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Abstract: The Brazilian Midwest has significant spatiotemporal variability in terms of precipitation
and air temperature, making it more vulnerable to the occurrence of extreme weather events. The
objective of this study is to characterize the trend of extreme climatic events regarding precipitation
and air temperature in the Brazilian Midwest, and to analyze their relationship with Pacific and
Atlantic Sea Surface Temperature anomalies (SSTAs). We used daily precipitation and air temperature
data measured at 24 conventional weather stations. Pacific and Atlantic SSTA data were obtained
from the Climate Prediction Center. The frequency of hot extremes had increased, while that of
cold extremes had decreased significantly, thus highlighting the consistent warming across the
Brazilian Midwest. The precipitation extremes had greater variability than the temperature extremes.
Precipitation intensity increased in Amazonia, with no change in annual precipitation volume. The
precipitation extremes in the Brazilian Savanna, Pantanal, and the Atlantic Forest did not have a well-
defined pattern but indicated a trend towards a decrease in days with intense precipitation events. In
general, the Equatorial Pacific and Atlantic Ocean (TNAI and TSAI) SSTAs were negatively correlated
with precipitation extreme indices and positively correlated with air temperature extreme indices in
the Amazon. However, the North Atlantic SSTAs were positively correlated with precipitation and
air temperature extreme indices in the Brazilian Savanna and Pantanal. In addition, the Pacific SSTAs
were positively correlated with precipitation intensity in the Atlantic Forest. Thus, the variability of
the trends of precipitation and air temperature extreme indices in the Brazilian Midwest was observed,
and it was surmised that this measure was significantly related to Pacific and Atlantic SSTAs.

Keywords: South America; SST anomalies; precipitation; air temperature; climate variability

1. Introduction

The Brazilian Midwest contains diverse, natural tropical ecosystems, which predom-
inantly consist of the Amazon, Brazilian Savanna, Pantanal, and Atlantic Forest biomes,
and is characterized by complex climate variability [1]. These systems provide ecological
resources and services, as well as valuable benefits to human systems (e.g., socioeconomics
and livelihoods) regionally [2]. The suitability of this region’s climate makes it one of the
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largest producers of meat, soybeans, cotton, corn, sugarcane, and rice in Brazil [3]. Unfor-
tunately, these systems have been, and will continue to be, exposed and thus vulnerable
to a wide range of hazards that emerge from changes in the conditions of the physical
climate system [2]. These changes can be characterized by extreme climate events (e.g., heat
waves, cold waves, dry spells, etc.) corresponding to specific essential climate variables [4],
including precipitation and temperature. The occurrence of these extreme events has been
more frequent and intense/severe in recent years, which has spurred the need to better
understand their spatial and temporal variability and characteristics (duration, frequency,
and severity) since such events can lead to wildfires, floods, drought, the loss of property,
the loss of infrastructure, human health impacts, severe decreases in crop and animal
production, and reduced economic stability [5–7], thus necessitating a better understanding
of the region’s climate extreme trends to plan adaptation and mitigation strategies.

The assessment of climate extremes has been the focus of many regional and global
studies as they can directly and indirectly be related to the vulnerability of natural and
human systems to climate impacts. Climate extremes, as defined by the IPCC, are events
concerning the occurrence of unusual values/magnitude of observed essential climate
variables [2], and they are related to Climatic Impact-Drivers (CID) that evaluate climate
conditions that affect a component of society or ecosystems. Changes in these extremes
(magnitude and frequency), which can be computed using several indices that can allow
for the characterization of their variability and trends [7], can directly lead to changes
in impact [8]. Thus, studying the variability of these extremes can provide guidance for
the management of natural disasters [9]. Some tools have been developed to efficiently
calculate major climate extreme indicators, including the ClimDex, which was developed
as an outcome of the recommendations made by the World Climate Research Program
(WCRP) of the World Meteorological Organization (WMO) [10].

Large-scale circulation patterns modify weather patterns and are related to the gradi-
ents of Sea Surface Temperature (SST) anomalies over the Equatorial Pacific (El Niño South-
ern Oscillation—ENSO) and Atlantic (Atlantic Dipole) oceans [11,12]. SST is a causative
factor of global climate variation, and ocean–atmosphere interactions interfere with atmo-
spheric circulation patterns on a global scale, thus causing changes in temperature and
precipitation over continents [13]. Therefore, the oceans play an extremely important role
in the planet’s climate [14]. Among the events caused by the variation in the Pacific SST, El
Niño (warm phase) and La Niña (cold phase) are the best known for causing fluctuations in
atmospheric pressure at sea level and providing changes in atmospheric circulation, which
favor the intensification of extreme drought and flood events [13]. On the other hand, the
Atlantic Dipole is an SST anomaly in the North and South sectors of the Atlantic Ocean,
which has two phases (positive and negative). The positive phase presents positive SST
anomalies in the North Atlantic sector and negative in the South sector, and an inversion in
the pattern of anomalies occurs in the negative phase [15].

