitivity and socio-environmental vulnerability (LAGOS-

ZÚÑIGA et al., 2024). 

South America presents a complex interplay between local atmospheric processes and 

large-scale oceanic forcings, such as sea surface temperature (SST) anomalies in the Pacific, 

Atlantic, and Indian Oceans (CAI et al., 2020a). Modes of variability such as the El Niño–

Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD), and the Tropical Atlantic Dipole 

strongly influence precipitation and temperature patterns, modulating the occurrence and 

intensity of climate extremes across the continent. Identifying these influences is essential to 

better understand the mechanisms underlying the interannual and decadal variability of 

extremes (REHBEIN; AMBRIZZI, 2023). 

Advances in observational databases, climate reanalyses, and global modeling products, 

such as those from the Coupled Model Intercomparison Project Phase 6 (CMIP6), have enabled 

more robust and spatially detailed analyses of climate extreme trends (JOHN et al., 2022; 

SENEVIRATNE; HAUSER, 2020). The application of standardized indices of extremes, 

including R10mm, R20mm, PRCPTOT, TXx, TNn, RX1day, and WSDI, provides consistent 

and comparable assessments of long-term changes in temperature and precipitation regimes 

(JEFERSON DE MEDEIROS; PRESTRELO DE OLIVEIRA; AVILA-DIAZ, 2022a). 

Among the regions most sensitive to alterations in extremes across South America, the 

Pantanal biome stands out as the world’s largest tropical wetland (LIBONATI et al., 2022). Its 

hydrological dynamics, highly dependent on seasonal rainfall, make it particularly vulnerable 

to climate variability and ocean-forced teleconnections. Recent events, such as the severe 

droughts of 2019–2021, underscore the role of oceanic anomalies—especially those linked to 

ENSO—in intensifying periods of critical water scarcity and ecological disruption  

(MARENGO et al., 2021b). Analyzing the Pantanal as a case study provides valuable insights 

into the regional responses of terrestrial ecosystems to large-scale ocean–atmosphere 

interactions.  
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Within this context, the present research starts from the hypothesis that climate extremes 

in South America—particularly in the Pantanal—have intensified significantly in recent 

decades, driven by the synergistic interaction between tropical ocean forcings (notably ENSO 

and the Atlantic Dipole) and local anthropogenic pressures such as land-use and land-cover 

change. This combination tends to amplify the increase in hot days, the occurrence of prolonged 

droughts, and greater rainfall variability, with projections indicating a worsening of these trends 

under future scenarios. Accordingly, this study aims to provide a substantial contribution to the 

understanding of recent climate extreme patterns in South America and the mechanisms 

modulating them, offering insights to support climate monitoring, risk management, and 

adaptation strategies, with particular focus on environmentally vulnerable regions such as the 

Pantanal. 

 

1.1 General Objective 

 

To investigate the trends and the spatial and temporal patterns of precipitation and 

temperature extremes in South America, with emphasis on the Pantanal biome, and to analyze 

their relationships with the main sea surface temperature anomalies in the Pacific and Atlantic 

Oceans, in order to understand the mechanisms of climate variability that modulate these 

extremes. 

 

1.1.1 Specific Objectives 

 

i.    To detect trends and spatial patterns of precipitation and temperature extremes in South 

America between 1979 and 2020, using internationally recognized standardized climate 

indices; 

ii.   To assess the influence of the main modes of oceanic variability—such as the El Niño–

Southern Oscillation (ENSO), the Atlantic Dipole, and Tropical Atlantic variability—on 

the occurrence and intensity of extreme climate events in South America; 

iii.  To investigate the climate response of the Pantanal biome to precipitation and 

temperature extremes, considering its hydrological dynamics, sensitivity to ocean-driven 

climate oscillations, and land-use changes, integrating historical analyses and climate 

projections to identify future implications for biodiversity and water resources; 
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iv.   To provide technical and scientific support for climate monitoring, risk management, 

and adaptation strategies, with special focus on environmentally vulnerable areas such as 

the Pantanal and other sensitive regions of South America. 
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2 THEORETICAL BACKGROUND 

 

2.1 Fundamental Concepts of Climate Extremes 
Climate extremes refer to meteorological or climatic events of unusually high or low 

intensity, typically occurring at the upper or lower bounds of the observed variability of a given 

parameter. These events include torrential rainfall, severe droughts, extreme heat waves or cold 

spells, among others (DOS SANTOS et al., 2023a). For instance, an extreme rainfall event is 

generally defined by accumulated precipitation far above typical values, such as daily totals 

exceeding a high threshold, e.g., above the 95th or 99th percentile of the historical distribution 

(YU et al., 2020).  

Similarly, a temperature extreme may be characterized by exceptionally high or low 

daily maxima or minima relative to local climatology. A heat wave is defined as a prolonged 

period of abnormally high temperatures, often operationalized as several consecutive days with 

maximum temperatures far above the climatological mean of the region (MARX; 

HAUNSCHILD; BORNMANN, 2021). Specific criteria vary: some definitions adopt absolute 

thresholds (e.g., days above 35 °C), whereas others use relative thresholds (e.g., temperatures 

above the 90th percentile for at least 3 to 5 days) to classify both heat and cold waves. 

Regardless of the metric, heat and cold waves (i.e., prolonged periods of anomalous heat or 

cold) can exert significant impacts on human health, agriculture, and ecosystems (HIRSCH et 

al., 2021). 

Within the context of dry climate extremes, the most representative events are those 

associated with prolonged water scarcity, resulting from an imbalance between water supply 

and demand. These events range from periods of persistently below-average precipitation to 

conditions exacerbated by high temperatures and increased evapotranspiration, which intensify 

water déficits (ZHANG et al., 2019). 

Droughts can be classified according to their predominant effects: meteorological 

drought is defined by negative precipitation anomalies; agricultural drought manifests as soil 

moisture deficits insufficient to sustain crops; and hydrological drought refers to reductions in 

streamflow, lake levels, reservoirs, and aquifers. These categories are not mutually exclusive 

and frequently occur sequentially or simultaneously, amplifying the scope of impacts 

(GIMENO et al., 2022; SUN et al., 2021a). 

Extreme dry events typically evolve more slowly but persist for longer durations, 

producing cumulative effects on ecosystems, agricultural production, urban water supply, and 

energy generation (CREMADES et al., 2021). Moreover, global warming has contributed to 
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intensifying such events by increasing atmospheric water demand, thereby further reducing 

water availability. Understanding these dry extremes, as well as quantifying them through 

appropriate indices, is essential for assessing vulnerabilities, planning adaptation strategies, and 

ensuring water security in critical regions (GUMUS, 2023). 

In contrast, extreme precipitation events tend to be shorter in duration (minutes to days), 

manifesting as intense rainfall or severe storms capable of triggering flash floods and landslides. 

Metrics for these pluvial extremes may include, for example, 24-hour (or 5-day) accumulated 

rainfall above a high threshold, or the frequency of rainy days exceeding specific values (e.g., 

days with rainfall ≥ 20 mm) (DOS SANTOS et al., 2024). Such extreme rainfall events are 

frequently associated with intense meteorological systems (cold fronts, squall lines, cyclones, 

etc.) and can cause severe impacts on infrastructure, agriculture, and local populations due to 

floods and flash floods.  

 
2.2 ETCCDI Climate Extremes Indices: Definitions and Applications 

To objectively quantify climate extremes, the scientific community adopts a 

standardized set of indicators. The most widely used are the indices defined by the Expert Team 

on Climate Change Detection and Indices (ETCCDI), an international group linked to the 

World Meteorological Organization (WMO), which established consistent methodologies for 

monitoring changes in temperature and precipitation extremes. ETCCDI indices are calculated 

from daily maximum and minimum temperature and precipitation data, enabling the assessment 

of both absolute extremes (e.g., annual maximum temperature) and the frequency of moderately 

extreme events (e.g., very hot days, very wet days) on annual or seasonal scales (CHAPARINIA 

et al., 2025).  

The ETCCDI originally defined 27 core indices covering a broad range of thermal and 

precipitation extremes. However, in region-specific analyses—such as in tropical South 

America—not all 27 indices are relevant (e.g., frost days or ice days are of limited use in much 

of the tropics). Therefore, studies commonly employ a reduced set of approximately 22 

ETCCDI indices, focusing on those related to temperature (heat and cold) and precipitation 

(heavy rainfall and dry spells) that are more applicable to South American conditions (DOS 

SANTOS et al., 2023a). 

A variety of climate indices have been widely used to characterize temperature and 

precipitation extremes, particularly in the context of climate change. For temperature extremes, 

the TXx index represents the highest daily maximum temperature of the year, serving as a direct 

indicator of heat extremes, with increasing trends observed across much of South America 
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(REBOITA et al., 2022b). Similarly, TNx, which measures the highest annual minimum 

temperature, reflects the occurrence of exceptionally warm nights, highlighting reduced 

nocturnal cooling as reported in the tropical Andes. Conversely, TXn and TNn—representing 

the lowest annual maximum and minimum, respectively—help quantify the decline of extreme 

cold events, with upward trends especially in southern Brazil and Argentina, suggesting milder 

winters and fewer frost occurrences (COLLAZO; BARRUCAND; RUSTICUCCI, 2022a; 

LAGOS-ZÚÑIGA et al., 2024). 

The relative frequency of extreme days or nights is also assessed using percentile-based 

indices. TX90p and TN90p correspond to the proportion of days and nights, respectively, in 

which temperature exceeds the 90th percentile of the reference climatology. Both have shown 

significant increases, indicating a greater incidence of heat waves, including nocturnal ones 

(TAN et al., 2021). In contrast, TX10p and TN10p capture the frequency of cold days and 

nights (below the 10th percentile), which has declined markedly, especially across central and 

southern South America. Complementary duration indices, WSDI and CSDI, quantify 

prolonged warm and cold spells, respectively. While WSDI has increased consistently in areas 

such as central-southern Brazil and northeastern Argentina, CSDI has decreased, although it 

remains relevant at higher latitudes such as Patagonia (DOSIO et al., 2018; MARENGO et al., 

2025). 

The DTR index, representing the diurnal temperature range (difference between daily 

maximum and minimum), reveals contrasting patterns: reductions in the Amazon indicate 

stronger nocturnal warming, whereas increases in arid regions reflect enhanced daytime heating 

(LUCAS et al., 2021). 

Regarding precipitation extremes, the Rx1day and Rx5day indices evaluate the highest 

accumulated rainfall over one and five consecutive days, respectively, and are particularly 

useful to detect short- and medium-duration extremes. Rx1day increases have been observed in 

southeastern South America, while Rx5day has shown growth under CMIP6 projected warming 

scenarios. The mean precipitation intensity is expressed by the SDII index, whose increase 

indicates more concentrated and intense rainfall, even without a rise in the number of rainy 

days—a phenomenon especially evident in central Brazil (MASSON-DELMOTTE et al., 

2021). 

The frequency of heavy rainfall days is captured by the R10mm, R20mm, and R30mm 

indices, which count days with precipitation exceeding 10, 20, and 30 mm, respectively. While 

increases in R20mm and R30mm have been reported in southern Brazil and the Pantanal (during 

wet years), decreases have occurred under severe drought conditions, such as in northeastern 
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Brazil (COSTA et al., 2020a). The R95p and R99p indices, which measure the total rainfall 

from events above the 95th and 99th percentiles, indicate that an increasing fraction of annual 

precipitation is being delivered by rare and extreme events (DA SILVA et al., 2019). This trend 

is particularly evident in southeastern Brazil and the La Plata Basin, heightening hydrological 

risks. 

In addition, persistence indices assess dry or wet spells, including CWD (maximum 

number of consecutive wet days) and CDD (maximum number of consecutive dry days). 

Declines in CWD have been recorded in parts of the Amazon and Northeast Brazil, suggesting 

increased rainfall irregularity, while increases in CDD in regions such as the Pantanal have 

intensified the risk of prolonged droughts and wildfires, as observed in 2020. Finally, 

PRCPTOT represents the annual total precipitation on wet days (≥1 mm), providing a useful 

metric for evaluating the “effective” rainfall volume throughout the year. Decreasing trends in 

PRCPTOT have been reported in central and northern South America, reflecting shifts in 

rainfall distribution patterns. 

Collectively, these findings underscore the utility of ETCCDI indices for characterizing 

climate change. Moreover, the indices are widely used in climate model performance 

evaluations—for instance, to verify whether General Circulation Models (GCMs) adequately 

reproduce observed statistics of extremes. CMIP6 validation studies show that many models 

successfully simulate the historical increase in TX90p and the decrease in TX10p across South 

America, though regional biases persist (COLLAZO; BARRUCAND; RUSTICUCCI, 2022a; 

REBOITA et al., 2022b). For example, Reboita et al. (2022b) employed 19 extreme indices in 

global and regional model projections and identified robust signals of increased precipitation 

extremes in South America under future scenarios, particularly SSP5-8.5, while cold extremes 

virtually disappear by the end of the century. 

 

2.3 Types of Drought and Monitoring Indices: Foundations and Applications in the 
Context of Climate Change 

Drought is a complex and multifaceted climatic phenomenon, whose understanding 

requires integrated approaches across different disciplines. Traditionally, droughts are 

classified as meteorological, agricultural, hydrological, or socioeconomic, according to the 

sector affected or the stage of the hydrological cycle impacted (VICENTE-SERRANO; 

BEGUERÍA; LÓPEZ-MORENO, 2010). Meteorological drought begins with an abnormal 

reduction in precipitation relative to the climatological norm of a region. Agricultural drought 

emerges subsequently, when rainfall scarcity leads to insufficient soil moisture to sustain 
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vegetation and agriculture. Hydrological drought, in turn, manifests through persistent 

reductions in river flows, reservoir levels, and aquifers, and often continues even after rainfall 

returns (VAN LOON, 2015). Finally, socioeconomic drought represents the most critical phase, 

when water scarcity directly impacts water supply, agricultural production, the energy sector, 

and regional economies, highlighting the interconnection between the climate system and social 

structures. 

To diagnose and monitor these different drought manifestations, several climatological 

indices have been employed, each with specific emphases and applications. The Standardized 

Precipitation Index (SPI), developed by McKee et al. (1993), is based solely on precipitation 

and is useful for characterizing meteorological droughts at multiple time scales. Its simplicity 

makes it ideal for operational monitoring in diverse regional contexts. However, its inability to 

incorporate variables such as temperature makes it less effective under global warming 

conditions (LAIMIGHOFER; LAAHA, 2022). 

The Standardized Precipitation–Evapotranspiration Index (SPEI) represents an 

evolution of the SPI, as it incorporates potential evapotranspiration (PET), thereby capturing 

the effect of rising temperatures on the water balance. Recent studies—including the present 

analysis in the Pantanal biome—show that the SPEI is particularly sensitive to drought 

intensification under global warming, better reflecting the impacts of prolonged thermal stress, 

as observed during the drought events of 2019–2022. The application of SPEI-12 (12-month 

scale) has proven effective for assessing long-term hydrological impacts and their relationship 

with temperature extremes, such as the sharp increase in the TX90p index (hot days), which 

has emerged as a key indicator of hydrological stress in the Pantanal. 

Another widely used index is the Palmer Drought Severity Index (PDSI), which is 

based on a soil water balance model and is sensitive to long-term anomalies. Despite its 

extensive historical use, the PDSI has limitations in tropical regions due to its fixed calibration 

(MIKA et al., 2005). Improved versions, such as the self-calibrated scPDSI, attempt to mitigate 

these limitations by adapting to local climatology (LIU et al., 2024). The choice of index 

depends on the study objective. For example, the SPI is well suited for short-term detection of 

meteorological droughts, whereas the SPEI has become an indispensable tool for drought 

analyses in the context of climate change, as it captures the crucial role of temperature. The 

PDSI, with its focus on soil moisture, is more useful for agricultural and hydrological impact 

assessments at broader scales. 

The scientific literature and the results of this study highlight the importance of 

integrating different types of drought and indices into a systemic approach. In the Pantanal 
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biome—where climate and land-use interactions are intense—such integration is critical. The 

intensification of droughts in the region is linked both to ocean temperature patterns (such as 

North Atlantic warming) and to land-use changes (agricultural expansion and deforestation), 

which amplify water deficits and the frequency of extreme events (MARENGO; OLIVEIRA; 

ALVES, 2016). 

 

2.4 Tendências Recentes de Extremos na América do Sul e Uso dos Índices na 
Literatura 

Observational studies over the past decades have documented significant changes in 

climate extremes across South America, many of which are consistent with the global trends 

reported by the IPCC (PÖRTNER et al., 2022). In general, there is clear evidence of 

pronounced warming: heat extremes have become more frequent and intense, while cold 

extremes have become less common. At the same time, patterns of precipitation extremes 

display strong spatial heterogeneity, with some regions experiencing increases in heavy rainfall 

events, while others face more severe and prolonged droughts (DOS SANTOS et al., 2024; 

REBOITA et al., 2022b). 

ith respect to temperature extremes, robust evidence indicates widespread warming. 

Analyses of long-term meteorological station records reveal that since the mid-20th century 

much of South America has experienced an increase in the frequency of hot days and heat 

waves (FERON et al., 2019). For instance, studies show that across nearly the entire continent 

the percentage of hot days and nights (above the 90th percentile) rose significantly between 

1960 and 2010, while the percentage of cold days and nights (below the 10th percentile) 

declined (SKANSI et al., 2013).  

Warming has been particularly pronounced in northern South America, northeastern 

Brazil, and the tropical Andes, with minimum temperatures rising faster than maximum 

temperatures. Regions of central-eastern South America (southeastern Brazil, Uruguay, eastern 

Argentina) showed, during some decades of the 20th century, slight reductions in warm 

extremes—attributed to increased cloudiness and circulation changes associated with the South 

Atlantic Convergence Zone (SACZ). However, these signals had low confidence and reversed 

in the 21st century (MASSON-DELMOTTE et al., 2021). recipitation patterns are more 

heterogeneous: the IPCC AR6 highlights the absence of a robust continental-scale trend, with 

regional variations strongly influenced by El Niño/La Niña. The Southern Cone experienced 

increased rainfall and extreme precipitation between 1970 and 2000, followed by a multi-year 
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drought (2019–2022), suggesting a possible reversal of that wetting trend (PÖRTNER et al., 

2022). 

