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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 (Nifio 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.
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1. 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 [1]. The region contains a wide range of ecosystems,
including tropical forests, savannas, deserts, and mountain ranges, all of which face distinct
climate-related challenges [2]. 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 [3].
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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 [4]. Prolonged droughts exacerbate water scarcity, impacting agriculture
and energy generation, while floods can contaminate drinking water and damage critical
infrastructure [5]. 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 [6]. Heat waves further stress health systems, increase the risk of wildfires, and
contribute to the spread of vector-borne diseases like dengue and malaria [1]. Understand-
ing 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 [7].

Addressing the complexity of climate change requires comprehensive and interdisci-
plinary mitigation and adaptation strategies. Collaboration among experts from various
fields is critical, and decisions must be based on the best available scientific evidence [8].
However, the lack of tools to analyze long-term climate variables has limited our under-
standing of the global processes driving climate variability in South America [9]. 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.

Although several studies have examined climate extremes in different parts of South
America [10-13], few have explored the potential effects of sea surface temperature (SST)
anomalies or used unified datasets combining meteorological station data with interpola-
tion 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 [14]. 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 [15].

Sea surface temperature (SST) oscillations, particularly in the Pacific and Atlantic
Oceans, are key factors influencing extreme climate trends in South America [16]. The
ocean plays a critical role in the global climate system, affecting atmospheric conditions
and influencing temperature and precipitation patterns on continents. El Nifio and La Nifia
events, driven by Pacific SST variations, cause significant shifts in atmospheric pressure and
circulation, intensifying droughts and floods [17]. 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 [18].

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 precipita-
tion and temperature extremes and their links to SST anomalies in both the Pacific and
Atlantic Oceans.

2. Materials and Methods
2.1. 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) [19]. These regions represent distinct climate regimes and physiographic settings
and are designed to maximize coverage by climate model grid boxes (Figure 1). Climate
homogeneity is assessed based on temperature and precipitation gradients according to
the Koppen—Geiger climate classification, as well as precipitation seasonality (Table 1).
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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
ARG6) 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).
. Precipitation .
Region Coverage Area . Atmospheric Systems
Seasonality
Oceanic and atmospheric
conditions—ENSO episodes in the
. . Pacific Ocean and/or at an intense
Northeast South . Highs in summer/autumn o
NES . Northeast Brazil L meridional sea surface
America and lows in winter .
temperature gradient over the
tropical Atlantic—High-Level
Cyclonic Vortex Episodes
Northern Brazilian
Amazon, Eastern Colombia Rainfall well distributed
Northern South § aintall well distribute L3
NSA America and Venezuela, Guyana, throughout the year (no Seasonal meridional movement of
Suriname and French drought). However, some the Pacific-Atlantic Intertropical
Guiana locations do not have a Convergence Zone—Bolivian
; Upper
Northwest South Peru, Ecuador and clear rainy and dry season. pp

NWS America Colombia
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Table 1. Cont.

. Precipitation .
Region Coverage Area Seasonality Atmospheric Systems
Transport of moisture from the
Amazon by the action of the South
South, Southeast and part American Low-Level
SES Southeast South of the Brazilian Midwest, =~ Highs in summer and lows Jet—Mesoscale convective
America Paraguay, Uruguay and a in winter systems—Surface cyclonic
large part of Argentina systems—Frontal
systems—Instability lines—South
Atlantic Convergence Zone
SSA Southern ,SOUth Extreme South O.f It depends on the position of the
America Argentina and Chile Highs in winter and lows South Pacific Subtropical
SWS Southwest South Southern Peru and almost in summer Anticyclone—an orographic
America all of Chile barrier caused by the Andes.
Seasonal meridional movement of
. the Pacific and Atlantic
. Southern Brazilian . -
South American A rainy season from Intertropical Convergence
SAM Amazon and part of the .
Monsoon . .. October to March Zone—Bolivian Upper—South
Midwest and Bolivia .
American Monsoon—South
Atlantic Convergence Zone
2.2. Data
Daily precipitation, maximum and minimum air temperature, and monthly sea sur-
face temperature (S5ST) 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 Nifio
1+2, Nifio 3, Nifio 3.4, Nifio 4, Oceanic Nifio Index (ONI), Tropical Northern Atlantic (TNA)
and Tropical Southern Atlantic (TSA) (Figure 2).
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Figure 2. Location of the ENSO (Nifio 1 + 2, Nifio 3, Nifio 3.4, and Nifio 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 [20,21]. The
NOAA Extended Reconstruction Sea Surface 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 [22,23].
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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.