Several studies have indicated the existence of climate change based on trends in
climate extreme indices in South America [16–21]; however, few of them have considered
the regional variability in the Brazilian Midwest. In addition, these studies used monthly
and annual averages across the region and disregarded daily data [7] as well as large-scale
phenomena such as SST anomalies. Thus, this study has been motivated by the lack of
characterization of the precipitation and temperature extreme indices of this region. The
goal of this study is to provide a clear depiction of the observed physical climatic changes in
the region that can inform (or be used for) hazard, vulnerability, and adaptation assessment
studies for the Brazilian Midwest that focus on periods since 1970. The objective of this
study was to (i) evaluate climate extreme indices based on temperature and precipitation
(as identified by the IPCC report [2]), (ii) identify the historical changes and trends of these
climate extreme indices, and (iii) assess the ability of the SST of the Pacific and Atlantic
oceans to depict/predict the changes in these indices. The results of this study can be
used by decision-makers and resource managers for developing practices and policies that
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can enhance mitigation and adaption efforts in the Brazilian Midwest, South America in
general, and elsewhere.

2. Materials and Methods
2.1. Study Area

The Brazilian Midwest is in the central region of South America (Figure 1), comprising
the states of Mato Grosso (MT), Mato Grosso do Sul (MS), Goiás (GO), and Distrito Federal
(DF). This region is approximately 135.4 × 106 km2 in area; is at an altitude from 47 to
1674 m; comprises the Brazilian Savanna (57%), Amazon (30%), Pantanal (9%), and Atlantic
Forest (4%) biomes; and the climate has temperature and precipitation gradients that lead to
the formation of the following climatic zones: Aw (tropical with dry winter), Am (tropical
humid), Cwa (subtropical with dry winter and hot summer), and Cfa (subtropical with hot
summer) according to the Köppen–Geiger classification [22].
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Figure 1. Location of Conventional Weather Stations, climates, and biomes of the Brazilian Midwest,
and areas of operation of ENSO (Niño 1 + 2, Niño 3, Niño 3.4 and Niño 4) in the Equatorial Pacific,
and Atlantic Dipole (TNAI and TSAI) in the Tropical Atlantic.

2.2. Data
2.2.1. Precipitation and Temperature Data

Daily precipitation and maximum and minimum air temperature data for the 1979 to
2019 period were obtained from 24 conventional weather stations from the Meteorological
Database for Teaching and Research (BDMEP) [23] of the Brazilian National Institute
of Meteorology (INMET) (Table 1). All conventional weather stations with available
data from 1979 to 2019 were used in this study. The inclusion of areas with limited
meteorological data from conventional weather stations did not affect the quality of the
findings in this study, since the World Meteorological Organization (WMO) has established
that the horizontal interval between stations should not exceed 250–300 km in regions with
a sparse distribution of stations [24].
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Table 1. Characterization of the conventional meteorological stations, WMO codes, ID, sites, biomes,
climates, latitudes, longitudes, and elevations in the Brazilian Midwest.

WMO Code ID Sites Biome Climate Latitude
(degree)

Longitude
(degree)

Elevation
(m)