Notable drought events in South America include the recurrent droughts of northeastern 

Brazil (1998–1999, 2012–2016—the latter considered the most severe in a century in the 

semiarid region); Amazon droughts (2005, 2010, 2015), which led to record low water levels 

in the Negro River and widespread forest fires; and the recent drought that severely affected the 

Pantanal, central Brazil, and the La Plata basin between 2019 and 2021 (MARENGO et al., 

2021b). In the case of the 2005 and 2010 Amazon droughts, studies have linked them to 

anomalous warming of the Tropical North Atlantic and to El Niño events, respectively, both of 

which suppressed convection over western and southern Amazonia, with severe impacts on 

forest ecosystems. 

The 2019–2020 drought in the Pantanal was driven in part by anomalous atmospheric 

circulation that inhibited moisture transport from the Amazon into the continental interior, 

combined with dry air advection from subtropical latitudes (MARENGO et al., 2021b). This 

atmospheric blocking virtually caused the monsoonal rains to fail in parts of the Pantanal, 

making 2020 the driest year in several decades—hydrologically, the Paraguay River reached 

its lowest levels in 50 years. The consequences included not only ecological stress but also 

economic losses: the fluvial transport route became nearly impassable, isolating riverside 

communities, while forest fires devastated around 30% of the Pantanal’s area in 2020. 

In addition to the gradual increase in frequency, several absolute record-breaking heat 

waves stand out: the 2010 Amazon heat wave associated with El Niño, which combined with 

drought to produce extensive fires; the October–November 2020 heat waves in central-southern 

Brazil and Argentina, which set historical records above 40 °C in multiple locations; and more 

recently, the severe spring 2022 heat wave that extended across much of the continent, from the 

Amazon basin to Argentina, exacerbating ongoing droughts and producing unprecedented 

seasonal temperatures (e.g., 42 °C in the Pantanal in September) (LIBONATI et al., 2022; 

MARENGO et al., 2025).  

There is growing evidence that the annual frequency of heat waves (≥3–5 consecutive 

very hot days) has increased in many South American subregions since the second half of the 

20th century. Barros et al. (2015) and other regional studies confirm the rise in heat waves, 

especially in subtropical areas. For example, in northern Argentina and Paraguay the number 

of extreme hot days and associated wildfires has tripled since the 1970s. These observed 

increases are consistent with global warming and are modulated by internal decadal variability 

(e.g., Pacific oscillations). 
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In terms of precipitation extremes, noteworthy events include: the Amazon floods of 

2009 and 2012 (with record river levels in Manaus and surrounding areas); the catastrophic 

extreme rainfall and landslides in Rio de Janeiro’s mountain region in 2011; the historic floods 

in Bolivia and Peru in 2014; and recurrent flooding across Andean countries and the La Plata 

basin during La Niña events. Many of South America’s national 24-hour rainfall records are 

associated with organized convective systems over the Chaco or with orographic storms in the 

tropical Andes. It is worth noting that while continental-scale trends in extreme rainfall remain 

unclear, interannual variability is very high: El Niño years typically bring droughts to some 

regions and floods to others, leading to alternating wet and dry extremes. This pronounced 

variability has been a defining feature of recent South American climate, with major 

implications for the resilience of societies and ecosystems. 

 

2.5 Climate Variability Mechanisms and Modulation of Extremes in South America 

The climate of South America is strongly modulated by global- and regional-scale 

modes of variability, such as the El Niño–Southern Oscillation (ENSO), the Atlantic 

Multidecadal Oscillation (AMO), the South Atlantic Convergence Zone (SACZ), and the 

Tropical North Atlantic (TNA) index. These phenomena, associated with fluctuations in sea 

surface temperature (SST) and atmospheric circulation patterns, play a decisive role in shaping 

the occurrence of precipitation and temperature extremes across the region (CAI et al., 2020a). 

 

Walker Circulation and the Influence of ENSO 

The Walker circulation is a tropical zonal overturning cell sustained by the east–west 

SST gradient in the Pacific, characterized by ascending motion over warmer waters, upper-level 

outflow to the east, subsidence over the eastern Pacific, and low-level return flow via the trade 

winds. Variations in its intensity and position modulate tropical convection and global 

teleconnections, with direct impacts on South America (FALSTER et al., 2023). 

Recent studies indicate that while global climate models project a weakening of the 

Walker circulation under global warming, observations suggest that between 1992 and 2011 it 

anomalously strengthened, possibly linked to internal variability and aerosol forcing 

(FALSTER et al., 2023). During El Niño events, the Walker circulation weakens, shifting 

convection toward the central–eastern Pacific and favoring droughts in the Amazon and 

Northeast Brazil, while enhancing rainfall in southeastern South America. Conversely, La Niña 

events reinforce the Walker circulation, intensifying moisture transport into the Amazon and 

central Brazil (FERON et al., 2024). 



20 
 

 

Hadley Circulation and Meridional Expansion 

The Hadley circulation is a large-scale meridional overturning pattern, with rising 

motion near the Intertropical Convergence Zone (ITCZ), poleward upper-level outflow, 

subsidence of dry air over the subtropics, and a return of low-level trade winds. The intensity 

and width of this cell control the mean position of the ITCZ and the distribution of tropical and 

subtropical precipitation (STATEN et al., 2020). 

Both CMIP5 and CMIP6 models indicate a consistent expansion of the Hadley cell’s 

subtropical edge, with rates of 0.1° to 0.5° latitude per decade in the Southern Hemisphere  

(GRISE; DAVIS, 2020). This expansion has important implications for South America, as it 

displaces subsidence zones toward higher latitudes, intensifying aridity in central-southern 

regions and altering the frequency of hydrological extremes (KIM et al., 2023). 

 

Interactions between Large-Scale Cells and Regional Systems in South America 

The interaction between the Walker and Hadley cells and regional circulation systems—

such as the South Atlantic Convergence Zone (SACZ), the South American Low-Level Jet 

(SALLJ), the South Atlantic Subtropical High (SASH), and the Bolivian High—is fundamental 

to understanding the seasonality and interannual variability of precipitation and temperature in 

South America (FERON et al., 2024). 

During austral summer, under neutral conditions or when the Walker circulation is 

slightly strengthened, enhanced convection develops over the Amazon, the SACZ becomes 

organized, and efficient moisture transport occurs toward southeastern South America. During 

El Niño, convection shifts to the central–eastern Pacific, weakening the Bolivian High and 

inhibiting the SACZ, while subtropical jet anomalies favor precipitation in the La Plata Basin. 

Under La Niña, the opposite pattern emerges, with intensification of the SACZ and increased 

rainfall over central Brazil. 

The meridional SST gradient in the Tropical Atlantic also influences ITCZ position: 

relative warming in the northern sector displaces the ITCZ northward, intensifying droughts in 

Northeast Brazil and eastern Amazonia, whereas relative cooling in the north favors its 

southward displacement, enhancing rainfall (LIU et al., 2022). 

 

Long-Term Impacts and Hydroclimatic Extremes 

Background climate change is expected to reshape both circulation cells. The Hadley 

cell expansion increases the frequency of dry conditions in subtropical margins and alters the 
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path and intensity of jets and frontal systems, influencing SACZ persistence and the occurrence 

of atmospheric blocking events in central-southern South America (GRISE; DAVIS, 2020; 

KIM et al., 2023) 

On a zonal scale, projections indicate a weakening Walker circulation under global 

warming, although modulated by decadal variability. A weakened Walker reduces moisture 

transport into the western tropical Pacific and favors convection over the central–eastern 

Pacific, increasing the risk of drought in northern and central Brazil during El Niño years; a 

strengthened Walker, in contrast, tends to reproduce typical La Niña patterns (FALSTER et al., 

2023). 

These changes are associated with: (i) longer dry spells, as indicated by increases in 

Consecutive Dry Days (CDD) in subtropical areas; (ii) more concentrated rainfall occurring in 

fewer but more intense events, captured by indices such as SDII and Rx5day; and (iii) greater 

incidence of heat waves and elevated evapotranspiration in tropical–subtropical transition zones 

(FERON et al., 2024). For the Pantanal, such alterations may amplify agricultural and 

hydrological droughts or intensify peak rainfall events when convection becomes organized. 

 

El Niño–Southern Oscillation (ENSO) 

ENSO is the primary mode of interannual variability in the global climate system. Its El 

Niño phase is characterized by anomalous warming of central–eastern equatorial Pacific waters, 

whereas La Niña is associated with anomalous cooling. The impacts of ENSO in South America 

are striking and well documented in the literature (CAI et al., 2014, 2020a) 

During El Niño, rainfall generally decreases over the Amazon and northeastern Brazil, 

as enhanced atmospheric subsidence inhibits cloud formation and precipitation in these regions 

(ESPINOZA et al., 2024; MARENGO; ESPINOZA, 2016). At the same time, heavy rainfall 

and floods occur along the coasts of Ecuador and northern Peru (El Niño Costero), while 

southeastern South America (southern Brazil, Uruguay, Argentina) experiences increased 

extreme precipitation events due to shifts in jet streams and frontal systems (FERNANDES; 

GRIMM, 2023). 

In contrast, La Niña events tend to produce the opposite signals: above-average rainfall 

in the Amazon and Northeast Brazil, combined with drier-than-normal conditions in southern 

Brazil and Argentina. Several studies have demonstrated significant correlations between the 

Niño 3.4 index and ETCCDI precipitation extremes such as R10mm and PRCPTOT. In 

particular, there is a negative correlation between Niño 3.4 and heavy rainfall in the Amazon, 
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and a positive one in southern South America—highlighting ENSO’s role as a regional driver 

of hydroclimatic extremes (DOS SANTOS et al., 2024). 

Beyond precipitation, ENSO also influences temperature extremes. During El Niño, 

reduced cloud cover over parts of the continent favors surface warming, contributing to the 

occurrence of heat waves, particularly in northern South America (FERON et al., 2019; 

SENEVIRATNE; HAUSER, 2020). The recent 2023–2024 Amazon heat wave occurred in the 

context of El Niño and concurrent Atlantic warming anomalies, reinforcing the compound 

nature of such events. 

It is important to note that ENSO impacts vary depending on the event type. For 

example, El Niño Modoki tends to shift its strongest impacts westward over South America, 

producing distinct precipitation patterns (CAI et al., 2020a). Moreover, interactions between 

ENSO and other forcings, such as the AMO and TNA, may intensify or attenuate its regional 

effects, increasing the complexity of South American climate responses. 

 

Atlantic Multidecadal Oscillation (AMO) and the Tropical Atlantic Dipole (TAD) 

The Atlantic Multidecadal Oscillation (AMO) represents one of the main low-frequency 

variability modes of the Northern Hemisphere climate system, associated with multidecadal 

fluctuations in North Atlantic sea surface temperature (SST). Alternating between positive 

(warm) and negative (cool) phases in cycles of ~60–80 years, the AMO significantly modulates 

tropical atmospheric circulation, influencing South American climate through shifts in the 

Intertropical Convergence Zone (ITCZ) and changes in trade winds (FIALHO et al., 2023; 

TRENBERTH; SHEA, 2006). 

During the positive AMO phase, the North Atlantic becomes anomalously warm, 

displacing the ITCZ northward. This results in reduced rainfall across northern South America, 

particularly in northeastern Brazil and the Guianas, contributing to severe droughts such as 

those observed in the 1930s and 1990s (MARENGO et al., 2018; YOON; ZENG, 2010). 

Conversely, during the negative AMO phase, a cooler North Atlantic shifts the ITCZ 

southward, enhancing moisture convergence and favoring above-average rainfall in those 

regions. 

Closely linked to the AMO is the Tropical Atlantic Dipole (TAD), which describes the 

meridional SST gradient between the Tropical North Atlantic (TNA) and the Tropical South 

Atlantic (TSA). In its positive phase—when the TNA is warmer than the TSA—the dipole 

reinforces positive AMO effects, intensifying northward ITCZ displacement and exacerbating 

droughts in northeastern Brazil and eastern Amazonia (MARTINS et al., 2015a). Conversely, 
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the negative dipole phase, with a relatively cooler TNA, tends to displace the ITCZ southward, 

enhancing rainfall in the equatorial belt and in the Brazilian semiarid region (DE MEDEIROS; 

DE OLIVEIRA; TORRES, 2020). 

The combined influence of AMO and the Atlantic dipole often drives compound 

hydrological extremes, especially when positive AMO phases coincide with strong positive 

dipole events. For example, the severe 2012–2017 drought in northeastern Brazil was partly 

attributed to the persistence of a positive AMO phase combined with anomalously warm TNA 

waters, which persistently displaced the ITCZ northward (MARENGO et al., 2018). 

In addition to precipitation impacts, both the AMO and the tropical dipole influence 

temperature extremes. Reduced cloud cover during warm phases (AMO+ and TAD+) increases 

solar radiation over northeastern South America, raising surface temperatures and favoring 

extreme heat events and regional heat wave amplification (GRIMM, 2019; REBOITA et al., 

2021a; YOON; ZENG, 2010). In contrast, cool phases are associated with greater cloud cover, 

lower maximum temperatures, and reduced thermal stress. 

The AMO also affects large-scale circulation in subtropical South America, modulating 

the intensity of the South American Low-Level Jet (SALLJ)—a crucial moisture transport 

pathway from the Amazon to southern South America. Studies indicate that during negative 

AMO phases, the SALLJ tends to intensify, favoring extreme rainfall in southern Brazil, 

Paraguay, and northern Argentina, while reducing precipitation in northern Amazonia due to 

atmospheric moisture redistribution (MONTINI; JONES; CARVALHO, 2019a). 

In summary, both the AMO and the Tropical Atlantic Dipole act as key forcings that 

modulate hydroclimatic extremes across South America. Their combined action can either 

amplify or attenuate the impacts of global warming and must be considered in climate risk 

assessments and adaptation policy planning. Recent literature emphasizes that the accurate 

representation of these variabilities in climate models is essential for realistic projections of 

future extremes in South America (CAI et al., 2020a; LIU et al., 2022) . 

 

2.6 South Atlantic Convergence Zone (SACZ) 

The South Atlantic Convergence Zone (SACZ) is one of the most important 

meteorological systems for the climatology of tropical and subtropical South America, 

particularly with respect to summer rainfall distribution. It consists of a persistent northwest–

southeast oriented band of cloudiness and precipitation extending from the Amazon region 

toward the southwestern Atlantic, crossing central Brazil (MA et al., 2011). The SACZ is 

considered the main continental manifestation of the South American monsoon, predominantly 
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occurring between November and March, and is associated with intense moisture fluxes from 

both the Amazon basin and the tropical Atlantic (ESCOBAR et al., 2022). 

Variability in the position, intensity, and duration of the SACZ is strongly linked to the 

occurrence of rainfall extremes in central and southeastern Brazil. Strong and stationary SACZ 

episodes can produce intense and persistent rainfall for several consecutive days, resulting in 

severe flooding, landslides, and socio-environmental disasters (CARVALHO et al., 2011; 

ZHOU; LAU, 2001). Conversely, when the SACZ shifts northward or weakens, veranicos—

abnormally hot and dry spells during summer—can affect southeastern and west-central Brazil, 

with direct implications for water supply, agriculture, and hydropower generation (Nobre et al., 

2012; Silva et al., 2021). 

In addition to interannual variability, the SACZ also responds to intraseasonal 

modulation induced by phenomena such as the Madden–Julian Oscillation (MJO). Studies 

show that convective phases of the MJO propagating over South America tend to intensify and 

prolong SACZ episodes, whereas subsident phases promote its weakening (FERNANDES; 

GRIMM, 2023) 

The SACZ is also directly related to climate extreme indices such as CDD (Consecutive 

Dry Days), CWD (Consecutive Wet Days), and Rx5day (maximum 5-day precipitation). 

Prolonged SACZ activity increases CWD and Rx5day values, reflecting continuous and intense 

rainfall accumulation over a short period. In contrast, its absence may lead to higher CDD and 

maximum temperatures, often associated with heat waves, due to reduced cloud cover and 

weaker radiative cooling (LAUREANTI et al., 2024; WONG et al., 2021). 

Under climate change scenarios, recent studies suggest that the SACZ may undergo 

alterations in its frequency, intensity, and zonal positioning. Climate model projections point to 

a possible trend of shorter but more intense episodes, especially under strong warming 

scenarios, although projected signals still carry substantial uncertainty (PÖRTNER et al., 2022; 

REBOITA et al., 2022a). Furthermore, meridional shifts in the mean SACZ position may have 

important implications for summer rainfall redistribution in central-southern Brazil and the La 

Plata Basin, potentially increasing water vulnerability and hydrological disaster risk in the 

region. 

 

2.7 Influence of Tropical North Atlantic SST and Other Teleconnections on South 
American Climate 

Sea surface temperature (SST) anomalies in the Tropical North Atlantic (TNA) play a 

crucial role in modulating climate extremes over South America, particularly across northern 
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and central regions of the continent. Several studies show that positive TNA anomalies—that 

is, when this oceanic region is warmer than average—are associated with a series of climatic 

impacts over South America (ESCOBAR et al., 2022; WONG et al., 2021). 

A warmer TNA tends to induce relative high-pressure anomalies over tropical South 

America, which suppress atmospheric convection, reduce cloudiness, and favor increased direct 

solar radiation. This pattern enhances heat waves and raises extreme maximum temperatures 

(TXx) in regions such as central Brazil, eastern Amazonia, and parts of the Cerrado. Physically, 

lower relative humidity and reduced cloud cover during warm TNA phases amplify surface 

warming, creating favorable conditions for extreme heat and meteorological droughts (LIU et 

al., 2022). 

The influence of the TNA is also evident in droughts and severe wildfires. The 

combination of North Atlantic warming and reduced atmospheric humidity generates 

particularly critical conditions in regions such as the Pantanal and southern Amazon. Literature 

shows that in years of exceptionally warm TNA, daily temperature extremes intensify, favoring 

fire outbreaks and forest degradation (BARICHIVICH et al., 2018; ZEMP et al., 2017). 

Beyond TNA, the interaction between different climate variability modes can amplify 

extremes in South America. For example, when a warm Atlantic phase (positive AMO or 

TNA+) coincides with La Niña events, the probability of severe droughts in northeastern Brazil 

and the Amazon increases substantially. Conversely, when the South Atlantic is anomalously 

warm, the impact of an El Niño event on central Brazil may be partially offset by enhanced 

tropical convection induced by greater low-tropospheric moisture availability (WAINER et al., 

2021a). 

Other modes of variability also influence South American extremes. The Antarctic 

Oscillation (AAO), particularly in its negative phase, favors the incursion of polar air masses 

toward mid-latitudes of South America, increasing the likelihood of extreme cold events in 

southern Brazil, Uruguay, and northern Argentina, as observed during the winter of 2021, when 

frost and snow affected large areas of southern Brazil (REBOITA et al., 2021a; YUAN et al., 

2022). The Madden–Julian Oscillation (MJO), an intraseasonal oscillation originating in the 

tropical Pacific, modulates tropical convection and can directly affect the occurrence, 

intensification, or suppression of the SACZ, thereby influencing patterns of extreme rainfall 

during austral summer (ALVAREZ; VERA; KILADIS, 2017). 