Spatial Temporal

Variable Dataset . Period Source/Reference
Resolution Scale
o CPC—Global 1 January 1979 to .
Precipitation Precipitation 0.5 x 0.5 31 December 2020 Daily NOAA /Sun et al. [21]
Max-Min CPC—Global 05 x 05 1 January 1979 to Dail NOAA /CPC/Nashwan et al.
Temperature Temperature ’ ’ 31 December 2020 y [20]
Sea Surface 1 January 1979 to
Temperature NOAA ERSST V5 25x25 1 December 2020 Monthly NOAA /Huang et al. [22]
2.3. Climate Extremes 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 [7].
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 [24].
Table 3. Description of extreme climate indices for precipitation and air temperature for the IPCC
ARG climate reference regions in South America. Tmax: maximum temperature; Tmin: minimum
temperature; RR: daily precipitation; PRCP: total precipitation.
Variable Index ID Definition Units
Number of heavy precipitation
days R10mm Annual count of days when PRCP > 10 mm days
Number of very heavy
. R20mm Annual count of days when PRCP > 20 mm days
precipitation days
Number of days above nn mm R30mm Annual count of days when PRCP > 30 mm days
g Max 1-day precipitation Rxlday Annual max 1 day precipitation mm
= amount
% Max 5-day precipitation Rx5day Annual max 5-day precipitation mm
o amount
a Wy
Annual total wet day PRCPTOT ~ Annual total PRCP in wet days—RR > Tmm  mm
precipitation
. ao - Annual total precipitation divided by the
Simple daily intensity index SDII number of wet days—PRCP > 1 mm mm/day
Precipitation on very wet days R95p Annual total precipitation (PRCP) when RR. mm

95th percentile
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Table 3. Cont.

Variable Index ID Definition Units
. PreCIpltatlon(;):ye;xtremely wet R99p Annual total PRCP when RR. 99th percentile mm
S
g . Max number of consecutive days
E Consecutive wet days CWD when RR > 1 mm days
Q)
ke .

& . Max number of consecutive days
Consecutive dry days CDD when RR < 1 mm days
Warmest Day TXx Annual Maximum value of daily max oC
temperature
Warmest Night TNx Annual Maximum value of daily min oC
temperature
Coldest Day TXn Annual Minimum value of daily max oC
temperature
Coldest Night TNn Annual Minimum value of daily min oC
@ temperature
*g Diurnal Temperature Range DTR Daily Tmax—Daily Tmin °C
2. Annual count of days with a least
E, Warm spell duration WSDI 6 consecutive days when Tmax > 90th days
i percentile
Annual count of days with a least
Cold spell duration CSDI 6 consecutive days when Tmin < 10th days
percentile
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

2.4. Data Analysis

Trends in climate extremes were analyzed using the non-parametric Theil-Sen esti-
mator [25], which is robust against non-normal data distributions [26]. 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 [27].
Correlations between SST anomalies and extreme climate indices were calculated using
Pearson’s correlation coefficient [28]. The significance of these correlations was adjusted
for autocorrelation effects by estimating the effective degrees of freedom [29].

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 [30].

3. Results
3.1. Trend of Extreme Indices

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 (Figures 3 and 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
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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—ARS6) 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
(TNXx) (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) (1) over the climate
reference regions of the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC—AR®6) 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 RI0mm, the maximum one-
day precipitation (RX1day) increased by 1.51 mm/year. The region also experienced a
significant reduction in consecutive wet days (CWD), contributing to longer dry spells
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(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 char-
acterized 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 fre-
quency 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).

3.2. 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 (R10mm, R20mm, R30mm) showed a leftward shift, indicating fewer days with
intense rainfall in recent decades. For instance, R1I0mm 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).

For temperature extremes, the PDFs of warmest day (TXx), coldest day (TXn), and
coldest night (TNn) shifted rightward, indicating an overall increase in temperature ex-
tremes. The diurnal temperature range (DTR) also increased each decade, with a mean
rise of 0.41 °C 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).
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Figure 5. Probability density function (PDF) of the annual frequency of the following extreme
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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
(TNXx) (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) (1).