83368 1 Aragarças—GO Brazilian Savanna Aw −15.9 −52.23 345
83377 2 Brasília—DF Brazilian Savanna Cwa −15.78 −47.93 1159.54
83270 3 Canarana—MT Brazilian Savanna Aw −13.47 −52.27 430
83526 4 Catalão—GO Brazilian Savanna Cwa −18.18 −47.95 840.47
83361 5 Cuiabá—MT Brazilian Savanna Aw −15.61 −56.1 145
83309 6 Diamantino—MT Brazilian Savanna Aw −14.4 −56.45 286.3
83379 7 Formosa—GO Brazilian Savanna Aw −15.53 −47.33 935.19
83423 8 Goiânia—GO Brazilian Savanna Aw −16.66 −49.25 741.48
83374 9 Goiás—GO Brazilian Savanna Aw −15.91 −50.13 512.22
83522 10 Ipameri—GO Brazilian Savanna Aw −17.71 −48.16 772.99
83464 11 Jataí—GO Brazilian Savanna Aw −17.88 −51.71 662.86
83319 12 Nova Xavantina—MT Brazilian Savanna Aw −14.7 −52.35 316
83565 13 Paranaíba—MS Brazilian Savanna Aw −19.75 −51.18 331.25
83376 14 Pirenópolis—GO Brazilian Savanna Aw −15.85 −48.96 740
83702 15 Ponta Porã—MS Brazilian Savanna Cfa −22.53 −55.53 650
83332 16 Posse—GO Brazilian Savanna Aw −14.1 −46.36 825.64
83358 17 Poxoréo—MT Brazilian Savanna Aw −15.83 −54.38 450
83470 18 Rio Verde—GO Brazilian Savanna Aw −17.8 −50.91 774.62
83264 19 Cláudia—MT Amazon Forest Aw −12.2 −56.5 415
83214 20 Matupá—MT Amazon Forest Am −10.25 −54.91 285
83405 21 Cáceres—MT Pantanal Aw −16.05 −57.68 118
83552 22 Corumbá—MS Pantanal Aw −19.01 −57.65 130

83364 23 Sto Ant. de
Leverger—MT Pantanal Aw −15.78 −56.06 140

83704 24 Ivinhema—MS Atlantic Forest Aw −22.3 −53.81 369.2

2.2.2. SST Anomalies Indices

Six different SST-based anomalies have been used in this study. The values of these
anomalies were obtained from the Climate Prediction Center (CPC) of the National Oceanic
and Atmospheric Administration (NOAA). The selected SST-based indices include the
Niño 1 + 2 (0–10S, 90W–80W), Niño 3 (5N–5S, 150W–90W), Niño 3.4 (5N–5S, 170W–120W),
Niño 4 (5N–5S, 160E–150W), ONI (5N–5S, 170W–120W), TNAI (5.5N–23.5N, 15W–57.5W),
and TSAI (Ecuador-20S, 10E–30W) (Figure 1). The Oceanic Niño Index (ONI) uses the
Niño 3.4 region and is calculated from the 3-month moving average of SST anomalies from
NOAA Extended Reconstructed Sea Surface Temperature (SST) V5 [25].

2.3. Climate Extreme Indices

This study evaluated the interannual variability and long-term trends in extreme
events’ characteristics in terms of magnitude/severity, duration, and frequency by focusing
on extreme warm and cold (i.e., temperature-based extremes) as well as extreme wet and
dry (i.e., precipitation-based extremes) events from 1979 to 2019. Changes in the frequency
of occurrence of heavy precipitation events that exceeded daily amounts of 10, 20, and
50 mm were assessed, as well as maximum amounts that occurred in 1- or 5-day events
and those that exceeded 95th or 99th percentiles. Other changes in precipitation events
that have been considered are related to the persistence of these events. In other words,
assessment of consecutive wet or dry periods can allow for the determination of whether
precipitation events have been occurring in short periods as well as the periods between
them. Assessment of extremes often involves the evaluation of the tails of the distributions
using non-parametric approaches to identify the extreme events.

Similarly, the study evaluated the duration, frequency, and severity of temperature ex-
tremes in terms of maximum and minimum day and night temperature and the consecutive
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number of days with warm (temperature exceeds the 90th percentile) or cold (temperature
is less than the 10th percentile) spells based on the 1979–2019 period.

Following the recommendation of the World Climate Research Group (WCRP) [26],
this study selected and calculated a number of indices. This study also utilized a tool
that was jointly developed by the WCRP and the Canadian Meteorological Service (CMS)
research departments [27] to calculate these indices. This tool is referred to as RClimDex
(version 1.0), and it is based on R language. The RClimDex calculates 27 climate extreme
indices derived from temperature and precipitation based on Climate Change Detection
Monitoring and Indices (ETCCDMI). In this study, we have evaluated 22 indices most
suitable for the climatology of the Midwest region of Brazil. Specifically, the study evaluated
11 indices derived from precipitation and 11 from air temperature, as listed in Table 2. More
details about how these indices were calculated can be found in [28].

Table 2. Description of precipitation and air temperature climate extreme indices for the Brazilian
Midwest. Tmax: Maximum Temperature; Tmin: Minimum Temperature; PRCP: Daily Precipitation.