It is important to note that these modes of variability do not operate in isolation. In many 

cases, their influences overlap and interact in complex ways, rendering patterns of climate 

extremes highly nonlinear and challenging for seasonal prediction. For instance, years with 
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concurrent La Niña and positive AMO phases often produce severe droughts in northern and 

northeastern Brazil, whereas combinations such as El Niño with a warm South Atlantic may 

yield weaker-than-expected responses depending on the synergy between teleconnections (CAI 

et al., 2020a; GRIMM, 2019; REBOITA et al., 2021a) 

In conclusion, global and regional modes of climate variability—including ENSO, 

AMO, TNA, SACZ, AAO, and MJO—act as natural forcings that shape hydroclimatic and 

thermal extremes across South America. Under continued global warming, the interaction of 

these modes with anthropogenic climate change is expected to further intensify the frequency 

and severity of extreme events, such as multi-year droughts, persistent heat waves, and 

concentrated rainfall episodes. Understanding these dynamics is essential for projecting future 

scenarios and for developing science-based climate adaptation strategies. 

 

2.8 Future Climate Projections in South America Based on CMIP6 

State-of-the-art climate models, such as those from the Coupled Model Intercomparison 

Project Phase 6 (CMIP6), indicate with high confidence that South America will experience 

significant changes in the frequency and intensity of extreme events throughout the 21st 

century, particularly under high greenhouse gas emission scenarios (MASSON-DELMOTTE 

et al., 2021). These projections point to the continuation and amplification of already observed 

trends: pronounced warming, more frequent heat waves, a reduction in cold extremes, and 

changes in the spatial and temporal distribution of precipitation (SENEVIRATNE; HAUSER, 

2020). 

 

Increase in Temperature Extremes 

Under all emission scenarios assessed by the IPCC—from the most optimistic (SSP1-

2.6) to the most pessimistic (SSP5-8.5)—South America is projected to warm more rapidly than 

the global average. Even under SSP1-2.6 (with global warming limited to ~1.8 °C by 2100), 

heat events currently considered rare (with 50-year return periods) may occur every five years 

or less (SENEVIRATNE; HAUSER, 2020). 

In the high-emission scenario (SSP5-8.5), with mean global warming approaching +4 

°C by the end of the century, cold days as defined by current standards would virtually disappear 

across most of tropical and subtropical South America. Projections also suggest that severe heat 

waves would occur annually over large areas of the continent, especially in tropical regions 

such as the Amazon and the Pantanal. The number of days with daily maximum temperatures 

above 35 °C (TX > 35 °C) may increase by several dozen per year, with impacts on ecosystems, 
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human health, and agricultural productivity (COLLAZO; BARRUCAND; RUSTICUCCI, 

2022a). 

 

Heavy Rainfall and Hydrological Extremes 

Precipitation projections display greater spatial heterogeneity but also point to 

significant changes. In general, annual precipitation and extreme rainfall events are projected 

to increase over northwestern South America (Colombia, Ecuador, upper Amazon) and 

southeastern South America (southern Brazil, Uruguay, Argentina), while decreases are 

expected in northeastern Brazil, eastern Amazonia, central Chile, and southern Peru 

(PÖRTNER et al., 2022) 

With global warming, the atmosphere’s capacity to hold water vapor increases by about 

7% per °C according to the Clausius–Clapeyron relationship, favoring more intense and 

frequent heavy rainfall events. CMIP6 models project robust increases in the RX5day index 

(maximum precipitation in five consecutive days) across much of tropical South America under 

SSP5-8.5 scenarios (REBOITA et al., 2022a, 2022b). This implies that precipitation extremes 

currently considered rare may become common, with their frequency doubling or even tripling 

by 2100. 

 

Droughts and Prolonged Dry Spells 

Conversely, several South American regions are expected to experience reduced 

precipitation and more intense droughts. Northeastern Brazil, eastern Amazonia, and central 

Brazil are particularly vulnerable, with decreases in mean dry-season rainfall and higher 

evapotranspiration due to elevated temperatures (LIBONATI et al., 2022). These changes 

increase the likelihood of agricultural and ecological droughts and could push ecosystems such 

as eastern Amazonia toward a transitional savanna-like state if critical thresholds are surpassed 

(BOERS et al., 2017). 

In the Pantanal, even if annual rainfall totals do not decline significantly, intraseasonal 

rainfall distribution is projected to become more irregular, with precipitation concentrated in 

intense events followed by extended dry spells. This pattern points to increases in the CDD 

index (consecutive dry days), heightening risks of wildfires and ecological collapse, as observed 

in 2020 (LIBONATI et al., 2022). 

 

Subtropical Regions and Compound Events 
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For southern Brazil, Uruguay, and Argentina, models project increases in the frequency 

and intensity of extreme rainfall events, particularly in summer and autumn. This could trigger 

large-scale flood events and river overflows in major basins such as the Paraná and Uruguay 

(REBOITA et al., 2022a; SUN et al., 2021c). The associated mechanisms include 

intensification of the South American Low-Level Jet (SALLJ) and stronger SACZ episodes. 

Compound events—such as extreme heat combined with drought—represent a growing 

threat. Literature suggests that the frequency of such simultaneous events will rise sharply under 

SSP5-8.5, increasing the risk of agricultural collapse, wildfires, and biodiversity loss (ZEMP et 

al., 2017). 

Although CMIP6 represents an advance over previous generations, important 

limitations remain, such as the representation of tropical convective processes, forest–rainfall 

feedbacks, and land-use change. The latter is particularly critical in the Amazon and Cerrado, 

where land-use scenarios are not fully incorporated into global climate models. Regional studies 

indicate that deforestation can reduce precipitation and intensify heat extremes, exacerbating 

projections based solely on global climate change (JOHN et al., 2022; LUO et al., 2024).  
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3 CHAPTER 1: TRENDS OF CLIMATE EXTREMES AND THEIR 

RELATIONSHIPS WITH TROPICAL OCEAN TEMPERATURES IN SOUTH 

AMERICA 

ABSTRACT 

South America has experienced significant changes in climate patterns over recent decades, 
particularly in terms of precipitation and temperature extremes. This study analyzes trends in 
climate extremes from 1979 to 2020 across South America, focusing on their relationships with 
sea surface temperature (SST) anomalies in the Pacific and Atlantic Oceans. The analysis uses 
precipitation and temperature indices, such as the number of heavy rainfall days (R10mm, 
R20mm, R30mm), total annual precipitation (PRCPTOT), hottest day (TXx), and heatwave 
duration (WSDI), to assess changes over time. The results show a widespread decline in total 
annual precipitation across the continent, although some regions, particularly in the northeast 
and southeast, experienced an increase in the intensity and frequency of extreme precipitation 
events. Extreme temperatures have also risen consistently across South America, with an 
increase in both the frequency and duration of heat extremes, indicating an ongoing warming 
trend. The study also highlights the significant role of SST anomalies in both the Pacific and 
Atlantic Oceans in driving these climate extremes. Strong correlations were found between 
Pacific SST anomalies (Niño 3.4 region) and extreme precipitation events in the northern and 
southern regions of South America. Similarly, Atlantic SST anomalies, especially in the 
Northern Atlantic (TNA), exhibited notable impacts on temperature extremes, particularly 
heatwaves. These findings underscore the complex interactions between SST anomalies and 
climate variability in South America, providing crucial insights into the dynamics of climate 
extremes in the region. Understanding these relationships is essential for developing effective 
adaptation and mitigation strategies in response to the increasing frequency and intensity of 
climate extremes. 
 
Keywords: climate extreme; atmospheric field analysis; climate change; trend analysis 
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INTRODUCTION 

Earth’s climate is undergoing significant changes, posing a major threat to populations 

worldwide. South America, with its vast geographic diversity and climate variability, is 

especially vulnerable to these changes (KHAN et al., 2015). The region contains a wide range 

of ecosystems, including tropical forests, savannas, deserts, and mountain ranges, all of which 

face distinct climate-related challenges (REBOITA et al., 2022c). As the frequency and 

intensity of extreme weather events increase, the societal, economic, and ecological impacts 

across South America are becoming more severe. Extreme events such as droughts, floods, 

storms, tropical cyclones, and heat waves are already causing significant damage to 

infrastructure, water resources, agriculture, and public health (COSTA et al., 2020b). 

South America is one of the world’s leading food-producing regions and is highly 

susceptible to climate extremes. These events directly threaten agricultural production, food 

security, and water resources, with cascading effects on energy, public supply, and economic 

activity (RAY et al., 2019, p. 20). Prolonged droughts exacerbate water scarcity, impacting 

agriculture and energy generation, while floods can contaminate drinking water and damage 

critical infrastructure  (DAHER et al., 2021). Additionally, intense storms and tropical 

cyclones, with their destructive winds and heavy rainfall, lead to flash floods, posing significant 

risks to human life and property (AFJAL HOSSAIN et al., 2012). Heat waves further stress 

health systems, increase the risk of wildfires, and contribute to the spread of vector-borne 

diseases like dengue and malaria (KHAN et al., 2015). Understanding the connections between 

climate variability and extreme weather events is crucial for improving public health measures, 

managing water and energy resources, and enhancing community resilience. Therefore, 

studying extreme climate events in South America is essential for developing effective policies 

and actions to mitigate their impacts (DOS SANTOS et al., 2022). 

Addressing the complexity of climate change requires comprehensive and 

interdisciplinary mitigation and adaptation strategies. Collaboration among experts from 

various fields is critical, and decisions must be based on the best available scientific evidence 

(GLEIXNER; DEMISSIE; DIRO, 2020). However, the lack of tools to analyze long-term 

climate variables has limited our understanding of the global processes driving climate 

variability in South America (MORALES et al., 2020). Access to accurate climate data is 

essential for building a robust framework for climate resilience, which should include targeted 

adaptation strategies to reduce the region’s vulnerability to diverse climate hazards. 
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Although several studies have examined climate extremes in different parts of South 

America (ANJOS; TOLEDO, 2018; DE SOUZA et al., 2021; DUNN et al., 2020; RUIZ-

VÁSQUEZ et al., 2020), few have explored the potential effects of sea surface temperature 

(SST) anomalies or used unified datasets combining meteorological station data with 

interpolation techniques. Integrating observed data with climate models generates consistent 

time series for various climate variables, making these datasets, such as those from the Climate 

Prediction Center (CPC), valuable for long-term climate trend studies (COLLAZO; 

BARRUCAND; RUSTICUCCI, 2022b). The CPC data, produced by one of the leading climate 

research centers in the United States, are widely used in forecasting and monitoring climate 

conditions globally. These data help inform decision-making in sectors such as agriculture, 

energy, and public safety (GHAEDAMINI et al., 2021). 

Sea surface temperature (SST) oscillations, particularly in the Pacific and Atlantic 

Oceans, are key factors influencing extreme climate trends in South America  (CAI et al., 

2020b). The ocean plays a critical role in the global climate system, affecting atmospheric 

conditions and influencing temperature and precipitation patterns on continents. El Niño and 

La Niña events, driven by Pacific SST variations, cause significant shifts in atmospheric 

pressure and circulation, intensifying droughts and floods (TRENBERTH, 2020). O Oceano 

Atlântico exibe um padrão recorrente de anomalias da temperatura da superfície do mar (TSM), 

conhecidas como Dipolo Atlântico. The Atlantic Ocean exhibits a recurring pattern of sea 

surface temperature (SST) anomalies, known as the Atlantic Dipole. In the Atlantic Ocean, the 

Atlantic Dipole, which alternates between positive and negative phases, impacts climate 

patterns by generating SST anomalies in the northern and southern hemispheres (LEYBA et 

al., 2023) 

In this context, this study fills this gap by utilizing advanced climate data products, 

including those from the Climate Prediction Center (CPC), to analyze trends in precipitation 

and temperature extremes and their links to SST anomalies in both the Pacific and Atlantic 

Oceans. 

MATERIAL AND METHODS 

Study Area: Climatological Features of IPCC Regions South America 

This study utilizes the climate reference regions defined by the Sixth Assessment Report 

(AR6) of the Intergovernmental Panel on Climate Change (IPCC) for South America (SA) 

(ITURBIDE et al., 2020). These regions represent distinct climate regimes and physiographic 

settings and are designed to maximize coverage by climate model grid boxes (Figure 1). 
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Climate homogeneity is assessed based on temperature and precipitation gradients according to 

the Köppen–Geiger climate classification, as well as precipitation seasonality (Table 1).

 
Figure 1: Climate normal for precipitation and air temperature and location of the climate reference regions from 
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR6) for South America 
from 1979 to 2020. 
 
Table 1: Climatic Characteristics of South American Regions, based on the classification utilized by the 
Intergovernmental Panel on Climate Change (IPCC). 

Region Coverage Area Precipitation 
Seasonality Atmospheric Systems 

NES 
Northeast 

South 
America 

Northeast Brazil Highs in summer/autumn 
and lows in winter 

Oceanic and atmospheric 
conditions—ENSO episodes in the 
Pacific Ocean and/or at an intense 
meridional sea surface temperature 

gradient over the tropical Atlantic—
High-Level Cyclonic Vortex 

Episodes 

NSA 
Northern 

South 
America 

Northern Brazilian Amazon, 
Eastern Colombia and 
Venezuela, Guyana, 

Rainfall well distributed 
throughout the year (no 

drought). However, some 

Seasonal meridional movement of 
the Pacific-Atlantic Intertropical 
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Suriname and French 
Guiana 

locations do not have a 
clear rainy and dry season. 

Convergence Zone—Bolivian 
Upper 

NWS 
Northwest 

South 
America 

Peru, Ecuador and Colombia 

SES 
Southeast 

South 
America 

South, Southeast and part of 
the Brazilian Midwest, 

Paraguay, Uruguay and a 
large part of Argentina 

Highs in summer and lows 
in winter 

Transport of moisture from the 
Amazon by the action of the South 

American Low-Level Jet—
Mesoscale convective systems—

Surface cyclonic systems—Frontal 
systems—Instability lines—South 

Atlantic Convergence Zone 

SSA 
Southern 

South 
America 

Extreme South of Argentina 
and Chile Highs in winter and lows in 

summer 

It depends on the position of the 
South Pacific Subtropical 

Anticyclone—an orographic barrier 
caused by the Andes. SWS 

Southwest 
South 

America 
Southern Peru and almost all 

of Chile 

SAM 
South 

American 
Monsoon 

Southern Brazilian Amazon 
and part of the Midwest and 

Bolivia 
A rainy season from 

October to March 

Seasonal meridional movement of 
the Pacific and Atlantic Intertropical 

Convergence Zone—Bolivian 
Upper—South American 

Monsoon—South Atlantic 
Convergence Zone 

 
 

Data 

Daily precipitation, maximum and minimum air temperature, and monthly sea surface 

temperature (SST) data were obtained from January 1979 to December 2020. These datasets 

were sourced from the National Oceanic and Atmospheric Administration (NOAA) and made 

available by the Climate Prediction Center (CPC; https://psl.noaa.gov/data/gridded/, 10 

accessed February 2021) (Table 2). The SST regions analyzed include Niño 1+2, Niño 3, Niño 

3.4, Niño 4, Oceanic Niño Index (ONI), Tropical Northern Atlantic (TNA) and Tropical 

Southern Atlantic (TSA) (Figure 2). 

 
Figure 2: Location of the ENSO (Niño 1 + 2, Niño 3, Niño 3.4, and Niño 4) and Atlantic Dipole (TNA and TSA) 
regions in the equatorial Pacific and tropical Atlantic, respectively. 
 

The CPC data products, particularly the Global Precipitation and Global Temperature 

datasets, provide consistent, high-quality data. These datasets are derived from ground-based 

stations, satellite observations, and advanced interpolation techniques  (NASHWAN; SHAHID; 

CHUNG, 2019; SUN et al., 2018). The NOAA Extended Reconstruction Sea Surface 
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Temperature (ERSST) version 5 dataset was used for SST data, which employs enhanced 

spatial and temporal reconstruction methods to ensure accuracy, especially in regions with 

sparse observations (HUANG et al., 2017; WONG et al., 2020). 

 
Table 2: Description of the precipitation, maximum and minimum temperature, and sea surface temperature 
datasets used for the study, from January 1979 to December 2020. 

Variable Dataset Spatial 
Resolution Period Temporal 

Scale Source/Reference 

Precipitation CPC—Global 
Precipitation 0.5 × 0.5 1 January 1979 to 

31 December 2020 Daily NOAA/Chen et al., 2008 

Max-Min 
Temperature 

CPC—Global 
Temperature 0.5 × 0.5 1 January 1979 to 31 

December 2020 Daily NOAA/CPC 

Sea Surface 
Temperature 

NOAA ERSST V5 2.5 × 2.5 1 January 1979 to 1 
December 2020 Monthly NOAA/Huang et al., 

2017 

 

Climate Extreme Indices 

This study evaluates the interannual variability and long-term trends of extreme climate 

events using indices for precipitation and temperature extremes. The analysis focuses on the 

magnitude, severity, duration, and frequency of events such as heat waves, cold spells, and 

extreme rainfall. Precipitation extremes were assessed using indices such as the annual count 

of days with precipitation ≥10 mm, ≥20 mm, and ≥30 mm, along with the maximum one-day 

and five-day precipitation totals. Similarly, temperature extremes were analyzed based on 

maximum and minimum daily temperatures, as well as the duration and intensity of warm and 

cold periods (DOS SANTOS et al., 2022). 

We used the ClimPACT software to calculate the 27 extreme climate indices proposed 

by the Expert Team on Climate Change Detection Monitoring and Indices (ETCCDMI). 

ClimPACT software, developed by the Pacific Climate Impacts Consortium, to calculate 23 

extreme climate indices, 11 derived from precipitation and 12 from temperature (Table 3). 

These indices are based on recommendations from the Expert Team on Climate Change 

Detection and Indices (ETCCDI) and are widely used for global climate assessments, allowing 

for international comparison (AVILA-DIAZ et al., 2020a). 
 