3.3. Extremes Indices and Sea Surface Temperature (SST)

Extreme precipitation events across South America (SA) showed significant correla-
tions with sea surface temperature (S5T) 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 Nifio 3.4 region was clearly defined (Figure 7), particularly
in the northern (NSA), northeastern (NES), and southeastern (SES) regions of the conti-
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nent, where strong correlations were observed between Pacific SST anomalies and extreme
precipitation events.
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Figure 7. Pearson correlations between Pacific SST anomalies in the Nifio 3.4 region and extreme
precipitation indices: number of heavy precipitation days (R10mm) (a); number of very heavy pre-
cipitation 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 Intergovern-
mental Panel on Climate Change (IPCC—AR®6) 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
Nifia events, especially when combined with the negative phase of the Atlantic Dipole
(Figures 7 and 9). There were also some relationships with neutral climate phases, though
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these were less consistent. In the Atlantic Ocean, correlations between SST anomalies and
precipitation 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).
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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—AR®6) 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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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, and PRCPTOT exhibited their maximum values during La Nifia events
combined with the negative phase of the Atlantic Dipole. On the other hand, SDII increased
during La Nifia events associated with the positive phase of the Atlantic Dipole (Figure 9).
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Figure 9. Relationship between sea surface temperature (SST) anomalies in the Pacific Ocean
(Nifio 3.4), Northern and Southern Atlantic Ocean sectors (TNA) (TSA), and extreme climate precipi-
tation 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
(Rxlday) (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.
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In contrast, extreme precipitation indices tended to decrease during neutral SST
periods and El Nifio 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 Nifio
events associated with a positive Atlantic Dipole phase (Figure 9).

It is important to note that regional responses to El Nifio, La Nifia, and Atlantic Dipole
events vary, with different degrees of association. Generally, extreme precipitation indices
reached their highest values during La Nifia 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
(Nifio 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 Nifio 3.4 region, with higher positive correlations in SES and SAM, and considerable
spatial variability in these regions (Figures 10c and 11d).

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).

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 Nifio events,
regardless of the Atlantic Dipole phase (Figure 12). Cold extremes were more pronounced
during La Nifia 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.
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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) (1) over the climate
reference regions of the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC—ARG6) 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) (1) over the climate reference regions of the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC—ARG6) 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 12. Relationship between sea surface temperature (SST) anomalies in the Pacific Ocean
(Nifio 3.4), Northern and Southern Atlantic Ocean sectors (TNA) (TSA), and extreme climate tem-
perature 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 South America from 1979 to 2020.

4. Discussion
4.1. 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 [9]. 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
ARG [31].
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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 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 [32]. 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 [33]. 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 [34,35].

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 [36,37]. 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 [38].

Deforestation in the Amazon Basin over recent decades has had significant implications
for regional atmospheric circulation and moisture transport [13]. 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) [39]. 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 [40].

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 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,
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disease outbreaks, and higher energy demand, all of which have implications for urban
planning and public health systems [35].

4.2. 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 predic-
tions help improve our understanding of climate impacts and are influenced by several
factors, including teleconnections, which refer to relationships between sea surface temper-
ature (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 Nifio 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 [41]. In the upper atmosphere (200 hPa), El Nifio 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 [42]. However, during El Nifio, this system weakens, which reduces rainfall over
the Amazon Basin [43]. When the BH is properly configured, it plays a crucial role in
transporting moisture and sustaining precipitation in the Amazon [44].

Additionally, during intense El Nifio events, the jet stream over southern South Amer-
ica 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 [45]. Furthermore, the
trough along the northeastern coast of South America shifts deeper over the South Atlantic
during El Nifo (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) [46].

At mid-level (500 hPa), the semi-permanent South Atlantic High (SASH) usually
remains well-defined (Figure 13c). However, during El Nifio 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 typically acts as a barrier to precipitation [47]. 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 Nifio, which can enhance moisture transport and increase
rainfall in southern Brazil (Figure 13f).

In contrast, La Nifia episodes exhibit opposite climate patterns [48]. During La Nifia,
the Bolivian High intensifies and shifts westward toward the Pacific coast (Figure 13c),
encouraging the formation of convective clouds and promoting heavy precipitation [49].
At upper levels, subtropical jets over southern Brazil weaken, allowing cold fronts to move
into the region more easily, leading to temperature extremes [50]. 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 Nifia 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).
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Figure 13. Atmospheric circulation climatology (a,d,g) and observed atmospheric circulation under
El Nifio (b,e,h) and La Nifa (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~!. The climatology
period is from 1981 to 2010, while the observed data refers to the mean composites of the intense
El Nifio events in 1982-1983, 1997-1998, and 20152016, and La Nifa in 1988-1989, 1999-2000, and
2010-2011 in the December—January—February (DJF) quarter.