Variable Group Index ID Definition Units

Pr
ec

ip
it

at
io

n

T
hr

es
ho

ld

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 with
precipitation above 50 mm R50mm Annual count of days

when PRCP ≥ 50 mm days

A
bs

ol
ut

e Maximum 1-day precipitation
amount Rx1day Annual maximum 1 day precipitation mm

Maximum 5-day precipitation
amount Rx5day Annual maximum 5-day precipitation mm

O
th

er

Annual total wet day
precipitation PRCPTOT Annual total precipitation

in wet days PRCP ≥ 1 mm mm

Simple daily Intensity Index SDII Annual total precipitation divided by the
number of wet days—PRCP ≥ 1 mm mm/day

Pe
rc

en
ti

le Precipitation on very wet days R95p Annual total precipitation
when PRCP > 95th percentile mm

Precipitation on extremely
wet days R99p Annual total precipitation when

PRCP > 99th percentile mm

D
ur

at
io

n Consecutive wet days CWD Maximum number of consecutive days
when PRCP ≥ 1 mm days

Consecutive dry days CDD Maximum number of consecutive days
when PRCP < 1 mm days

A
ir

te
m

pe
ra

tu
re

A
bs

ol
ut

e

Warmest Day TXx Annual Maximum value
of daily maximum temperature

◦C

Warmest Night TNx Annual Maximum value
of daily min temperature

◦C

Coldest Day TXn Annual Minimum value
of daily maximum temperature

◦C

Coldest Night TNn Annual Minimum value
of daily min temperature

◦C

Diurnal Temperature Range DTR Daily Tmax—Daily Tmin ◦C

D
ur

at
io

n Warm spell duration WDSI
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

Pe
rc

en
ti

le 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 %
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2.4. Statistical Analysis

Quality control of climate data was performed to identify missing data, manual typing
errors, and outliers [27,29]. Negative daily precipitation was removed, and daily maximum
and minimum temperatures were defined as absent when the daily maximum temperature
was lower than the daily minimum temperature. Outliers in daily maximum and minimum
temperature were also identified and set to absent when they were 4 × std (standard
deviations) from the climatological normal. Quality control processes were conducted
using the RClimdex tool.

Trends in climate extreme indices are usually calculated by the non-parametric Mann–
Kendall (MK) test [30]. A positive MK test value indicates a positive trend, while a negative
value indicates a negative trend. The assumption of the MK test is that the time series has
independent and randomly distributed data, which was verified using the Autocorrelation
Function (ACF). As the dataset is autocorrelated, the magnitude of trends in climate
extreme indices was calculated using the Theil–Sen method, which is insensitive to outliers
and can be significantly more accurate than simple linear regression for distorted and
heteroscedastic data [31], and the significance of these trends’ magnitude was calculated by
the Modified Mann–Kendall (MMK) test [32].

The Kernel Probability Density Function (PDF) was used to identify probable changes
in the mean, variability, and asymmetry of the data distributions in relation to the patterns
of precipitation and air temperature climate extreme indices. To assess the changes in the
PDF, the data were split into 4 decades: 1979–1989, 1990–1999, 2000–2009, and 2010–2019.
Kernel PDF is a statistical analysis technique used to model the probability distribution
of a random, usually continuous variable, using a smooth function (known as the kernel)
to approximate the shape of the probability distribution. The aim of the Kernel PDF is
to produce a non-parametric estimate of the probability distribution, without assuming
a specific shape for the underlying distribution [33]. Moreover, Pearson’s correlation
and its significance according to the Student’s t test were used to assess the relationship
between the precipitation and air temperature extreme indices with the SST anomalies [11].
The effective degrees of freedom (EDOF) of correlations between variables of different
characteristics can be estimated from autoregressive properties in both databases [34,35].
We estimated the EDOF using the method proposed by [36].

3. Results
3.1. Precipitation Extremes
3.1.1. Spatiotemporal Variability

The number of days with heavy precipitation (R10mm) had a negative trend in 25%
of the weather stations, with the highest negative trend in Goiás (ID 9; 0.47 day year−1)
(Table 3 and Figure 2A), while the rest of the stations had no change over the last 40 years.
The negative trend in R10mm was mainly in the western part of the Midwest. The number
of days with very heavy precipitation (R20mm) showed mostly no change across the study
region, except for four stations: two stations had a positive trend and two had a negative
trend (Figure 2B). The number of days with precipitation above 50 mm (R50mm) had a
positive trend in 25% of the sites, with the highest at Matupá (ID 20; 0.29 day year−1)
(Figure 2C).