Table 3: Description of extreme climate indices for precipitation and air temperature for the IPCC AR6 climate 
reference regions in South America. Tmax: maximum temperature; Tmin: minimum temperature; RR: daily 
precipitation; PRCP: total precipitation. 
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Data Analysis 

Trends in climate extremes were analyzed using the non-parametric Theil–Sen estimator 

(MENGISTU et al., 2020a), which is robust against non-normal data distributions (SUN et al., 

Variable Index ID Definition Units 

Precipitation 

Number of heavy 

precipitation days 
R10mm Annual count of days when PRCP ≥ 10 mm days 

Number of very heavy 

precipitation days 
R20mm Annual count of days when PRCP ≥ 20 mm days 

Number of days above nn 

mm 
R30mm Annual count of days when PRCP ≥ 30 mm days 

Max 1-day precipitation 

amount 
Rx1day Annual max 1 day precipitation mm 

Max 5-day precipitation 

amount 
Rx5day Annual max 5-day precipitation mm 

Annual total wet day 

precipitation 
PRCPTOT Annual total PRCP in wet days—RR ≥ 1 mm mm 

Simple daily intensity index SDII 
Annual total precipitation divided by the 

number of wet days—PRCP ≥ 1 mm 
mm/day 

Precipitation on very wet 

days 
R95p 

Annual total precipitation (PRCP) when RR. 

95th percentile 
mm 

Precipitation on extremely 

wet days 
R99p Annual total PRCP when RR. 99th percentile mm 

Consecutive wet days CWD 
Max number of consecutive days 

when RR ≥ 1 mm 
days 

Consecutive dry days CDD 
Max number of consecutive days 

when RR < 1 mm 
days 

Air 

temperature 

Warmest Day TXx 
Annual Maximum value of daily max 

temperature 
°C 

Warmest Night TNx 
Annual Maximum value of daily min 

temperature 
°C 

Coldest Day TXn 
Annual Minimum value of daily max 

temperature 
°C 

Coldest Night TNn 
Annual Minimum value of daily min 

temperature 
°C 

Diurnal Temperature Range DTR Daily Tmax—Daily Tmin °C 

Warm spell duration WSDI Annual count of days with a least 6 

consecutive days when Tmax > 90th 

percentile 

days 

Cold spell duration CSDI Annual count of days with a least 6 

consecutive days when Tmin < 10th percentile 
days 

Warm Days TX90p % of days when Tmax is >90th percentile % 

Warm Nights TN90p % of days when Tmin is >90th percentile % 

Cool Days TX10p % of days when Tmax is <90th percentile % 

Cool Nights TN10p % of days when Tmin is <90th percentile % 

Frost Days FD Annual count of days when TN < 0 °C days 
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2021b). The significance of these trends was tested using the modified Mann-Kendall (MMK) 

test, which accounts for autocorrelation in time series data, thus providing more reliable trend 

detection  (BARI et al., 2016). Correlations between SST anomalies and extreme climate 

indices were calculated using Pearson’s correlation coefficient (SANTOS; MELO; BRITO, 

2016). The significance of these correlations was adjusted for autocorrelation effects by 

estimating the effective degrees of freedom (BRETHERTON et al., 1999). 

In addition, the probability density function (PDF) of the extreme climate indices was 

analyzed to assess shifts in the distributions of precipitation and temperature extremes over four 

decades: 1979–1988, 1989–1998, 1999–2008, and 2009–2020. The PDF method provides a 

non-parametric way to visualize changes in the frequency and intensity of extreme events across 

time, capturing shifts in both mean and variance (PAVLIDES; AGOU; HRISTOPULOS, 

2022). 

RESULTS 

Tendências dos Índices de Extremos Climáticos 

The IPCC-defined regions of South America (NSW, NSA, NES, SAM, SES, SWS, 

SSA) exhibit distinct patterns in precipitation and temperature extremes between 1979 and 2020 

(Figure 3 and Figure 4). In the northwest of South America (NSW), there has been a significant 

decrease in extreme precipitation events. The number of days with heavy precipitation 

(R10mm) declined by 2.80 days/year, and very heavy precipitation (R20mm) fell by 1.62 

days/year. Precipitation on very wet (R95p) and extremely wet (R99p) days also decreased by 

37.51 mm/year and 11.91 mm/year, respectively (Figure 3). At the same time, the maximum 

temperature on the hottest day (TXx) showed a decreasing trend, while the coldest night (TNn) 

exhibited an increase, indicating a reduction in the diurnal temperature range (DTR) (Figure 4). 
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Figure 3: Spatial distribution of trends from 1979 to 2020: number of heavy precipitation days (R10mm) (a); 
number of very heavy precipitation days (R20mm) (b); number of days above 30 mm (R30mm) (c); max 1-day 
precipitation amount (Rx1day) (d); max 5-day precipitation amount (Rx5day) (e); annual total wet day 
precipitation (PRCPTOT) (f); simple daily intensity index (SDII) (g); precipitation on very wet days (R95p) (h); 
precipitation on extremely wet days (R99p) (i); consecutive wet days (CWD) (j); and consecutive dry days (CDD) 
(k) over the climate reference regions of the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC—AR6) on South America. Only values with statistical significance at the 5% level are presented 
in the maps. 
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Figure 4: Spatial distribution of trends from 1979 to 2020: warmest day (TXx) (a); warmest night (TNx) (b); 
coldest day (TXn) (c); coldest night (TNn) (d); diurnal temperature Range (DTR) (e); warm spell duration (WSDI) 
(f); cold spell duration (CSDI) (g); warm days (TX90p) (h); warm nights (TN90p) (i); cool days (TX10p) (j); cool 
nights (TN10p) (k); and frost days (FD) (l) over the climate reference regions of the Sixth Assessment Report of 
the Intergovernmental Panel on Climate Change (IPCC—AR6) on South America. Only values with statistical 
significance at the 5% level are presented in the maps. 
 

In northern South America (NSA), extreme precipitation indices also showed a marked 

decrease. The frequency of intense precipitation (R10mm and R20mm) dropped by 3.03 and 

2.00 days/year, respectively, along with a significant reduction of 89 mm/year in total annual 

precipitation (PRCPTOT). However, the intensity of daily rainfall, as measured by the simple 

daily intensity index (SDII), showed a slight increase (Figure 3). In terms of temperatures, this 

region experienced an increase in both warm days (TX90p) and warm nights (TN90p), with 

corresponding decreases in cold days (TX10p) and cold nights (TN10p), indicating a general 

warming trend (Figure 4). 

In northeast South America (NES), while some extreme precipitation indices showed 

negative trends, such as a reduction of 1.29 days/year for R10mm, the maximum one-day 

precipitation (RX1day) increased by 1.51 mm/year. The region also experienced a significant 
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reduction in consecutive wet days (CWD), contributing to longer dry spells (Figure 3). 

Regarding temperature, NES showed a marked increase in both warm days and warm nights, 

leading to more frequent and intense heat waves (WSDI). Cold events (TX10p, TN10p) became 

less frequent, suggesting that lower temperatures are becoming increasingly rare in this region 

(Figure 4). 

The South American monsoon (SAM) region presented mixed results for precipitation 

extremes, with both positive and negative trends in daily rainfall intensity (SDII). However, 

there were clear reductions in total annual precipitation (PRCPTOT) and consecutive wet days 

(CWD), indicating an overall increase in dry extremes (Figure 3). Temperature extremes in 

SAM, on the other hand, showed consistent warming trends, with increased maximum and 

minimum temperatures, more frequent warm days and nights (TX90p, TN90p), and extended 

heat waves (WSDI) (Figure 4). 

In southeastern South America (SES), the trends in extreme precipitation were 

characterized by high spatial variability. While some areas saw an increase in daily rainfall 

intensity (SDII), others experienced more frequent extreme precipitation events (R10mm, 

R20mm, R30mm) (Figure 3). Temperature trends pointed to a general increase in the frequency 

of heat waves and warm days, with TX90p and WSDI showing consistent upward trends. At 

the same time, the number of cold days (TX10p) showed a marked decrease (Figure 4). 

In southwestern South America (SWS), the trends in precipitation extremes were 

relatively stable, with only slight increases in intense precipitation (R20mm) and daily rainfall 

intensity (SDII). However, the region saw the largest increase in consecutive dry days (CDD) 

across South America, averaging an additional 9.19 days/year (Figure 3). Temperature 

extremes showed a notable increase in both warm and cold extremes, with TX90p and frost 

days (FD) increasing significantly, indicating that SWS is sensitive to both hot and cold 

temperature extremes (Figure 4). 

In southern South America (SSA), most precipitation indices exhibited negative trends, 

except for SDII, which showed a modest increase in daily rainfall intensity (Figure 3). This 

region experienced warming trends in maximum and minimum temperatures, with TXx and 

TX90p increasing. Frost days (FD) also showed a decreasing trend, suggesting that SSA is 

becoming more prone to heat extremes while experiencing fewer cold events (Figure 4). 

 

Probability Density of Extreme Indices 

The probability density function (PDF) analysis revealed significant changes in the 

distribution of extreme precipitation events over time. The number of heavy precipitation days 
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(R10mm, R20mm, R30mm) showed a leftward shift, indicating fewer days with intense rainfall 

in recent decades. For instance, R10mm averaged 40 days/year in the most recent decade 

(2009–2020), compared to previous decades (Figure 5). Similar trends were observed for 

maximum one-day (Rx1day) and five-day precipitation totals (Rx5day), which also showed a 

consistent reduction across time (Figure 5). 

 
Figure 5: Probability density function (PDF) of the annual frequency of the following extreme precipitation indices 
over South America from 1979 to 2020: number of heavy precipitation days (R10mm) (a); number of very heavy 
precipitation days (R20mm) (b); number of days with precipitation above 50 mm (R50mm) (c); maximum 1-day 
precipitation amount (Rx1day) (d); maximum 5-day precipitation amount (Rx5day) (e); annual total wet-day 
precipitation (PRCPTOT) (f); simple daily intensity index (SDII) (g); precipitation on very wet days (R95p) (h); 
precipitation on extremely wet days (R99p) (i); consecutive wet days (CWD) (j); consecutive dry days (CDD) (k). 
 

For temperature extremes, the PDFs of warmest day (TXx), coldest day (TXn), and 

coldest night (TNn) shifted rightward, indicating an overall increase in temperature extremes. 

The diurnal temperature range (DTR) also increased each decade, with a mean rise of 0.41 °C 
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between 1979 and 2020 (Figure 6). The warm spell duration index (WSDI) exhibited high 

variability, particularly in the SAM and NES regions, suggesting an increase in the duration of 

heat waves in these areas (Figure 6). 

 
Figure 6: Probability density function (PDF) of the annual frequency of the following extreme temperature indices 
over South America from 1979 to 2020: warmest day (TXx) (a); warmest night (TNx) (b); coldest day (TXn) (c); 
coldest night (TNn) (d); diurnal temperature range (DTR) (e); warm spell duration (WSDI) (f); cold spell duration 
(CSDI) (g); warm days (TX90p) (h); warm nights (TN90p) (i); cool days (TX10p) (j); cool nights (TN10p) (k) 
and frost days (FD) (l). 
 
Extremes Indices and Sea Surface Temperature (SST) 

Extreme precipitation events across South America (SA) showed significant 

correlations with sea surface temperature (SST) anomalies, with correlation coefficients 

ranging from weak (0.3 to 0.49), to moderate (0.5 to 0.69), to strong (0.7 to 0.89). The spatial 

pattern of these correlations with the Niño 3.4 region was clearly defined (Figure 7), particularly 
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in the northern (NSA), northeastern (NES), and southeastern (SES) regions of the continent, 

where strong correlations were observed between Pacific SST anomalies and extreme 

precipitation events. 

 
Figure 7: Pearson correlations between Pacific SST anomalies in the Niño 3.4 region and extreme precipitation 
indices: number of heavy precipitation days (R10mm) (a); number of very heavy precipitation days (R20mm) (b); 
number of days above 30 mm (R30mm) (c); max 1-day precipitation amount (Rx1day) (d); max 5-day precipitation 
amount (Rx5day) (e); annual total wet day precipitation (PRCPTOT) (f); simple daily intensity index (SDII) (g); 
precipitation on very wet days (R95p) (h); precipitation on extremely wet days (R99p) (i); consecutive wet days 
(CWD) (j); and consecutive dry days (CDD) (k) over the climate reference regions of the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change (IPCC—AR6) on South America from 1979 to 2020. Only 
values with statistical significance at the 5% level are presented in the maps. 
 

Extreme precipitation events, such as intense rainfall days (R10mm, R20mm, R30mm) 

and total annual precipitation on wet days (PRCPTOT), showed strong correlations with Pacific 

SST anomalies. Notably, precipitation extremes were more pronounced during La Niña events, 

especially when combined with the negative phase of the Atlantic Dipole (Figure 7 and Figure 

9). There were also some relationships with neutral climate phases, though these were less 

consistent. In the Atlantic Ocean, correlations between SST anomalies and precipitation 
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extremes exhibited notable spatial variability. Indices such as intense rainfall (R10mm), daily 

precipitation intensity (SDII), total annual precipitation (PRCPTOT), and consecutive dry 

(CDD) and wet (CWD) days varied in intensity across regions. The SDII index showed an 

inverse pattern, with moderate positive correlations across much of South America, reflecting 

the complex dynamics between rainfall extremes and SST fluctuations in the Atlantic Ocean 

(Figure 8). 

 
Figure 8: Pearson correlations between Atlantic SST anomalies in the Northern Atlantic Ocean (TNA) sector and 
extreme precipitation indices: number of heavy precipitation days (R10mm) (a); number of very heavy 
precipitation days (R20mm) (b); number of days above 30 mm (R30mm) (c); max 1-day precipitation amount 
(Rx1day) (d); max 5-day precipitation amount (Rx5day) (e); annual total wet day precipitation (PRCPTOT) (f); 
simple daily intensity index (SDII) (g); precipitation on very wet days (R95p) (h); precipitation on extremely wet 
days (R99p) (i); consecutive wet days (CWD) (j); and consecutive dry days (CDD) (k) over the climate reference 
regions of the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC—AR6) on 
South America from 1979 to 2020. Only values with statistical significance at the 5% level are presented in the 
maps. 
 

In general, extreme precipitation indices reached their highest and lowest values during 

simultaneous ENSO and Atlantic Dipole events, although some also occurred during neutral 

SST phases. Specifically, indices such as R10mm, R20mm, R30mm, RX5day, R95p, CWD, 
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and PRCPTOT exhibited their maximum values during La Niña events combined with the 

negative phase of the Atlantic Dipole. On the other hand, SDII increased during La Niña events 

associated with the positive phase of the Atlantic Dipole (Figure 9). 

 
Figure 9: Relationship between sea surface temperature (SST) anomalies in the Pacific Ocean (Niño 3.4), Northern 
and Southern Atlantic Ocean sectors (TNA) (TSA), and extreme climate precipitation indices: number of heavy 
precipitation days (R10mm) (A); number of very heavy precipitation days (R20mm) (B); number of days above 
30 mm (R30mm) (C); max 1-day precipitation amount (Rx1day) (D); max 5-day precipitation amount (Rx5day) 
(E); annual total wet day precipitation (PRCPTOT) (F); simple daily intensity index (SDII) (G); precipitation on 
very wet days (R95p) (H); precipitation on extremely wet days (R99p) (I); consecutive wet days (CWD) (J); and 
consecutive dry days (CDD) (K) over South America from 1979 to 2020. 
 

In contrast, extreme precipitation indices tended to decrease during neutral SST periods 

and El Niño events, regardless of the Atlantic Dipole phase. This suggests a potential inhibition 

of extreme precipitation under these conditions. Minimum values for R10mm, R20mm, 

R30mm, and PRCPTOT were observed during years of Pacific SST neutrality combined with 

the negative phase of the Atlantic Dipole. Additionally, SDII decreased during periods of 

Pacific SST neutrality and a positive Atlantic Dipole. Frequency and intensity indices, such as 

R95p and R99p, also recorded reduced values during El Niño events associated with a positive 

Atlantic Dipole phase (Figure 9). 

It is important to note that regional responses to El Niño, La Niña, and Atlantic Dipole 

events vary, with different degrees of association. Generally, extreme precipitation indices 
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reached their highest values during La Niña events coinciding with a negative Dipole phase. 

However, several indices also reached their maximum values during Pacific SST neutrality 

years. In contrast, minimum values were more frequent during climate neutrality periods, 

covering a large part of the regions. The pattern of maximum and minimum values of extreme 

indices generally followed the trend of correlations with SST anomalies. 

The correlations between temperature extremes and SST anomalies in the Pacific and 

Atlantic Oceans were also significant, with correlation strengths ranging from weak (±0.20 to 

±0.39) to moderate (±0.40 to ±0.69) and strong (±0.70 to ±0.89). In the Pacific (Niño 3.4 

region), no clear spatial pattern emerged for temperature extremes (Figure 10). The hottest day 

(TXx) exhibited strong positive correlations in the northeast (NES), while a negative trend was 

observed in the southeast (SES) (Figure 10a). The coldest day (TXn) and coldest night (TNn) 

also showed spatial patterns similar to those of SST anomalies in the Niño 3.4 region, with 

higher positive correlations in SES and SAM, and considerable spatial variability in these 

regions (Figure 10c and Figure 11d). 
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Figure 10: Pearson correlation between sea surface temperature (SST) anomalies in the Pacific Ocean over the 
Nino 3.4 region and extreme climatic temperature indices: warmest day (TXx) (a); warmest night (TNx) (b); 
coldest day (TXn) (c); coldest night (TNn) (d); diurnal temperature Range (DTR) (e); warm spell duration (WSDI) 
(f); cold spell duration (CSDI) (g); warm days (TX90p) (h); warm nights (TN90p) (i); cool days (TX10p) (j); cool 
nights (TN10p) (k); and frost days (FD) (l) over the climate reference regions of the Sixth Assessment Report of 
the Intergovernmental Panel on Climate Change (IPCC—AR6) on South America from 1979 to 2020. Only values 
with statistical significance at the 5% level are presented in the maps. 
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Figure 11: Pearson correlation coefficients between sea surface temperature (SST) anomalies in the Northern 
Atlantic Ocean (TNA) sector and extreme climatic temperature indices: warmest day (TXx) (a); warmest night 
(TNx) (b); coldest day (TXn) (c); coldest night (TNn) (d); diurnal temperature Range (DTR) (e); warm spell 
duration (WSDI) (f); cold spell duration (CSDI) (g); warm days (TX90p) (h); warm nights (TN90p) (i); cool days 
(TX10p) (j); cool nights (TN10p) (k); and frost days (FD) (l) over the climate reference regions of the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC—AR6) on South America from 
1979 to 2020. Only values with statistical significance at the 5% level are presented in the maps. 
 