During La Nifia 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 [50]. At mid-levels (500 hPa),
the semi-permanent South Atlantic High (SASH) is positioned over the continent during
both El Nifio and La Nifia 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 [51]. At surface levels (850 hPa), during La Nifia, the SASH
center moves closer to the coast, with intensified circulation extending from the southeast
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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 Nifio (b,e,h) and La Nifa (¢ 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~!. The climatology
period is from 1981 to 2010, while the observed data refers to the mean composites of the intense
El Nifio events in 1982-1983, 1997-1998, and 2015-2016 and La Nifia in 1988-1989, 1999-2000, and
2010-2011 in the June-July—August (JJA) quarter.
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Figure 15. Climatology (blue vectors) and anomaly (red vectors) of vertical wind velocity between
5 °S and 15°S during El Nifio (a) and La Nifia (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 Nifio (c) and La Nifa (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 Nifio
(e) and La Nifa (f) events in the DJF quarter. (g,h) Air temperature anomalies over the continent
between 5 °S and 15 °S during El Nifo (g) and La Nifa (h) events in the DJF quarter. Data correspond
to the composite averages of El Nifio (1982-1983, 1997-1998, and 2015-2016) and La Nifa (1988-1989,
1999-2000, and 2010-2011) events in the DJF quarter.

El Nifio weakens upward vertical motion in the region between 5°S and 15°S, en-
hancing subsidence and causing negative precipitation anomalies and higher temperatures
(Figure 15a,c,e,g). During La Nifia, vertical motion intensifies, favoring deep convection
and leading to above-average rainfall (Figure 15b,d,f,h). However, La Nifia 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 precipi-
tation and temperature anomalies during ENSO phases in northern and southern South
America. El Nifio is generally associated with negative precipitation anomalies in the
north and positive anomalies in the south, while La Nifia exhibits the opposite pattern [52].
ENSO profoundly influences South America’s climate by modulating a complex array of



Earth 2024, 5

867

)

Pressure Levels (hPa

0

Pressure Levels (hPa)

meteorological processes, including coastal convection, Walker circulation variations, and
atmospheric circulation anomalies associated with the Rossby wave train [16].

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 Nifio events (Figure 16a,c). This
downward motion likely suppressed deep convection and cloud formation, leading to neg-
ative precipitation anomalies, although these anomalies were relatively small in magnitude
(Figure 16e). In contrast, positive air temperature anomalies were observed (Figure 16g).
During La Nifia, a similar descending vertical motion pattern was observed in the same
region (Figure 16b,d), influencing both precipitation and air temperature anomalies. How-
ever, it is important to note that the magnitudes of these anomalies during La Nifia were
closer to normal (Figure 16fh).
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Figure 16. Climatology (blue vectors) and anomaly (red vectors) of vertical wind velocity between
5 °S and 15 °S during El Nifo (a) and La Nifia (b) events in the June-July-August (JJA) quarter. (c,d)
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4.3. 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 [53]. 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 anoma-
lous surface wind and pressure patterns also influence the north-south migration of the
ITCZ [54].

The South Atlantic Subtropical Dipole (SAD) is the dominant ocean-atmosphere vari-
ability pattern in the South Atlantic [55]. This dipole, oriented northeast-southwest, has
centers of action over the tropical and extratropical South Atlantic (SSTA and SESA, respec-
tively) [56]. The SAD is closely linked to the variability of the South Atlantic Subtropical
High (SASH), which modulates atmospheric circulation and the oceanic mixed layer [57].
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 [58].

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 [47]. 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 [59].

El Nifio impacts the tropical Atlantic by warming the tropical North Atlantic, typically
from late boreal winter to early spring [60]. This warming is driven by the tropospheric
temperature mechanism and teleconnections via the Pacific/North American (PNA) pat-
tern [61]. During El Nifo, the Atlantic Walker circulation strengthens in response to equato-
rial Pacific warming generating strong easterly winds over the equatorial Atlantic, which
result in cold SST anomalies in the tropical South Atlantic. 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 [62]. 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 [63]. 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 [64].

The interaction between El Nifio 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 [65]. Conversely, the South
and Southeast regions of South America may experience increased rainfall. During La
Nifia, 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 [66].
However, if La Nifa coincides with a negative dipole (TNA < TSA), the Northeast and
Amazon may see more rainfall, while the southeast experiences drought.
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During La Nifia, South American precipitation is strongly linked to variability in the
South Tropical Atlantic (TSA), while El Nifio 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 [66]. During El Nifio and positive Dipole years,
moisture largely comes from the TSA, while during La Nifia and negative Dipole years, the
North Atlantic becomes the main moisture source [64].

5. Conclusions

South America is undergoing substantial changes in climate extremes, with notable
shifts in both precipitation and temperature patterns. A general decline in annual precipita-
tion 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 (55T) 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 Nifio and La Nifia. La Nifia events are associated with
higher rainfall frequency and intensity in the northern and northeastern regions, while El
Nifio 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 Nifio 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 mech-
anisms 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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