The maximum 1-day precipitation amount (Rx1day) index had a positive trend in 17%
of the sites, with the highest at Matupá (ID 20; 2.02 mm year−1) (Figure 2D). However, the
maximum 5-day precipitation amount (Rx5day) had a mostly positive trend (Figure 2E).
For example, Rx5day had positive trends in the North, Central, and South regions of the
Midwest and negative trends in the East. The highest significant positive trend of Rx5day
was at Matupá (ID 20; 2.99 mm year−1), which is in the central Midwest, and the highest
negative trend was at Goiás (ID 9; −2.00 mm year−1) in the western of the Midwest. The
total annual amount of precipitation on wet days (PRCPTOT) had a positive trend only at
Diamantino (ID 6; 6.93 mm year−1), and most negative trends were observed in the east
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part of the Midwest, with the highest values observed at Goiás (ID 9; −17.20 mm year−1)
(Figure 2F).

Table 3. The percentage of stations with significant positive or negative trends and no trend of the
precipitation and air temperature climate extreme indices according to the Mann–Kendall test for the
Midwest region of Brazil from 1979 to 2019.

Index Units
% of Stations
with Positive

Trend

% of Stations
with Negative

Trend

% of Stations
with No Trend

Precipitation

R10mm days 0 25 75
R20mm days 8.3 8.3 83.3
R50mm days 25 0 75.1
RX1day mm 16.7 0 83.3
RX5day mm 20.8 12.5 66.6

PRCPTOT mm 4.2 16.7 79.1
SDII mm/day 50 4.2 45.8
R95p mm 29.2 0 70.8
R99p mm 25 4.2 70.9
CWD days 0 37.5 62.6
CDD days 12.5 0 87.5

Air
temperature

TXx ◦C 91.7 0 8.3
TNx ◦C 45.8 0 54.2
TXn ◦C 54.2 0 45.9
TNn ◦C 50 0 50
DTR ◦C 62.5 0 37.5

WSDI days 20.8 0 79.1
CSDI days 0 0 100

TX90p % 95.8 0 4.2
TN90p % 62.5 0 37.5
TX10p % 0 79.2 20.8
TN10p % 0 62.5 37.5

Over the past 40 years, the precipitation intensity has increased across the Brazilian
Midwest as indicated by the Simple Daily Intensity Index (SDII), the precipitation on very
wet days (R95p) index, and the precipitation on extremely wet days (R99p) index (Table 3).
The SDII had a positive trend in 50% of the sites, and a negative trend only in Goiás (ID
9; −0.08 mm year−1). The highest significant positive trend of SDII was in Matupá (ID
20; 0.20 mm year−1) (Figure 2G). The R95p and R99p indices had a positive trend in 29%
of the sites (Figure 2H,I), in which the highest positive trends were in Matupá (ID 20;
R95p = 19.42 mm year−1 and R99p = 7.28 mm year−1) and the only negative trend of R99p
occurred in Catalão (ID 4; −0.82 mm year−1).

Another indicator of the sporadic occurrence of precipitation is based on the observed
negative trends in the Consecutive Wet Days (CWD) and positive trends in the Consec-
utive Dry Days (CDD) indices. The CWD index had a negative trend in 38% of the sites
distributed in a West–East direction (Figure 2J), wherein the highest negative trend of the
CWD occurred in Nova Xavantina (ID 12; −0.39 day year−1) and the lowest in Brasília
(ID 2; −0.07 day year−1). On the other hand, the CDD had a positive trend in ~13% of the
sites (Figure 2K), wherein the highest significant positive trend of the CDD occurred in
Canarana (ID 3; 1.13 day year−1) and the lowest one in Corumbá (ID 22; 0.54 day year−1).
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Figure 2. Spatial distribution of trends regarding number of heavy precipitation days (R10mm) (A),
number of very heavy precipitation days (R20mm) (B), number of days 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), and consecutive dry days (CDD) (K) in Midwest Brazil from 1979 to
2019. Large circles indicate statistical significance at the 5% level and small circles are not significant.