In the Northern Atlantic (TNA), the correlations between temperature extremes and SST 

anomalies displayed significant spatial variability, extending from the north to the south of SA 

(Figure 11). The hottest day (TXx) showed moderate positive correlations across much of the 

NSA, SAM, and NES sectors (Figure 11a). Similarly, the diurnal temperature range (DTR) 

displayed strong positive correlations in NES and SAM, with moderate correlations in other 

parts of SA (Figure 11e). Heatwave duration (WSDI) was strongly positively correlated with 

TNA, particularly over the monsoon region (SAM), with more moderate correlations observed 

in the NES and NSA regions (Figure 11f). 
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Extreme hot and cold days (TX90p and TX10p) followed similar spatial patterns, though 

with inverse magnitudes. Hot days (TX90p) were strongly positively correlated with SST 

anomalies in the Northern Atlantic (TNA) across NES, SAM, and NSA, while cold days 

(TX10p) showed negative correlations in these regions (Figure 11h,j). Warm and cold nights 

(TN90p and TN10p) also correlated with TNA, showing similar spatial distributions but with 

opposite signs. Warm nights (TN90p) were positively correlated in SAM, NSA, and NWS, 

while cold nights (TN10p) showed strong negative correlations in NES and NSA (Figure 11i,k). 

In summary, hot extremes, such as TX90p and TN90p, reached their highest values in 

the northern regions of South America (NSW, NSA, NES) during strong El Niño events, 

regardless of the Atlantic Dipole phase (Figure 12). Cold extremes were more pronounced 

during La Niña events combined with the negative phase of the Dipole, particularly in NSA and 

NWS. However, many hot and cold extremes also reached their maximum values during neutral 

climate periods, spanning both the north and south of South America. 

 
Figure 12: Relationship between sea surface temperature (SST) anomalies in the Pacific Ocean (Niño 3.4), 
Northern and Southern Atlantic Ocean sectors (TNA) (TSA), and extreme climate temperature indices: warmest 
day (TXx) (A); warmest night (TNx) (B); coldest day (TXn) (C); coldest night (TNn) (D); diurnal temperature 
Range (DTR) (E); warm spell duration (WSDI) (F); cold spell duration (CSDI) (G); warm days (TX90p) (H); 
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warm nights (TN90p) (I); cool days (TX10p) (J); cool nights (TN10p) (K); and frost days (FD) (L) over South 
America from 1979 to 2020. 
 

DISCUSSIONS 

Precipitation and Temperature Extremes Trends 

South America has experienced significant shifts in its precipitation patterns, with some 

regions facing prolonged droughts while others endure more intense rainfall and floods 

(MORALES et al., 2020). These changes are influenced by both natural climate variability and 

human activities. Overall, there has been a decline in total annual precipitation (PRCPTOT) 

and a reduction in the number of days with heavy rainfall (R10mm, R20mm, and R30mm) 

across many areas of the continent. However, some regions, particularly in southeastern South 

America (SES) and parts of the Amazon (NSA and NWS), have seen an increase in extreme 

precipitation events. Additionally, there is a widespread increase in daily precipitation intensity 

(SDII), suggesting a shift towards fewer but more intense rainfall events (Figure 3). This 

variability in precipitation extremes is consistent with the findings from the IPCC AR6 

(CASTELLANOS; LEMOS, 2022). 

The observed increase in daily precipitation intensity in regions such as the northwest 

(NWS), northeast (NES), and southeast (SES) of South America indicates a growing risk of 

extreme rainfall events, including those with rainfall amounts exceeding the 95th and 99th 

percentiles (R95p, R99p). These changes, coupled with the sharp decline in consecutive wet 

days (CWD) and the rise in consecutive dry days (CDD), signal a regional trend toward more 

pronounced dry spells and shorter, but more intense, periods of rainfall. This pattern heightens 

the risk of floods and landslides in some areas while increasing drought-related challenges in 

others. 

Regarding temperature extremes, data reveal a clear and widespread warming trend 

across South America. There has been a consistent increase in the frequency and duration of 

heat extremes, such as warm days (TX90p) and warm nights (TN90p), alongside a significant 

reduction in cold events (TX10p, TN10p). The rise in both maximum and minimum 

temperatures has expanded the diurnal temperature range (DTR), particularly in the southern 

regions (SES, SSA) and parts of the northeast (NES), where the trend in maximum temperatures 

is more pronounced. Conversely, in the northern and central regions, the increase in minimum 

temperatures has been greater, highlighting regional differences in warming patterns (Figure 

4). The rise in heat waves, as indicated by the warm spell duration index (WSDI), is particularly 

notable in the monsoon region (SAM), northeast (NES), and southeast (SES), where heat waves 
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are becoming more frequent and prolonged. Cold spell duration (CSDI), on the other hand, 

showed little spatial variability, indicating that cold extremes are becoming increasingly rare 

across the continent. 

Land use changes, particularly deforestation in the Amazon and other biomes, may be 

contributing to these shifts in precipitation and temperature extremes. These changes alter 

regional climate patterns by affecting the water and energy balance, influencing rainfall 

distribution, and intensifying temperature extremes  (JIN et al., 2021). The loss of forest cover 

reduces moisture recycling and modifies atmospheric circulation patterns, which can exacerbate 

drought conditions in the Amazon and increase the frequency of extreme heat events 

(SALAZAR et al., 2015). This highlights the need for integrated land management strategies 

to mitigate the compounding effects of land use change and climate variability on extreme 

weather events (BIUDES et al., 2022a; DOS SANTOS et al., 2022). 

Changes in extreme precipitation patterns are closely linked to variations in global mean 

surface temperature. The concentration of atmospheric water vapor, which supplies the water 

for precipitation, increases in proportion to the saturation concentrations at a rate of about 6–

7% per degree rise in temperature according to the thermodynamic Clausius–Clapeyron 

relationship (WESTRA; ALEXANDER; ZWIERS, 2013; TABARI, 2020). However, these 

changes in precipitation extremes are also influenced by regional factors such as land use 

changes, vegetation cover, aerosol emissions, and greenhouse gases. These factors can produce 

non-local or regionally variable effects, contributing to uncertainties when comparing changes 

driven by regional processes versus those driven by global thermodynamic forces  (PAIK et al., 

2020). 

Deforestation in the Amazon Basin over recent decades has had significant implications 

for regional atmospheric circulation and moisture transport (RUIZ-VÁSQUEZ et al., 2020). 

During the boreal summer, a weakening of the northward moisture flux has been observed, 

while in the austral summer, this flux strengthens toward the south. These changes affect water 

vapor advection, reducing humidity and moisture recycling in regions such as the western 

Amazon and the Amazon-Andean transition area (Peru, Bolivia, and Ecuador)  (SIERRA et al., 

2022). The reduction in moisture recycling, combined with the intensification of upward air 

motion caused by deforestation, can redistribute and decrease total rainfall in the region. This 

contributes to more frequent and severe droughts in the south-central Amazon (MU; BIGGS; 

JONES, 2023). 

Shifts in precipitation and temperature extremes have significant impacts on ecological 

and human systems. If unaddressed, heavy rainfall can lead to floods and landslides, which are 
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already occurring in some regions of South America. Longer droughts can lead to aridification, 

causing hydrological, agricultural, and ecological droughts, and increasing the risk of wildfires. 

Extreme heat also poses health risks, such as increased mortality, disease outbreaks, and higher 

energy demand, all of which have implications for urban planning and public health systems 

(DOS SANTOS et al., 2022). 

 
Precipitation and Temperature Extremes and SST Anomalies 
 

Accurate predictions of climate impacts—such as heat waves, frosts, floods, and 

droughts—are critical for assessing risks to human society and ecosystems. These predictions 

help improve our understanding of climate impacts and are influenced by several factors, 

including teleconnections, which refer to relationships between sea surface temperature (SST) 

anomalies in different regions of the world. 

SST anomalies in the Pacific and Atlantic Oceans have both positively and negatively 

influenced precipitation extremes (R10mm, R20mm, PRCPTOT, SDII, CWD, and CDD) and 

temperature extremes (TXx, TNn, TX90p, TX10p, TN90p, TN10p, WSDI, and DTR) across 

large parts of South America. The most pronounced effects of SST anomalies on precipitation 

extremes were observed in the northern and southern regions of South America, while the 

central region showed no significant relationship. This lack of correlation in the central region 

may result from an indirect influence, as ENSO events alter atmospheric systems that affect 

precipitation patterns. 

El Niño events significantly impact atmospheric circulation at multiple levels, leading 

to either the weakening or strengthening of weather systems, which in turn affects regional and 

local climate conditions (TEDESCHI; CAVALCANTI; GRIMM, 2013). In the upper 

atmosphere (200 hPa), El Niño weakens the Bolivian High (BH), a key weather system in the 

region, during the December-January-February (DJF) period (Figure 14a,b). The BH forms due 

to intense surface heating over the Bolivian Altiplano, resulting in the formation of convective 

clouds that generate heavy rainfall (MESEGUER-RUIZ et al., 2020). However, during El Niño, 

this system weakens, which reduces rainfall over the Amazon Basin (JUNQUAS et al., 2018). 

When the BH is properly configured, it plays a crucial role in transporting moisture and 

sustaining precipitation in the Amazon (SEGURA et al., 2019). 

Additionally, during intense El Niño events, the jet stream over southern South America 

intensifies at upper levels (200 hPa), which can block the passage of weather systems like cold 

fronts over Central Brazil and the southern Amazon. This often leads to drought conditions and 

more frequent extreme heat events in these regions (MONTINI; JONES; CARVALHO, 2019b). 
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Furthermore, the trough along the northeastern coast of South America shifts deeper over the 

South Atlantic during El Niño (Figure 13a,b). This shift is associated with high-pressure 

systems at lower levels that inhibit convective cloud formation, contributing to droughts in 

northeast South America (NES)  (DE MORAIS; GAN; YOSHIDA, 2021). 

 
Figure 13: Atmospheric circulation climatology (a,d,g) and observed atmospheric circulation under El Niño 
(b,e,h) and La Niña (c,f,i) conditions at pressure levels of 200 hPa, 500 hPa, and 850 hPa, respectively, over South 
America. The shaded region represents wind speed in m s−1. The climatology period is from 1981 to 2010, while 
the observed data refers to the mean composites of the intense El Niño events in 1982–1983, 1997–1998, and 
2015–2016, and La Niña in 1988–1989, 1999–2000, and 2010–2011 in the December–January–February (DJF) 
quarter. 
 

At mid-level (500 hPa), the semi-permanent South Atlantic High (SASH) usually 

remains well-defined (Figure 13c). However, during El Niño and when SSTs are warmer in the 

South Atlantic, this system weakens, allowing subtropical jets near southern Brazil to intensify 

(Figure 13d). This atmospheric change favors extreme rainfall in southern Brazil, where SASH 
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typically acts as a barrier to precipitation (WAINER et al., 2021b). At surface levels (850 hPa), 

SASH maintains its climatological position between 20 °S and 40 °S but shows a slight increase 

in activity during El Niño, which can enhance moisture transport and increase rainfall in 

southern Brazil (Figure 13f). 

In contrast, La Niña episodes exhibit opposite climate patterns  (MCPHADEN; 

SANTOSO; CAI, 2020).  During La Niña, the Bolivian High intensifies and shifts westward 

toward the Pacific coast (Figure 13c), encouraging the formation of convective clouds and 

promoting heavy precipitation (GARREAUD, 2009). At upper levels, subtropical jets over 

southern Brazil weaken, allowing cold fronts to move into the region more easily, leading to 

temperature extremes (MARENGO et al., 2012). At mid-levels, the semi-permanent South 

Atlantic High (SASH) moves inland, increasing the likelihood of drought in southeastern South 

America (Figure 13f). Additionally, La Niña tends to reduce wind intensity along the northern 

coast of eastern Amazonia, potentially limiting the inflow of moisture from the Atlantic Ocean 

into the interior, although this does not necessarily imply drier conditions (Figure 13i). 

During La Niña in the June-July-August (JJA) period, an anomalous wind divergence 

pattern appears at upper levels (200 hPa) over the northern Amazon and northeastern South 

America (Figure 14a,c). This pattern strengthens surface wind convergence, promoting the 

formation of convective clouds and increasing rainfall (MARENGO et al., 2012). At mid-levels 

(500 hPa), the semi-permanent South Atlantic High (SASH) is positioned over the continent 

during both El Niño and La Niña events (Figure 15e,f). During JJA, SASH prevents polar cold 

air masses from reaching northern South America, maintaining drier and sunnier conditions in 

the subtropical region (LEE et al., 2013). At surface levels (850 hPa), during La Niña, the SASH 

center moves closer to the coast, with intensified circulation extending from the southeast to 

the southern Amazon (Figure 14i). A strong trough over central-southern Brazil also reinforces 

subsidence, leading to negative precipitation anomalies and higher temperatures in the region. 
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Figure 14: Atmospheric circulation climatology (a,d,g) and observed atmospheric circulation under El Niño 
(b,e,h) and La Niña (c,f,i) conditions at pressure levels of 200 hPa, 500 hPa, and 850 hPa, respectively, over South 
America. The shaded region represents wind speed in m s−1. The climatology period is from 1981 to 2010, while 
the observed data refers to the mean composites of the intense El Niño events in 1982–1983, 1997–1998, and 
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2015–2016 and La Niña in 1988–1989, 1999–2000, and 2010–2011 in the June–July–August (JJA) quarter.

 
Figure 15: Climatology (blue vectors) and anomaly (red vectors) of vertical wind velocity between 5 °S and 15°S 
during El Niño (a) and La Niña (b) events in the December-January-February (DJF) quarter. (c,d) Vertical wind 
speed (filled contours) and wind direction (arrows) between 5 °S and 15 °S during El Niño (c) and La Niña (d) 
events in the DJF quarter. (e,f) Sea surface temperature (SST) anomalies and precipitation anomalies over the 
continent between 5 °S and 15 °S during El Niño (e) and La Niña (f) events in the DJF quarter. (g,h) Air 
temperature anomalies over the continent between 5 °S and 15 °S during El Niño (g) and La Niña (h) events in 
the DJF quarter. Data correspond to the composite averages of El Niño (1982–1983, 1997–1998, and 2015–2016) 
and La Niña (1988–1989, 1999–2000, and 2010–2011) events in the DJF quarter. 
 

El Niño weakens upward vertical motion in the region between 5°S and 15°S, enhancing 

subsidence and causing negative precipitation anomalies and higher temperatures (Figure 

15a,c,e,g). During La Niña, vertical motion intensifies, favoring deep convection and leading 

to above-average rainfall (Figure 15b,d,f,h). However, La Niña may also result in negative 

precipitation anomalies in central and western regions, linked to stronger subsidence at higher 

levels, which limits deep convection and reduces rainfall. 

A clear relationship emerges between vertical motion patterns (omega) and precipitation 

and temperature anomalies during ENSO phases in northern and southern South America. El 

Niño is generally associated with negative precipitation anomalies in the north and positive 

anomalies in the south, while La Niña exhibits the opposite pattern (REHBEIN; AMBRIZZI, 

2023). ENSO profoundly influences South America’s climate by modulating a complex array 
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of meteorological processes, including coastal convection, Walker circulation variations, and 

atmospheric circulation anomalies associated with the Rossby wave train (CAI et al., 2020b). 

During the JJA season, the Walker cell showed a pattern of descending vertical motion 

in the region between 5 °S and 15 °S, even during El Niño events (Figure 16a,c). This downward 

motion likely suppressed deep convection and cloud formation, leading to negative 

precipitation anomalies, although these anomalies were relatively small in magnitude (Figure 

16e). In contrast, positive air temperature anomalies were observed (Figure 16g). During La 

Niña, a similar descending vertical motion pattern was observed in the same region (Figure 

16b,d), influencing both precipitation and air temperature anomalies. However, it is important 

to note that the magnitudes of these anomalies during La Niña were closer to normal (Figure 

16f,h).

 
Figure 16: Climatology (blue vectors) and anomaly (red vectors) of vertical wind velocity between 5 °S and 15 °S 
during El Niño (a) and La Niña (b) events in the June-July-August (JJA) quarter. (c,d) Vertical wind speed (filled 
contours) and wind direction (vectors) between 5 °S and 15 °S during El Niño (c) and La Niña (d) events in the 
JJA quarter. (e,f) Sea surface temperature (SST) anomalies and precipitation anomalies over the continent between 
5 °S and 15 °S during El Niño (e) and La Niña (f) events in the JJA quarter. (g,h) Air temperature anomalies over 
the continent between 5 °S and 15 °S during El Niño (g) and La Niña (h) events in the JJA quarter. Data correspond 
to the composite averages of El Niño (1982–1983, 1997–1998, and 2015–2016) and La Niña (1988–1989, 1999–
2000, and 2010–2011) events in the JJA quarter. 
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The Tropical Atlantic Dipole Pattern and Its Climate Implications for South America 

The Tropical Atlantic Dipole (TAD), characterized by a meridional gradient in sea 

surface temperature (SST) between the Northern and Southern Atlantic, has significant climate 

implications for South America (LONDOÑO ARTEAGA; LIMA, 2021). During the positive 

phase of the TAD (TNA(+) and TSA(−)), atmospheric circulation over the North Atlantic 

shows a thermally direct pattern, with rising air over regions of warmer SST in the north and 

descending air in the south. This circulation contributes to drought intensification in the 

northern part of Northeast Brazil and the Amazon by reducing evaporation and moisture 

convergence. In the negative phase of the TAD (TNA(−) and TSA(+)), the circulation reverses, 

affecting the Intertropical Convergence Zone (ITCZ) and altering the spatial and temporal 

distribution of precipitation in areas such as the eastern Amazon and Northeast Brazil. The 

anomalous surface wind and pressure patterns also influence the north-south migration of the 

ITCZ (MARTINS et al., 2015b). 

The South Atlantic Subtropical Dipole (SAD) is the dominant ocean-atmosphere 

variability pattern in the South Atlantic (MANTA et al., 2024). This dipole, oriented northeast-

southwest, has centers of action over the tropical and extratropical South Atlantic (SSTA and 

SESA, respectively) (WAINER et al., 2021b). he SAD is closely linked to the variability of the 

South Atlantic Subtropical High (SASH), which modulates atmospheric circulation and the 

oceanic mixed layer (ZILLI; CARVALHO; LINTNER, 2019). This variability has significant 

impacts on regional climate, especially during negative phases, when changes in precipitation 

and temperature patterns are more pronounced over South America (REBOITA et al., 2019). 

During positive SAD events, cold SST anomalies occur south of 35°S during the austral 

summer, while the rest of the basin experiences warming. SST and wind anomalies shift 

northward in the following season, with cyclonic wind stress in the northern part of the SAD 

leading to increased warming (WAINER et al., 2021b, p. 2). Negative (positive) SAD events 

are characterized by positive (negative) sea level pressure (SLP) anomalies across the South 

Atlantic and negative (positive) SST anomalies over the TSA and along the African coast 

(FLANTUA et al., 2016). 

El Niño impacts the tropical Atlantic by warming the tropical North Atlantic, typically 

from late boreal winter to early spring (TASCHETTO et al., 2016). This warming is driven by 

the tropospheric temperature mechanism and teleconnections via the Pacific/North American 

(PNA) pattern (TASCHETTO et al., 2020). During El Niño, the Atlantic Walker circulation 

strengthens in response to equatorial Pacific warming generating strong easterly winds over the 

equatorial Atlantic, which result in cold SST anomalies in the tropical South Atlantic. 
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Concurrently, the PNA pattern induces lower-than-average atmospheric pressures over the 

southeastern U.S., extending into the North Atlantic, weakening the North Atlantic Subtropical 

High and reducing trade winds, which lowers evaporative cooling and warms the tropical North 

Atlantic through wind-evaporation-SST feedback (SASAKI et al., 2015). This generates strong 

low-level easterly winds over the equatorial Atlantic, resulting in cold SST anomalies in the 

equatorial and part of the tropical South Atlantic. At the same time, a PNA pattern is induced, 

with below-average atmospheric pressures over the southeastern United States extending 

towards the North Atlantic. This warming creates an inter-hemispheric SST gradient known as 

the Atlantic Meridional Mode (AMM), which shifts the ITCZ north or south, affecting 

precipitation patterns in northeastern Brazil and West Africa (VALLÈS-CASANOVA et al., 

2020). However, not all ENSO events result in AMM anomalies due to the intrinsic variability 

of the Atlantic, and ENSO diversity also leads to varied impacts on the tropical Atlantic 

(REBOITA et al., 2021b). 

The interaction between El Niño and Atlantic Dipole events, whether positive or 

negative, can create rainfall deficits in Northeast Brazil and the Amazon, although positive 

precipitation anomalies may occur in parts of the Northeast (REBOITA; SANTOS, 2015, p. 

201). Conversely, the South and Southeast regions of South America may experience increased 

rainfall. During La Niña, when combined with a positive dipole (TNA(+) and TSA(−)), wetter 

conditions can prevail in central-southern Brazil, while the Northeast and Amazon may become 

drier (DRUMOND et al., 2014). However, if La Niña coincides with a negative dipole (TNA 

< TSA), the Northeast and Amazon may see more rainfall, while the southeast experiences 

drought. 

During La Niña, South American precipitation is strongly linked to variability in the 

South Tropical Atlantic (TSA), while El Niño events amplify the effects of positive TSA. This 

relationship stems from shifts in the ITCZ, which affects both the Hadley and Walker cells, 

intensifying rainfall anomalies in Northeast Brazil and the Amazon. Studies also show that 

ENSO and TSA jointly influence water dynamics in the Amazon Basin, particularly during the 

peak rainfall period (February to May). The TSA has a greater influence on moisture 

contributions from the Atlantic to the Amazon, while ENSO variability affects moisture 

transport from the basin to the subtropics (DRUMOND et al., 2014). During El Niño and 

positive Dipole years, moisture largely comes from the TSA, while during La Niña and negative 

Dipole years, the North Atlantic becomes the main moisture source (REBOITA et al., 2021b). 

 

CONCLUSIONS 
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South America is undergoing substantial changes in climate extremes, with notable 

shifts in both precipitation and temperature patterns. A general decline in annual precipitation 

has been observed across much of the continent; however, certain regions—particularly in the 

northeast and southeast—are experiencing more frequent and intense precipitation events. This 

shift indicates a redistribution of rainfall patterns, with a tendency toward fewer but more 

intense precipitation events in specific areas. 

Temperature extremes reveal a clear warming trend across South America, marked by 

an increase in both the frequency and duration of heat events, such as heatwaves and warm 

nights. This intensification of temperature extremes reflects ongoing global warming, with 

varying impacts across regions. The increased frequency of warm days and nights, coupled with 

the decline in cold events, highlights the complexity of climate responses across the continent. 

The analysis shows that sea surface temperature (SST) anomalies in the Pacific and 

Atlantic Oceans play a significant role in driving these climate extremes. Precipitation indices, 

such as intense rainfall days (R10mm) and total wet-day precipitation (PRCPTOT), respond 

distinctly to the phases of El Niño and La Niña. La Niña events are associated with higher 

rainfall frequency and intensity in the northern and northeastern regions, while El Niño and 

SST-neutral phases tend to correlate with extended dry periods. 

Temperature extremes, including indices like TX90p (warm days), TN90p (warm 

nights), and RX5day (maximum 5-day rainfall), are also influenced by ocean temperature 

variations. Heatwave duration, measured by the warm spell duration index (WSDI), tends to 

increase in response to positive phases of the Atlantic Dipole and El Niño events, particularly 

in the northeast, southeast, and South American monsoon regions. These areas are experiencing 

more frequent and prolonged heatwaves, while cold nights (TN10p) are becoming increasingly 

rare. 

These findings underscore the importance of understanding SST anomalies as 

mechanisms driving climate variability in South America. This understanding is essential for 

informing effective adaptation and mitigation strategies to address the impacts of climate 

change. Enhanced insight into these interactions will allow for more accurate predictions of 

climate extremes, aiding policymakers and resource managers in their efforts to protect both 

human and environmental systems across South America.  
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4 CHAPTER 2: HYDROCLIMATIC EXTREMES AND DROUGHT DYNAMICS IN 

THE PANTANAL WETLAND UNDER CLIMATE CHANGE. 

 

ABSTRACT 

The Pantanal, the world’s largest tropical wetland, is facing intensifying hydroclimatic 
pressures, with droughts and heat extremes increasingly destabilizing its ecosystems and water 
resources. This study investigates the combined influence of land-use change, climate 
variability, and projected warming on the region’s hydrological balance. Reanalysis datasets 
(ERA5 Land and FLDAS) for precipitation, temperature, evapotranspiration, and soil moisture 
(1980–2022) were analyzed alongside the drought index SPEI 12, drought event metrics 
derived from Run Theory, and climate extremes including Warm Days (TX90p) and persistence 
indicators. Spatial and temporal trends were assessed using non-parametric methods, while 
Random Forest models and CMIP6 projections were applied to evaluate the drivers and future 
trajectories of drought variability. Results reveal a progressive intensification of droughts, 
particularly in the Central and Southern Pantanal, where reduced rainfall, rising temperatures, 
hydrological deficits, wetland loss, and agricultural expansion converge. Run Theory indicates 
increasing drought duration, severity, and intensity, with Warm Days (TX90p) emerging as the 
dominant driver of SPEI 12 variability, both historically and in CMIP6 projections, while 
precipitation extremes contributed less directly. These findings highlight the urgent need for 
wetland conservation, adaptive water management, and fire mitigation strategies to enhance the 
resilience of the Pantanal’s ecosystems and communities in the face of ongoing and projected 
climate change. 
 
Keywords: hot extremes; drought severity; hydrological deficit; land-use transformation; 

wetland loss. 

INTRODUCTION 

Located in the center of South America, the Pantanal is recognized as one of the largest 

and most ecologically significant wetlands worldwide. It has been designated as a UNESCO 

World Natural Heritage site and as a Wetland of International Importance under the Ramsar 

Convention (THIELEN et al., 2021). The region comprises an extensive and dynamic 

floodplain system that supports rich biodiversity, vast seasonally flooded grasslands, numerous 

lakes and ponds, and a network of perennial and intermittent rivers. As the largest continuous 

floodplain on Earth, the Pantanal is subject to highly variable precipitation regimes that strongly 

influence its hydrological functioning (THIELEN et al., 2020). Approximately 70% of its area 

is covered by savanna like vegetation, classifying the biome as a hyperseasonal savanna. These 

ecosystems are exposed to two recurring hydrological stresses, intense droughts and prolonged 

floods, which emphasize their ecological complexity and vulnerability (GUERRA et al., 2020). 

Drought, defined as a prolonged period of precipitation deficits, is among the most 

significant natural hazards due to its severe environmental, economic, and social impacts 
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(ORIMOLOYE et al., 2021). In the Pantanal, whose ecological equilibrium depends on the 

interaction between aquatic and terrestrial systems, extreme climate events such as severe 

droughts and heatwaves have become increasingly frequent and intense in recent years 

(LIBONATI et al., 2022; MARENGO et al., 2021a). Between 2019 and 2022, one of the most 

severe droughts in recent decades was recorded, accompanied by wildfires that burned 

approximately one-third of the biome, including Indigenous lands and protected areas 

(LIBONATI et al., 2022). These impacts are attributed to a combination of climatic drivers, 

such as extreme heatwaves, and anthropogenic pressures, including land-use and land-cover 

changes and declining water levels in the Paraguay River. These factors have contributed to a 

marked reduction in surface water extent, altering flood regimes, shortening the rainy season, 

and increasing the frequency and magnitude of extreme events (CUNHA; BUERMANN; 

MARENGO, 2024). 

Extreme climate events in the Pantanal have been shown to be influenced by anomalous 

sea surface temperature patterns in the Atlantic and Pacific Oceans, in addition to changes in 

land use and land cover (ALMAZROUI et al., 2021; LIU et al., 2022). These drivers alter water 

availability and ecological cycles, with cascading impacts on biodiversity, trophic interactions, 

and overall ecosystem functioning. A comprehensive understanding of these dynamics is 

essential to support water resource management and to inform the development of effective 

mitigation and adaptation strategies under global change scenarios (AVILA-DIAZ et al., 

2023b; MARENGO; ALVES; TORRES, 2016). 

To monitor and characterize drought conditions, a variety of indices have been 

employed, including the Standardized Precipitation Index (SPI) and the Palmer Drought 

Severity Index (PDSI) (BEVACQUA et al., 2021; VICENTE-SERRANO; BEGUERÍA; 

LÓPEZ-MORENO, 2010). More recently, the Standardized Precipitation Evapotranspiration 

Index (SPEI) has been preferred because it incorporates temperature effects into the water 

balance, allowing for a more accurate assessment of drought severity under warming conditions 

(ANDERSON et al., 2018; CARVALHO et al., 2020). In addition to capturing temporal 

variability, the SPEI allows for investigation of linkages between drought and other extreme 

climate events, such as heatwaves, which have become increasingly relevant in the Pantanal. 

Based on this context, it is hypothesized that the severity and frequency of extreme 

climate events in the Pantanal, particularly prolonged droughts and heatwaves, are being 

amplified by land-use and land-cover changes as well as by regional climate variability 

(CUNHA; BUERMANN; MARENGO, 2024). This study, therefore, aims to assess how these 

events, together with changes in precipitation and temperature patterns, have altered the 
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hydrological and ecological dynamics of the biome over recent decades. Historical analyses are 

integrated with future climate projections to identify potential implications for biodiversity and 

water resources, thereby providing information that may support public policy, guide adaptation 

strategies, and mitigate socio-environmental impacts. Through this approach, the study seeks 

to contribute to the conservation of the Pantanal and to the sustainability of socio-economic 

activities that depend on its ecosystem services (ARAUJO et al., 2018; GOUVEIA et al., 2022). 

 

MATERIAL AND METHODS 

Study Area 

The Pantanal biome, situated in the central region of South America, encompasses an 

area exceeding 140,000 km² across Brazil, Bolivia, and Paraguay, with approximately 80% of 

its extent located in Brazilian territory, predominantly within the states of Mato Grosso and 

Mato Grosso do Sul (MARENGO et al., 2021a). This extensive floodplain operates as a natural 

hydrological reservoir, receiving surface runoff from surrounding plateaus during the rainy 

season and gradually releasing it into the Paraguay River and its tributaries (ASSINE et al., 

2016; THIELEN et al., 2020). 

The seasonal flood pulse, regulated by regional precipitation and topographic gradients, 

propagates as a north-to-south inundation wave that modulates ecological processes, shapes 

biogeochemical cycles, and sustains biodiversity patterns across the biome. This dynamic is 

particularly critical in a region characterized by pronounced hydrological contrasts, where 

periods of severe drought alternate with prolonged flooding. Beyond its ecological relevance, 

the Pantanal provides essential ecosystem services, including water storage, carbon 
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sequestration, habitat provision, and regulation of regional climate (MARENGO et al., 2021b).

 
Figure 17: Location of the study area and sub-regions of the Pantanal, Brazil. 
 

Climatic and Hydrological Datasets 

Monthly precipitation, evapotranspiration, and near-surface air temperature data for the 

Pantanal were obtained from the ERA5-Land global reanalysis, provided by the Copernicus 

Climate Data Store (https://cds.climate.copernicus.eu). ERA5-Land offers a spatial resolution 

of 0.1° (~9 km) and represents a refined iteration of the ERA5 reanalysis framework, delivering 

a consistent and enhanced depiction of the evolution of terrestrial climate parameters (XU et 

al., 2022). These datasets were used without spatial or temporal interpolation, bias correction, 

or local calibration, as they present complete coverage with no missing or spurious values. 

Monthly soil moisture estimates for the 0–10 cm and 10–40 cm soil layers were obtained 

from the Famine Early Warning Systems Network (FEWS NET) Land Data Assimilation 

System (FLDAS) L4 product, available through the NASA Goddard Earth Sciences Data and 

Information Services Center (GES DISC) (https://disc.gsfc.nasa.gov/). The FLDAS product, 

with a spatial resolution of 0.1°, was developed to improve agricultural drought monitoring in 

regions characterized by sparse meteorological observations, including Africa, Central 

America, and Central Asia (MCNALLY et al., 2017). It integrates land surface parameters 
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simulated by the NOAH 3.6 model, driven by meteorological forcings from the Modern-Era 

Retrospective Analysis for Research and Applications, version 2 (MERRA-2), and precipitation 

data from the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) dataset 

(GRILLAKIS et al., 2021). 

All datasets were analyzed for the period between January 1980 and December 2022, 

preserving their original spatial and temporal resolutions to ensure consistency across all 

climatic and hydrological variables examined in this study. 

 

Drought Monitoring Indices 

Drought conditions were quantified using the Standardized Precipitation 

Evapotranspiration Index (SPEI) calculated at a 12-month accumulation scale (SPEI-12). The 

SPEI integrates monthly precipitation (P) and potential evapotranspiration (PET) to represent 

the climatic water balance, thereby accounting for the influence of atmospheric demand in 

conjunction with precipitation anomalies (VICENTE-SERRANO; BEGUERÍA; LÓPEZ-

MORENO, 2010). Potential evapotranspiration was estimated using Thornthwaite’s method, 

based on monthly mean air temperature and day length, following its widespread application in 

large-scale drought assessments (ANDERSON et al., 2018; CARVALHO et al., 2020). 

Monthly water balance anomalies (P − PET) were fitted to a Gamma distribution and 

transformed into standardized units to derive the SPEI time series for each grid cell across the 

study domain. 
Table 4: Classification of drought conditions based on SPEI (VICENTE-SERRANO; BEGUERÍA; LÓPEZ-
MORENO, 2010). 

SPEI Drought Classification 

≥ 2.00 Extremely wet 

1.00 a 1.99 Severely wet 

0.50 a 0.99 Moderately wet 

0.49 a – 0.49 Near normal 

-0.50 a – 0.99 Moderately dry 

-1.00 a -1.99 Severely dry 

≤ -2.00 Extremely dry 

 

Drought events were identified and characterized following the probabilistic Run 

Theory, as described by Amin Zargar (ZARGAR et al., 2011) and adopted by Fernandes et al. 

(FERNANDES et al., 2024). An event was defined as any continuous period during which the 
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SPEI-12 value remained below −1, corresponding to at least moderate drought conditions 

(Table 1). The onset and termination of each event were determined by the first and last months 

in which the SPEI-12 was below this threshold, respectively. For each identified drought event, 

its characteristics were quantified through three complementary metrics (MA et al., 2023). The 

duration was defined as the total number of consecutive months during which SPEI-12 

remained below −1. The severity corresponded to the cumulative sum of the absolute SPEI-12 

values recorded during this period, representing the integrated magnitude of the water deficit. 

Finally, the intensity was expressed as the mean monthly deficit, calculated as the ratio between 

severity and duration (I = S/D), which reflects the average strength of the drought conditions 

throughout the event. 

These metrics were derived for each Pantanal subregion (Northern, Central, and 

Southern) to assess spatial contrasts in drought behavior. This methodology allows for 

standardized comparisons of drought characteristics across space and time, capturing both the 

magnitude and persistence of water deficits, while ensuring consistency with previous studies 

in the region (FERNANDES et al., 2024). 

 

Climate Extremes Indices 

Temporal patterns of climate extremes were assessed using eight indices derived from 

daily ERA5-Land data, encompassing both precipitation- and temperature-based metrics. These 

indices were calculated following the methodology recommended by the Expert Team on 

Climate Change Detection and Indices (ETCCDI) (AVILA-DIAZ et al., 2020b), ensuring 

consistency with international standards. The selected metrics included four indices related to 

precipitation—Consecutive Dry Days (CDD), Consecutive Wet Days (CWD), Precipitation on 

Very Wet Days (R95p), and the Simple Daily Intensity Index (SDII)—and four indices related 

to air temperature—Warm Days (TX90p), Warm Nights (TN90p), Cold Days (TX10p), and 

Cold Nights (TN10p). The definitions, calculation procedures, and reference thresholds for 

each of these indices are presented in Table 5. 
Table 5: Description of selected precipitation and air temperature climate extremes indices used in this study. 

Variable Index ID Definition Units 

Pr
ec

ip
ita

tio
n  

Simple Daily Intensity 

Index 
SDII 

Annual total precipitation divided by the 

number of wet days - PRCP >= 1 mm 
mm/day 

Precipitation on very 

wet days 
R95p 

Annual total precipitation (PRCP) when 

RR. 95th percentile 
mm 

Consecutive wet days CWD Max number of consecutive days when days 
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RR >=1 mm 

Consecutive dry days CDD 
Max number of consecutive days when RR 

<=1 mm 
days 

A
ir 

Te
m

pe
ra

tu
re

 Warm Days TX90p % of days when Tmax is > 90th percentile % 

Warm Nights TN90p % of days when Tmin is > 90th percentile % 

Cool Days TX10p % of days when Tmax is < 90th percentile % 

Cool Nights TN10p % of days when Tmin is < 90th percentile % 

All indices were computed relative to the 1981–2010 climatological baseline to 

standardize anomalies and highlight deviations from historical conditions. This approach 

enables the evaluation of long-term changes in the frequency and intensity of extreme climate 

events across the Pantanal, as well as their potential associations with drought dynamics as 

quantified by the SPEI-12. 