3.1.2. Decadal Variability

A comparison between the total precipitation (PRCPTOT) over the past four decades
indicated no change in PRCPTOT throughout the Midwest as all four decades showed a
constant average amount of ~1500 mm year−1 (Figure 3F). However, precipitation intensity
and frequency have increased during the last two decades, as indicated by the mean of the
maximum daily precipitation concerning Rx1day, Rx5day, and R95p (Figure 3). Similarly,
the mean number of days of R20mm and R50mm increased during the last two decades. The
PDF of R50mm indicated an increase of 2 days per decade (Figure 3C), and the PDFs of the
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Rx1day and Rx5day indicated an increase of 8.44 mm and 12 mm per decade (Figure 3D,E),
respectively. Precipitation intensity based on the SDII also increased during the last two
decades by an average of 2.1 mm per decade (Figure 3G). The PDFs of the R95p and
CDD indicated an increase of 84.5 mm per decade (Figure 3H) and 24.6 days per decade
(Figure 3K), respectively, while the PDFs of the CWD indicated a decrease of 3.6 days per
decade (Figure 3J). These patterns highlight that there is an increased frequency of extreme
precipitation events occurring in short periods in the Brazilian Midwest. These patterns
affect the interannual variability of precipitation extremes but have minimal impact the
total annual precipitation.
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Figure 3. Probability Density Function (PDF) of the annual frequency of the number of heavy
precipitation days (R10mm) (A), the number of very heavy precipitation days (R20mm) (B), the
number of days above 50 mm (R50mm) (C), the maximum 1-day precipitation amount (Rx1day)
(D), the maximum 5-day precipitation amount (Rx5day) (E), the annual total wet day precipitation
(PRCPTOT) (F), the Simple Daily Intensity Index (SDII) (G), the precipitation on very wet days (R95p)
(H), the precipitation on extremely wet days (R99p) (I), the Consecutive Wet Days (CWD) (J), and the
Consecutive Dry Days (CDD) (K) for the Brazilian Midwest from 1979 to 2019.

3.1.3. Precipitation Extremes and SST Anomalies

Many precipitation extreme indices had significant correlations with SST anomalies
across the Midwest region, which ranged from weak (0.20 to 0.39) to moderate (0.40 to
0.69) (Figure 4). In the Amazon (AMZ), R10mm had a moderate negative correlation with
both TSAI and TNAI, while the CWD had a moderate correlation with TSAI. On the other
hand, the frequency of extremely wet days, R99p, had a moderate negative correlation with
ONI, Nino 3, Nino 4, and Nino 3.4, while the Rx1day index had a moderate correlation
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with Nino 4. In the Brazilian Savanna (BSV), R10mm, CDD, and PRCPTOT had moderate
negative correlations with TSAI, while R50mm, Rx1day, SDII, and R95p had moderate
positive correlations with TNAI. In the Pantanal (PAN), R50mm and R95p had moderate
positive correlations with TSAI, while SDII had a positive correlation with TSAI and TNAI.
In the Atlantic Forest (ATF), R50mm, Rx1day, Rx5day, SDII, R95p, and R99p had moderate
positive correlations with TNAI, while the R10mm and R20mm indices had moderate
positive correlations with Nino 1 + 2, and PRCPTOT with Nino 3 and Nino 1 + 2. On
the other hand, the CDD in the Atlantic Forest (AFT) region had a moderate negative
correlation with ONI, Nino 3, and Nino 3.4.
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Figure 4. Pearson’s correlation coefficients of Sea Surface Temperature (SST) anomalies including
TSAI, TNAI, ONI, Nino 1 + 2, 3, 3.4, and 4 with precipitation extreme indices in the Amazon (AMZ),
Brazilian Savanna (BSV), Pantanal (PAN), and Atlantic Forest (ATF) in the Brazilian Midwest from
1979 to 2019. Cells with *** indicate p-value < 0.05.

3.2. Temperature Extremes
3.2.1. Spatiotemporal Variability

A significant warming pattern was dominant across the Brazilian Midwest, along
with a clear increase in daily temperature and a decrease in temperature on cold days and
nights. TXx, TX90p, DTR, TN90p, TXn, TNx, and WSDI had a positive trend, while TX10p
and TN10p had a negative trend. The Warmest Day index (TXx) had a positive trend in
all study sites, except in Matupá (ID 20) and Canarana (ID 3), which are in the northern
Brazilian Midwest (Figure 5A). The highest positive trend of TXx was observed in Cláudia
(ID 19; 0.14 ◦C year−1). The Warmest Night (TNx) had a positive trend in 46% of the sites,
with the highest value in Corumbá (ID 22; 0.08 ◦C year−1; Figure 5B). The Coldest Day
(TXn) had a positive trend in 54% of the sites, with the highest value in Nova Xavantina
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(ID 12; 0.12 ◦C year−1; Figure 5C). The Coldest Night (TNn) had a positive trend in 50% of
the sites, with the highest value in Canarana (ID 3; 0.18 ◦C year−1; Figure 5D).
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Figure 5. Spatial distribution of trends for 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), and Cool Nights (TN10p) (K) in the Brazilian Midwest from 1979 to 2019. The
bluish-colored dots refer to the range of positive trends, while the reddish-colored ones refer to that
of negative trends.