 

Trend Analysis 

Long-term temporal trends in climatic and hydrological variables were quantified to 

assess potential directional changes across the study period. For each grid cell, trends in 

precipitation, evapotranspiration, near-surface air temperature, soil moisture, hydrological 

deficit (E − P), and SPEI-12 were estimated using the Theil–Sen slope estimator, which 

provides a robust measure of trend magnitude and is less sensitive to outliers (MENGISTU et 

al., 2020b). The statistical significance of the identified trends was evaluated using the Modified 

Mann–Kendall test (YUE; WANG, 2004), which corrects for the influence of serial correlation 

in time series. Only grid cells with statistically significant trends at the 5% level (p < 0.05) were 

considered for spatial mapping and subsequent analyses. 

 

Machine Learning Analysis 

The relationships between the 12-month Standardized Precipitation Evapotranspiration 

Index (SPEI-12) and the eight climate extremes indices presented in Table 2 were examined 

through a combination of Random Forest modeling and simple linear regression (BELGIU; 

DRĂGUŢ, 2016; KUMAR et al., 2022). Random Forest was employed as a non-parametric 

ensemble learning method (BREIMAN, 2001) to quantify the relative importance of each index 

in explaining SPEI-12 variability across the Northern, Central, and Southern regions of the 

Pantanal. The algorithm was configured with 500 decision trees, default bootstrapping, and 

unrestricted tree depth. All variables were analyzed in their original units, without 
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normalization or standardization, to preserve their intrinsic variability and facilitate physical 

interpretation. 

Model robustness was ensured using 10-fold cross-validation (MUSHAGALUSA; 

FANDOHAN; GLÈLÈ KAKAÏ, 2024), in which the dataset was randomly partitioned into 

training and testing subsets to minimize overfitting and provide reliable performance estimates. 

Variable importance was derived from the mean decrease in accuracy produced by random 

permutation of each predictor, allowing for the ranking of indices according to their 

contribution to the explained variance of SPEI-12. 

Complementary simple linear regressions were conducted between each climate 

extremes index and SPEI-12 for the three subregions. The strength and direction of the 

relationships were assessed using the coefficient of determination (R²) and the regression slope, 

with statistical significance evaluated at the 5% level (p < 0.05). The combined use of Random 

Forest and regression analyses provided a comprehensive assessment of both the individual and 

combined influence of climate extremes on drought variability in the Pantanal. 

 

Supplementary Datasets for Contextual Analyses 

Two additional datasets were incorporated to contextualize the interpretation of 

hydrological and climatic patterns, although they were not directly used in the statistical 

analyses. Surface water dynamics were characterized using the Global Surface Water dataset 

developed by the Joint Research Centre (JRC), available through the Global Surface Water 

Explorer (PEKEL et al., 2016). This dataset, covering the period from 1984 to 2022, provides 

spatially explicit information on the extent, recurrence, and persistence of surface water bodies, 

allowing for the assessment of long-term changes in wetland coverage and hydrological regimes 

in the Pantanal. 

Future climate projections were obtained from 20 Global Climate Models (GCMs) 

participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6) (EYRING et al., 

2016), under three Shared Socioeconomic Pathway (SSP) scenarios: SSP126, SSP245, and 

SSP585. Ensemble means of the frequency of Warm Days (TX90p) were computed for the 

Pantanal for the period 2041–2060. These projections were aggregated regionally without bias 

correction or statistical downscaling, as their use was restricted to qualitative contextualization 

of potential future trajectories in the discussion. 
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RESULTS 

Spatial and Temporal Patterns of Climate Variables 

Annual precipitation exhibited pronounced spatial and temporal variability across the 

Pantanal during the period 1980–2022. Spatially, the highest annual totals, exceeding 

1,500 mm year⁻¹, were concentrated in the Northern and Southern regions, while the Central 

sector displayed intermediate values between 1,200 and 1,400 mm year⁻¹ (Figure 18a). Zonal 

and temporal analyses revealed a progressive decline in precipitation, particularly after the 

1990s, with mean annual totals decreasing from values near 1,900 mm year⁻¹ in the early 1980s 

and 1990s to as low as approximately 1,200 mm year⁻¹ in recent years (Figures 18e, 18i). These 

reductions were consistent across most latitudes, with marked interannual fluctuations 

evidenced by the confidence intervals. 

Near-surface air temperature displayed a contrasting behavior, characterized by a 

consistent upward trend throughout the study period. Spatially, the Northern and Central 

regions recorded the highest mean annual values, with long-term averages near 26.5 °C, while 

the Southern Pantanal remained comparatively cooler, with averages near 25 °C (Figure 18b). 

Temporal trends indicated a steady warming, with annual regional averages rising from 

approximately 24 °C in the early 1980s to peaks approaching 29 °C in recent years (Figures 18f, 

18j). These increases were most pronounced after the mid-2000s, accompanied by relatively 

narrow confidence intervals that highlight the persistence of this warming signal. 

Soil moisture exhibited a more complex pattern, with spatial averages generally above 

0.31 m³ m⁻³ across much of the biome, but with localized values declining below 0.20 m³ m⁻³, 

particularly in portions of the Central region (Figure 18c). Temporal analyses revealed 

alternating periods of wetness and dryness, especially in the Northern and Central subregions, 

while the Southern Pantanal displayed comparatively stable conditions (Figures 18g, 18k). 

Despite these oscillations, a gradual declining trend was observed, though accompanied by wide 

confidence intervals, which indicate substantial interannual variability. 

Evapotranspiration also demonstrated notable spatio-temporal changes. Spatially, 

annual totals exceeded 1,400 mm year⁻¹ in the western portions of the Northern and Central 

regions, whereas the lowest values were concentrated in the Central Pantanal (Figure 18d). 

Temporally, evapotranspiration exhibited a general declining trend, particularly after 2005, 

when annual regional averages dropped from values near 1,400 mm year⁻¹ to below 

1,000 mm year⁻¹, with extreme minima approaching 850 mm year⁻¹ (Figures 18h, 18l). These 



69 
 

reductions coincided with periods of declining precipitation and soil moisture, highlighting a 

coherent pattern of diminishing water availability across the biome. 

Overall, the combined spatial and temporal patterns of precipitation, air temperature, 

soil moisture, and evapotranspiration reveal a progressive reduction in atmospheric and 

terrestrial water availability over large portions of the Pantanal, alongside sustained warming. 

These trends create environmental conditions favorable to the intensification of drought 

processes, as further analyzed through drought indices in the next section. 

 
Figure 18: Detailed summary of climate variables in the Pantanal biome from 1980 to 2022, comprising four 
groups. Spatial distribution of mean annual precipitation (a), mean annual air temperature (b), mean annual soil 
moisture (c), and mean annual evapotranspiration (d). Zonal and temporal variability of precipitation (e), air 
temperature (f), soil moisture (g), and evapotranspiration (h). Regional mean annual precipitation (i), air 
temperature (j), soil moisture (k), and evapotranspiration (l). 
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Trends and Patterns of the Drought Index 
 

The analysis of the 12-month Standardized Precipitation Evapotranspiration Index 

(SPEI-12) revealed pronounced spatiotemporal variability in drought dynamics across the 

Pantanal, with distinct behaviors in the Northern, Central, and Southern subregions (Figure 19). 

All regions exhibited a significant downward trend in SPEI-12, reflecting the progressive 

intensification of drought conditions since 1980. The Central and Southern regions recorded 

the steepest declines, with slopes of −0.04 SPEI decade⁻¹ (Figures 19b, 19c), while the Northern 

region showed a slightly weaker but still significant trend of −0.03 SPEI decade⁻¹ (Figure 19a). 

Historically, the Southern Pantanal maintained relatively higher mean SPEI-12 values, 

indicating wetter baseline conditions compared to the other regions. However, since 2010, this 

relative buffer has eroded, with all subregions experiencing similar drought intensification, 

particularly during 2019–2022 when SPEI-12 values reached extreme deficits (SPEI < −2), 

indicating widespread extreme drought conditions. 

 
Figure 19: Temporal evolution of the 12-month Standardized Precipitation Evapotranspiration Index (SPEI-12) 
and drought event characteristics in the Pantanal’s Northern (a, d), Central (b, e), and Southern (c, f) regions from 
January 1980 to March 2022. Panels (a–c) show regional SPEI-12 time series with trend lines (Theil-Sen) and 
confidence intervals. Panels (d–f) summarize drought event properties derived from Run Theory, including 
severity, duration, intensity. 
 

Drought event characteristics derived from Run Theory (Figures 19d–19f) demonstrated 

consistent upward trends in duration, severity, and intensity throughout the study period. During 

the 1980s and early 1990s, droughts were comparatively short-lived, with mean durations often 

below 10 consecutive months and severities rarely exceeding cumulative SPEI deficits of 20. 

However, a marked escalation was observed beginning in the 2000s, intensifying further after 

2010. By the period 2020–2022, drought events across all subregions reached mean durations 

approaching or exceeding 25–30 months, while severities surged to cumulative deficits 
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surpassing 60–70, nearly tripling the magnitude typical of events in earlier decades. Intensity, 

expressed as the mean monthly deficit (S/D), also exhibited a clear upward trajectory, rising 

from values generally near or below 1.0 in the 1980s to above 2.5 during the most recent events, 

underscoring that individual months within these prolonged droughts were markedly more 

extreme compared to past events. 

 
Figure 20: Decadal spatial trends (1980–2022) for (a) precipitation, (b) evapotranspiration, (c) hydrological deficit 
(evapotranspiration minus precipitation, E – P), (d) air temperature, (e) soil moisture, and (f) the 12‑month 
Standardized Precipitation Evapotranspiration Index (SPEI‑12) across the Pantanal biome. Trends were calculated 
using Theil–Sen slope estimators and tested for statistical signifi-cance with the Modified Mann–Kendall method, 
with only values significant at the 5% level displayed. 
 

Although the Northern Pantanal exhibited the greatest variability in interarrival times 

between droughts, including an exceptional 83-month gap without significant events, the 

Central and Southern regions emerged as the primary hotspots for severe drought impacts over 

the last two decades. These regions not only concentrated the longest and most severe droughts 

but also showed a sustained increase in event intensity, reflecting a compounded effect of 

climate variability and anthropogenic pressures on hydrological vulnerability. 

The decadal spatial trends of precipitation, evapotranspiration, hydrological deficit (E –

 P), air temperature, and soil moisture (Figures 20a–20e) illustrate the underlying drivers of 

these drought dynamics. Precipitation decreased across most of the biome (Figure 20a), with 

the most substantial reductions in the Central-Southern sector, particularly around Aquidauana 

and Nabileque (declines up to −182 mm decade⁻¹), while northern areas near Cáceres exhibited 

smaller decreases (~−72 mm decade⁻¹). Evapotranspiration also trended downward in most 
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regions (Figure 20b), with losses exceeding 60 mm decade⁻¹ in the Central Pantanal, notably 

around Paiaguás, reflecting reduced rainfall and land-use changes that diminished wetland 

extent and vegetation cover. Localized increases near Cáceres (+38 mm decade⁻¹) were limited 

in spatial extent and magnitude, likely influenced by persistent surface water and irrigation. 

Hydrological deficit (E – P) rose substantially across much of the biome (Figure 20c), with the 

most pronounced increases in the Southern Pantanal, near Aquidauana (~140 mm decade⁻¹) and 

Nabileque (~120 mm decade⁻¹). Air temperature increased consistently throughout the biome 

(Figure 4d), with the strongest warming concentrated in the south, particularly near Nabileque 

(+0.56 °C decade⁻¹), while the northern sector warmed more moderately (+0.28 °C decade⁻¹). 

Soil moisture exhibited the sharpest negative trends in the Central Pantanal (Figure 20e), 

especially in the Paraguai and Nhecolândia subregions, with losses approaching 

−144 × 10⁻³ m³ m⁻³ decade⁻¹, while peripheral areas showed weaker or negligible changes. 

The spatial pattern of SPEI-12 trends (Figure 20f) reflects the combined influence of 

these climatic and hydrological drivers, revealing a biome-wide intensification of drought 

conditions. The most severe negative trends are concentrated in the Southeastern Pantanal, 

overlapping with the areas that experienced the steepest precipitation losses, greatest 

hydrological deficits, and highest warming, particularly near Aquidauana, Nabileque, and parts 

of the Paraguai subregion. Conversely, the Northern Pantanal, notably around Cáceres, shows 

comparatively weaker declines (~−0.325 SPEI decade⁻¹), suggesting a lower, though still 

significant, degree of drought intensification. This spatial correspondence underscores the 

integrated role of precipitation, air temperature, hydrological deficit, and soil moisture in 

shaping the severity and distribution of drought dynamics across the biome. 

 

Climate Extremes Patterns and Their Relationship with Droughts  

The zonal variability of anomalies in precipitation-derived climate extremes indices 

revealed alternating phases of positive and negative anomalies over time, but with a noticeable 

shift toward drier conditions after the mid-2000s (Figure 21a–d). From this period onward, 

negative anomalies became prevalent in most precipitation-related indices, particularly in the 

Central and Southern Pantanal, suggesting a reduction in consecutive wet periods and a 

decrease in the frequency and magnitude of intense rainfall events. In contrast, the Northern 

region maintained intermittent positive anomalies, reflecting a more irregular and spatially 

heterogeneous pattern of precipitation extremes compared to the southern sectors of the biome. 

Anomalies in air temperature extremes displayed a more consistent and spatially 

homogeneous signal across the Pantanal, with a marked progression toward warmer conditions 
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throughout the study period (Figure 21e–h). Since the early 2000s, hot extremes (TX90p and 

TN90p) have become increasingly dominant, exhibiting persistent and intensifying positive 

anomalies, while cold extremes (TX10p and TN10p) have concurrently declined. This shift was 

gradual but sustained, with the warming signal apparent across both daytime and nighttime 

indices and across all subregions. 

Indicators of drought persistence and wetness further underscore this transition toward 

drier conditions. The Consecutive Dry Days (CDD) index (Figure 21a) displayed positive 

anomalies most prominently after 2010 and during 2020–2022, particularly in the Central and 

Southern Pantanal, indicating longer dry spells coinciding with the most severe drought 

episodes. Conversely, the Consecutive Wet Days (CWD) index (Figure 21b) showed more 

frequent positive anomalies before 2000, especially in the Northern region, with predominantly 

negative anomalies during the past two decades, highlighting the contraction of extended wet 

periods in recent years. 

Indices representing intense rainfall, including Precipitation on Very Wet Days (R95p, 

Figure 21c) and the Simple Daily Intensity Index (SDII, Figure 21d), did not exhibit a consistent 

long-term linear trend, but both demonstrated a pronounced shift after 2005. Negative 

anomalies became widespread, particularly in the Central and Southern Pantanal, suggesting 

that extreme precipitation events have become not only less frequent but also less intense in 

recent decades, despite considerable interannual variability across the biome. 
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Figure 21: Zonal variability of anomalies in precipitation climate extremes indices: Consecutive Dry Days (CDD), 
Consecutive Wet Days (CWD), Precipitation on Very Wet Days (R95p), Simple Daily In-tensity Index (SDII); 
and air temperature extremes indices: Warm Days (TX90p), Warm Nights (TN90p), Cold Days (TX10p), and Cold 
Nights (TN10p) in the Pantanal from 1980 to 2022. 
 

The relationship between climate extremes and drought severity, as measured by 

SPEI-12, demonstrated that only a subset of indices exhibited statistically significant 

correlations (Figure 22). Among precipitation-based indices, none displayed consistent or 

robust relationships across the three subregions. The Consecutive Dry Days (CDD, Figure 22a), 

Precipitation on Very Wet Days (R95p, Figure 22c), and Simple Daily Intensity Index (SDII, 



75 
 

Figure 22d) indices showed no significant correlations in any region, while the Consecutive 

Wet Days (CWD, Figure 22b) index exhibited a moderate positive relationship only in the 

Northern Pantanal (R² = 0.43*, p < 0.05). 
 

 
Figure 22: Relationships between the 12‑month Standardized Precipitation Evapotranspiration Index (SPEI‑12) 
and precipitation extremes indices — (a) Consecutive Dry Days (CDD), (b) Consecutive Wet Days (CWD), (c) 
Precipitation on Very Wet Days (R95p), (d) Simple Daily Intensity Index (SDII) — and air temperature extremes 
indices — (e) Cool Days (TX10p), (f) Warm Days (TX90p), (g) Cool Nights (TN10p), and (h) Warm Nights 
(TN90p) — in the Northern (blue), Central (green), and Southern (red) regions of the Pantanal. Regression lines 
include 95% confidence intervals, and asterisks indicate statistically significant relationships (p < 0.05). Panel (i) 
shows the relative importance of each index in the Random Forest model. 
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In contrast, air temperature extremes demonstrated the strongest and most consistent 

associations with SPEI-12 across the biome. The Warm Days (TX90p) index (Figure 22f) 

emerged as the most dominant predictor, showing significant negative correlations in all 

regions, with R² = 0.70* in the Northern, 0.71* in the Central, and 0.68* in the Southern 

Pantanal (p < 0.05). Cool extremes also contributed meaningfully, as the Cool Days (TX10p) 

index (Figure 22e) correlated positively with SPEI-12 in the Central (R² = 0.49*, p < 0.05) and 

Southern (R² = 0.60*, p < 0.05) regions. Warm Nights (TN90p, Figure 22h) showed significant 

negative correlations across all subregions (R² = 0.42*, p < 0.05), while the Cool Nights 

(TN10p) index (Figure 22g) did not display significant relationships. 

The Random Forest model reinforced these findings (Figure 6i), yielding R² values of 

0.47, 0.79, and 0.68 for the Northern, Central, and Southern regions, respectively. Variable 

importance rankings highlighted TX90p as the overwhelmingly dominant predictor of SPEI-12 

variability, followed by TX10p and TN90p, while all precipitation-related indices (CDD, CWD, 

R95p, SDII) contributed minimally. These results indicate that extreme heat events, particularly 

the frequency of hot days, exert the strongest influence on drought dynamics in the Pantanal, 

surpassing the role of precipitation extremes in shaping SPEI-12 variability. 

 

DISCUSSIONS 

Land-Use Change and Climate Variability: Implications for Hydrological Dynamics 

The Pantanal biome has been subjected to increasingly frequent and severe drought 

events, marked by multi-year precipitation deficits and prolonged water scarcity, producing 

extensive impacts on aquatic and terrestrial ecosystems (THIELEN et al., 2020). These impacts 

arise from the interplay between natural climate variability and anthropogenic pressures, 

particularly extensive land-use and land-cover transformations (DOS SANTOS et al., 2023b). 

Such transformations have driven profound changes in regional biodiversity, ecosystem 

dynamics, and resilience, undermining the capacity of the biome to recover from extreme 

hydrometeorological disturbances. 

Between 1985 and 2021, agricultural and livestock areas expanded by 373% 

(Figure 23a), while surface water bodies declined by approximately 80%, from 26,909.58 km² 

in 1985 to 5,397.92 km² in 2021 (Figures 23b–23c). These shifts represent not only the 

conversion of native vegetation into agro-pastoral lands but also the systematic degradation of 

wetland habitats (SOMOROWSKA, 2022). The replacement of natural vegetation, which 

supports dominant latent heat fluxes, with managed landscapes favoring sensible heat fluxes, 
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has altered the soil–plant–atmosphere energy balance (BIUDES et al., 2015, 2022b). Such 

alterations destabilize local and regional climate regimes, diminish evapotranspiration, and 

exacerbate hydrological stress, compounding the biome’s vulnerability to warming and 

drought. The fragmentation of aquatic and wetland habitats further reduces ecological 

connectivity and restricts the mobility of species dependent on floodplain and lacustrine 

environments, amplifying the ecological consequences of these shifts. 

 
Figure 23: Percent changes (a) in land use and cover. Maps illustrate changes in land use and cover between 1985 
(b) and 2021 (c). Time series (d) representing variations in land use from 1985 to 2021 in the Pantanal biome, 
Brazil. Vertical lines in (d) indicate change points in the time series for each land-use and cover class as identified 
by Pettitt’s homogeneity test. 
 

The temporal evolution of land-use change further underscores this linkage. Pettitt’s 

homogeneity test (Figure 23d) identifies a clear inflection between 1996 and 2002, marking the 

onset of accelerated conversion of wetlands to agricultural and non-vegetated areas, coinciding 
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with the escalation of extreme droughts and heat episodes in the early 2000s. This synchrony 

indicates that anthropogenic land-use transformations have likely intensified the sensitivity of 

the Pantanal to hydroclimatic extremes, both by directly reducing wetland storage and by 

altering surface energy and moisture fluxes, thereby amplifying hydrological deficit and 

ecosystem vulnerability (D’ACUNHA et al., 2024; TE WIERIK et al., 2021). 

Spatially explicit assessments of hydrological dynamics corroborate these changes 

(Figure 24). Normalized and absolute change metrics (Figures 24d–24e) show extensive losses 

in surface water across central and southern sectors of the biome, while occurrence and 

recurrence maps (Figures 24b–24c) indicate that persistent inundation is now largely restricted 

to river corridors and peripheral lagoons. The transition classification (Figure 24a) highlights 

critical zones where permanent or seasonal water bodies have shifted toward ephemeral or 

highly dynamic states, illustrating the instability of hydrological regimes. Seasonality data 

(Figure 24f) further reveal that most inundated areas now experience flooding for only one to 

four months annually, underscoring the disruption of flood pulse regularity. These patterns 

collectively demonstrate the erosion of wetland persistence and the transition toward shorter-

lived, more fragmented aquatic systems. 

 
Figure 24. Spatial metrics of hydrological variability in the Pantanal biome derived from the JRC Global Surface 
Water dataset. Panels show: (a) transition type classification indicating changes in water regime (e.g., loss or gain 
of permanent/seasonal water, emergence of ephemeral conditions); (b) occurrence (% of years with surface water); 
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(c) recurrence (% of months flooded annually); (d) normalized change in water presence between 1984–1999 and 
2000–2021; (e) absolute change in occurrence; and (f) average flood seasonality (months per year with surface 
water). 
 

These hydrological and land-use transformations coincide with the intensification of 

drought metrics observed in this study (Figure 19). Run Theory analyses indicate marked 

upward trends in drought duration, severity, and intensity since the 2000s, culminating in 

unprecedented extremes during 2020–2022, when drought events persisted for 25–30 months, 

cumulative SPEI deficits exceeded 60–70, and average intensities surpassed 2.5. These severe 

events are geographically concentrated in the Central and Southern Pantanal, overlapping with 

the sectors that experienced the steepest precipitation declines (VICENTE-SERRANO et al., 

2020), the most pronounced increases in hydrological deficit (E – P), and the highest warming 

rates (Figure 20a–d). In particular, the Aquidauana, Nabileque, and Paraguai subregions emerge 

as drought hotspots, where land-use pressures and hydroclimatic shifts converge to produce the 

most extreme SPEI-12 declines (Figure 20f). In contrast, the Northern Pantanal, notably around 

Cáceres, although affected, exhibits comparatively weaker drought trends (~–

0.325 SPEI decade⁻¹), reflecting a relatively higher hydrological resilience where surface water 

and wetland coverage persist. 

Although Bergier et al. (BERGIER et al., 2018) reported relatively stable mean annual 

precipitation between 1926 and 2016, they also identified a significant increase in the frequency 

of climate extremes during that period. These findings are consistent with the results of this 

study, which indicate a similar intensification of climate extremes, especially droughts and 

heatwaves, since the early 2000s, coinciding with more intense land-use changes in the 

Pantanal. Additional studies highlight marked reductions in flooded areas in the Northern 

Pantanal, with losses of up to 16% in just one decade, and prolonged periods of hydrological 

deficit, such as those recorded between 2019 and 2020, when precipitation was 64% below the 

historical average (FERREIRA BARBOSA et al., 2022; LÁZARO et al., 2020). These data 

point to a worrying increase in climate variability and its direct impact on regional water 

security, negatively affecting biodiversity and the ecosystem services essential for the survival 

and quality of life of local communities. 

Additionally, the increase in mean temperatures observed between 2001 and 2019, 

compared to the previous period (1981–2000), significantly contributed to intensifying extreme 

climate events in the Pantanal (CURADO et al., 2023; MARQUES et al., 2021). This warming 

enhances regional evaporation, directly increasing the hydrological deficit and amplifying both 

the frequency and duration of droughts. Furthermore, higher temperatures favor the occurrence 
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of wildfires, creating feedback cycles between adverse climate conditions and the degradation 

of local ecosystems. These conditions also affect the water retention capacity of water bodies, 

leading to hydromorphological changes that compromise the maintenance of the floodplain and 

its associated ecosystem services (MARENGO et al., 2021b). 

Although drought variability can be modulated by regional factors such as land-use and 

land-cover change, it is essential to consider the warming and/or cooling patterns of the Tropical 

Pacific and Atlantic Oceans. The interaction between local climate patterns and tropical oceanic 

conditions can play a significant role in shaping Pantanal's climate (THIELEN et al., 2020). 

Studies have demonstrated correlations between oceanic climate indices, such as the Pacific 

Decadal Oscillation (PDO), Atlantic Multidecadal Oscillation (AMO), Oscillation Niño Index 

(ONI), and Tropical Northern Atlantic (TNA), with rainfall anomalies and river levels in the 

Pantanal. However, these relationships generally show low consistency and lack a clear signal. 

Overall, there is no consistent correspondence between drought years in the Pantanal and the 

occurrence of El Niño events (MARENGO et al., 2021b). Previous research has also examined 

large-scale phenomena like ENSO without identifying a clear association with rainfall regimes 

and river levels in the region. 

On the other hand, the TNA index has proven particularly relevant, showing a consistent 

warming pattern since the mid-1990s and a clearer correspondence with drought periodicity 

(CABOS; DE LA VARA; KOSEKI, 2019; JIMÉNEZ-MUÑOZ et al., 2016). Thus, drought 

variability in the Pantanal seems to respond more directly to warming dynamics in the northern 

Atlantic Ocean, as indicated by the TNA and AMO índices (FERREIRA BARBOSA et al., 

2021; MARENGO et al., 2021b). This warming induces a northward shift of the Intertropical 

Convergence Zone (ITCZ), resulting in reduced rainfall over southern Amazonia and the 

Pantanal during summer (CABALLERO et al., 2025; LIU et al., 2022). This warming pattern 

contributes to the formation of low-pressure regions. In this context, a pressure gradient is 

established between these low-pressure areas and adjacent high-pressure regions, generating 

variations in wind patterns. These variations, in turn, alter the variability and position of 

atmospheric systems, potentially inducing negative precipitation anomalies (THIELEN et al., 

2020). 

Our analysis indicates an increase in the Pantanal’s vulnerability to extreme climate 

events, affecting both precipitation and air temperature. These changes impact seasonal 

fluctuations as well as the intensity and duration of droughts in the region. Our results highlight 

the importance of the variability of the Warm Days index (TX90p) in shaping drought patterns 

in the Pantanal. The increasing occurrence of hot days is elevating surface temperatures, 
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directly impacting the energy balance. This temperature rise intensifies the evaporation rate, 

indicating greater energy use (latent heat) to transform water into vapor, leaving a significant 

share of sensible heat in the system. This process, in turn, increases the regional water demand, 

as more water is needed to meet the intensified evaporation. In terms of water management, 

higher temperatures and evaporation rates imply a greater demand for water to maintain 

ecosystem balance, posing additional challenges for water resource management. This rising 

demand can significantly contribute to the intensification of drought extremes, given that water 

supply may not be sufficient to meet growing needs. 

 
Climate Challenges: Historical and Future Projections of Heat and Precipitation Extremes 

The recurrence and intensification of extreme climate events in the Pantanal, including 

persistent droughts and intense rainfall, are strongly tied to the progressive rise in atmospheric 

greenhouse gas (GHG) concentrations (MARENGO et al., 2021b). The continued increase in 

carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O) emissions constitutes a major 

forcing mechanism driving regional hydroclimatic variability (DALMAGRO et al., 2019; 

LIAO et al., 2024; NEUBAUER; MEGONIGAL, 2021), with projections suggesting 

significant amplification of both drought frequency and intensity, as well as more severe flood 

episodes in the coming decades (Figure 9). The interaction between anthropogenic GHG 

emissions and regional climate dynamics is expected to further disrupt established patterns, 

reinforcing trends already observed over recent decades. 

Simulations from the Coupled Model Intercomparison Project Phase 6 (CMIP-6) project 

substantial increases in heat-related extremes, particularly Warm Days (TX90p), across the 

Pantanal, contributing to a marked rise in the occurrence of heatwaves (DOS SANTOS et al., 

2023b; LIBONATI et al., 2022). The spatial anomalies of TX90p (Figure 9a–d) indicate 

widespread warming relative to the historical baseline (1981–2010), with intensities increasing 

progressively from the low-emission SSP126 scenario to the high-emission SSP585 pathway. 

Temporal projections (Figure 9e) further demonstrate steep upward trajectories in TX90p 

across all scenarios, with the steepest increases under SSP585 extending toward the end of the 

century. These shifts are of particular concern because heatwaves have been shown to correlate 

strongly with fire incidence; linear regression models indicate that up to 82% of the interannual 

variation in burned area in the Pantanal is explained by heatwave variability (SILVA et al., 

2022). Most of these fires are triggered during the dry season, when elevated temperatures 

exacerbate soil desiccation, vegetation flammability, and evaporation rates, while 
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anthropogenic ignition sources frequently initiate large-scale burn events (BARROS-ROSA et 

al., 2022; GEIRINHAS et al., 2018).  

 
Figure 25: Ensemble mean of the Warm Days index and SPEI-12 derived from 20 Global Circulation Models 
(GCMs) from CMIP-6. Variability of the Warm Days index (TX90p) in the Pantanal, considering different climate 
scenarios defined by the Intergovernmental Panel on Climate Change (IPCC). Panels a, b, c, and d illustrate the 
spatial variation of TX90p anomalies. Panel a highlight historical TX90p anomalies (1981–2010) from CMIP6 
simulations. Panels b, c, and d show anomalies relative to the historical period considering different SSP scenarios 
(SSP-126, SSP-245, SSP-585) during 2041–2060. Panel e offers a temporal view of the Warm Days index (TX90p) 
across all CMIP6 scenarios. Panels f, g, h, and i depict linear regressions between the Warm Days index (TX90p) 
and the drought index SPEI, considering all CMIP6 scenarios for the Pantanal biome. 
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The statistical relationships between TX90p and SPEI-12 across CMIP-6 scenarios 

(Figure 25f–i) further highlight the persistent role of extreme heat in shaping water balance 

dynamics in the Pantanal. Historically, TX90p displayed very strong, statistically significant 

negative correlations with SPEI-12, with R² exceeding 0.9 in several model realizations, 

confirming that increased hot-day frequency is tightly linked to intensified drought conditions. 

This association remains robust in future projections, with R² values above 0.8 even under 

SSP585, with only minor variations in regression slopes across scenarios that do not diminish 

the strength of these relationships. The low dispersion around the regression lines in all cases 

indicates that these projected relationships are consistent across models and pathways. 

Importantly, these findings are congruent with our observational analyses (Figures 21–22), 

where TX90p emerged as the dominant driver of drought variability, surpassing all 

precipitation-derived extremes in explanatory power. This convergence between historical and 

projected evidence suggests that the intensification of hot days will continue to act as the 

primary amplifier of drought stress in the Pantanal under advancing climate change. 

While TX90p dominates both historical and future drought dynamics, the role of 

precipitation-based extremes remains secondary in explaining drought variability in the 

Pantanal. Historical analyses show declining trends in rainfall intensity indices such as R95p 

and SDII since the mid-2000s (Figure 21c–d), as well as minimal correlation between these 

indices and SPEI-12 (Figure 22). Although other studies project potential increases in 

precipitation extremes across parts of Brazil (JEFERSON DE MEDEIROS; PRESTRELO DE 

OLIVEIRA; AVILA-DIAZ, 2022b), our analysis focuses exclusively on temperature-driven 

extremes, as no forecasts of precipitation indices were performed using CMIP-6 data. 

Consequently, Warm Days (TX90p) remains the most robust indicator of drought amplification 

both in past observations and future projections, while precipitation extremes, despite their 

potential regional impacts, contribute far less directly to drought severity and water balance 

dynamics in the Pantanal. 

The projected intensification of TX90p is further influenced by broader atmospheric 

circulation changes, notably the increasing frequency of extreme oscillations in the Atlantic 

Intertropical Convergence Zone (ITCZ). CMIP-6 models indicate that the frequency of such 

oscillations north of the ITCZ will approximately double, rising from one event every 20.4 years 

in the 20th century to one every 9.3 years in the 21st century (LIU et al., 2022). These 

oscillations are driven by a projected enhancement of the meridional temperature gradient in 

the tropical Atlantic, with accelerated warming in the northern hemisphere relative to the 
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southern hemisphere. This imbalance induces transequatorial wind anomalies and northward 

ITCZ shifts, processes that can suppress summer rainfall over southern Amazonia and the 

Pantanal (CABALLERO et al., 2025; LIU et al., 2022). These mechanisms, coupled with 

internal tropical Atlantic dynamics that operate independently of El Niño (MAKSIC et al., 

2022), are likely to exacerbate moisture deficits in the Pantanal (FERNANDES et al., 2024) 

while simultaneously enhancing flood risks elsewhere in South America (BERGIER et al., 

2018; ZANIN; SATYAMURTY, 2020). The duality of these impacts underscores the complex 

teleconnections that will shape regional hydroclimatic regimes in coming decades. 

Taken together, CMIP-6 projections indicate that the Pantanal will face compounding 

challenges as climate change progresses. Rising TX90p frequencies—historically the strongest 

predictor of drought severity (Figures 21–22) and projected to remain so (Figure 25)—are 

expected to elevate evaporative demand, reduce water availability, and heighten wildfire risk. 

Concurrently, projected changes in precipitation extremes, although less directly tied to 

SPEI-12 dynamics, will likely concentrate total rainfall into fewer but more intense events, 

complicating water resource management and flood mitigation (DA SILVA et al., 2023). These 

findings highlight the urgency of developing integrated adaptation and risk management 

strategies that account for the synergistic effects of heat extremes, shifting precipitation 

regimes, and large-scale circulation changes on the Pantanal’s ecosystems and socio-economic 

systems. 

 

CONCLUSIONS 

The Pantanal is experiencing a clear intensification of droughts, with SPEI-12 revealing 

persistent declines and Run Theory indicating that drought duration, severity, and intensity have 

all increased in recent decades, culminating in unprecedented multi-year events during 2020–

2022, especially in its Central and Southern regions. These changes are driven by the 

convergence of declining precipitation, rising temperatures, and extensive land-use 

transformation, including a 373% expansion of agricultural areas and an 80% reduction in 

surface water bodies since 1985. Warm Days (TX90p) emerges as the dominant driver of 

drought severity, historically and in CMIP-6 projections, while extreme rainfall indices 

contribute less directly to drought dynamics despite projected increases. 

These findings emphasize the urgency of integrated adaptation and mitigation strategies 

to protect Pantanal’s ecological and socio-economic systems. Priority actions include 

conserving and restoring wetlands, implementing water management plans that address rising 
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evaporative demand and increasingly concentrated rainfall, and strengthening fire mitigation 

measures tailored to intensifying heat extremes. By connecting observed trends with future 

projections, this study provides critical guidance for anticipating climate-related risks and 

informing policies that enhance the resilience of the world’s largest tropical wetland. 
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5 GENERAL CONCLUSION 

Os resultados desta tese demonstram a intensificação dos extremos climáticos na 

América do Sul, com destaque para o Pantanal, caracterizada pelo aumento de dias quentes, 

maior frequência e duração de secas (SPEI-12) e maior variabilidade da precipitação, incluindo 

chuvas intensas intercaladas por períodos secos. 

As análises revelaram que anomalias de temperatura da superfície do mar no Pacífico 

(ENSO) e no Atlântico (TNA/TSA) modulam diretamente esses padrões, interagindo com 

mudanças no uso e cobertura do solo, especialmente a expansão agropecuária e a redução das 

áreas úmidas, ampliando o déficit hídrico. 

As projeções climáticas (CMIP6) indicam o agravamento desses extremos sobre o 

Pantanal em todos os cenários futuros, reforçando a necessidade de estratégias de gestão 

hídrica, conservação ambiental e planejamento territorial. 

Assim, este estudo fornece subsídios técnicos e científicos relevantes para políticas de 

adaptação e mitigação, visando reduzir a vulnerabilidade socioambiental e proteger 

ecossistemas estratégicos como o Pantanal. 
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