The Diurnal Temperature Range (DTR) had a positive trend in 63% of the sites, with the
highest value in Nova Xavantina (ID 12; 0.09 ◦C year−1) (Figure 5E). It is noteworthy that the
trend of DTR is directly related to the variability of the highest and lowest annual maximum
and minimum temperatures. The warm spell duration index (WSDI) had a positive trend
in 21% of the sites, with the highest value in Corumbá (0.30 day year−1) (Figure 5F). On the
other hand, the Cold Spell Duration Index (CSDI) had no trend (Figure 5G).

The warm days (TX90p) had a positive trend in all sites, except Canarana (ID 3;
Figure 5H), with the highest value in Cláudia (ID 19; 0.79% year−1). The warm nights
(TN90p) had a positive trend in 63% of the sites, with the highest value in Corumbá (ID
22; 0.46% year−1; Figure 5I). The cool days (TX10p) and cool nights (TN10p) had negative
trends in 63% and 79% of the sites, respectively (Figure 5J,K), with the highest negative
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trends of the TX10p and TN10p in Nova Xavantina (ID 12; −0.45% year−1) and Cláudia
(ID 19; −0.46% year−1), respectively.

3.2.2. Decadal Variability

The warming trend in temperature was clear (i.e., accelerated) during the last decade
(i.e., 2010–2019) compared with the long-term average of all temperature extreme indices
(Figure 6). The Probability Density Functions (PDFs) indicated changes in the averages and
frequency of the temperature extreme indices. The decadal mean of the TXx, TXn, TNx,
and TNn increased by an average of 3.0 ◦C, 3.14 ◦C, 0.65 ◦C, and 4.56 ◦C per decade from
1979–1999 to 2000–2019 (Figure 6A–D), respectively. The cool days (TX10p) and cool nights
(TN10p) decreased by an average of 6.61 days and 7.65 days from 1979–1989 to 2010–2019
(Figure 6J,K), respectively, while warm days (TX90p) and warm nights (TN90p) increased
by an average of 14.79 and 11.07 days (Figure 6H,I), respectively.
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Figure 6. Probability density function (PDF) of the annual frequency of 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), and Cool Nights (TN10p) (K) in the
Brazilian Midwest from 1979 to 2019.

3.2.3. Temperature Extremes and SST Anomalies

The temperature extreme indices were significantly correlated with Pacific and Atlantic
SST anomalies ranging from weak (0.20 to 0.39) to moderate (0.40 to 0.69) (Figure 7).
In the Amazon (AMZ), warmest night (TNx), coldest night (TNn), and warm nights
(TN90p) had moderate positive correlations with Nino 4, while warmest day (TXx) and
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warm days (TX90p) had moderate positive correlations with TSAI and TNAI, and the
Diurnal Temperature Range (DTR) and Warm Spell Duration (WSDI) had moderate positive
correlations with TNAI. In the Brazilian Savanna (SBV), the DTR had a moderate positive
correlation with TSAI and TNAI; TNx, WSDI, and TX90p had moderate positive correlations
with TSAI; and Warm Nights (TN90p) had a moderate positive correlation with TSAI and
Nino 4. In the Pantanal (PAN), Warmest Day (TXx), Warmest Night (TNx), and Warm Days
(TX90p) had a moderately positive correlation with TNAI, and the Diurnal Temperature
Range (DTR) with TSAI and TNAI. In the Atlantic Forest (ATF), Coldest Night (TNn) had a
moderately positive correlation with the TNAI.
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Figure 7. Pearson’s correlation coefficients of Sea Surface Temperature (SST) anomalies with air
temperature climate extreme indices in the Amazon (AMZ), Brazilian Savanna (BSV), Pantanal
(PAN), and Atlantic Forest (ATF) in the Brazilian Midwest from 1979 to 2019. Cells with *** indicate
p-value < 0.05.

4. Discussion
4.1. Precipitation and Temperature Extremes Trends

There were no long-term changes (i.e., trend) in the annual total precipitation amounts
throughout the entire period of study (i.e., 1979–2019). However, the changes in the iden-
tified precipitation extremes showed that the same annual precipitation amounts have
been increasingly occurring within shorter periods rather than spread through the year.
The precipitation extreme indices categorically allowed for the depiction of three main
characteristics: intensity/severity, frequency, and duration in the Brazilian Midwest. This
behavior of the precipitation extremes has been similarly portrayed in the findings of the
IPCC AR6 [2,4]. The Brazilian Midwest region evaluated in this study geographically
overlaps with predefined IPCC regions for South America, including Southeastern South
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America (SES), Northeastern South America (NES), and South America Monsoon (SAM) [2].
The IPCC AR6 similarly indicated that there have not been any observed changes in the
mean precipitation amount, but precipitation events have intensified. In this study, it
has been shown that the Amazon region experienced increased intensities in terms of the
amounts that fall within 1 day, 5 days, during rainy days, or those with 95 percentile and
99 percentile exceedance probabilities as indicated by the Rx1day, Rx5day, SDII, R95p, R99p,
and R50mm indices. On the other hand, precipitation events with relatively lower intensi-
ties (i.e., R10mm and R20mm) have been decreasing in the Brazilian Savanna, Pantanal,
and Atlantic Forest. Like the observational data suggested in this study, the recent IPCC
AR6 [4] also cautioned that this finding comes with low confidence, which is mainly due to
the limited observational data available. Thus, we suggest that more representative data
should be added to increase the confidence of these findings.

On the other hand, all the temperature extreme indices indicated increases in the
severity, frequency, and, to some extent, duration of extreme events during the entire
period of study (i.e., 1979–2019), with a general increased consistent warming effect across
the Brazilian Midwest. All the temperature extreme indices (expect TNx and WSDI) showed
that more than 50% of the stations have increased trends. The slight increase in the WSDI,
with about 80% of the stations showing no change, can indicate the occurrence of heatwaves
when combined with the increase in the temperature and amplitude of the maximum and
minimum temperatures. Moreover, there was no spatial variability in these observed
positive trends. The maximum temperature indices (TXx and TXn) and the minimum
temperature indices (TNx and TNn) had more pronounced positive trends in the North
(Amazon) and East (Brazilian Savanna) of the Midwest. There was also an increase in the
frequency of hot days and nights (TX90p and TN90p) and heat waves (WSDI), while the
frequency of cold days and nights decreased (TX10p and TN10p). The IPCC AR6 indicated
similar findings (likely with high confidence) of a significant increase (and decrease) in the
frequency and intensity of heat extremes (and cold extremes) in the SAM, NES, and SES
regions of the defined IPCC sub-regions [2].

The changes in the pattern of precipitation extremes in the region may be due to
the increase in air temperature, which, in turn, can allow for the enhancement of large-
scale convective activities that bring/transport moisture from other locations [37–39]. The
increased frequency and intensity of hot extremes can be associated with the persistent
changes in land use and land cover [40]. Therefore, there was an increase in the thermal
amplitude (DTR), which can be related to different climatic factors, such as topography,
vegetation, and atmospheric systems [7]. The replacement of natural cover by deforestation
or vegetation burning modifies the pattern of energy and water exchange [41] as the
natural cover regulates surface temperature and humidity [42]. The reduction in natural
biomass also implies an increase in sensible heat with which to heat the surface and a
decrease in the latent heat of surface evapotranspiration [43,44]. The change in these energy
and water exchange patterns modifies the boundary layer pattern and influences moisture
convection and cloud properties and formation [45]. Decreased (or minimal to no change in)
precipitation when combined with increased surface temperature can lead to an increased
atmospheric water demand, making drought episodes more severe and widespread [46].
Urbanization is another important factor that can modify regional climates and directly
influence the variability of the minimum temperature. Residual heat stored in building
structures is released during the night and induces warmer night conditions (TN90p) [47];
consequently, the regional climate pattern is altered [48,49].

The implications of these observed trends in precipitation and temperature extremes
for human systems and ecosystems can be devastating, as they occur concurrently and,
consequently, can result in multiple cascading impacts. For example, if the current positive
trends in the frequency and intensity of precipitation extremes persist in the future without
significant mitigation and adaptation efforts, heavy precipitation can occur, which can
lead to pluvial flooding, landslides, and rockfalls. These impacts or hazards have been
positively reported across several subregions in South America including SES, NES, and
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SAM [50]. On the other hand, increased dry spells, as indicated by the CDD index, can lead
to increased aridity; more frequent and extended drought (mereological) events leading to
a cascade of hydrological, agricultural, and ecological droughts; and conditions that trigger
wildfires. Extreme heat can also impact human health, including by increasing mortality
and the rates of the emergence of disease; increasing the demand for energy; and affecting
urban planning [50]

4.2. Precipitation and Temperature Extremes and SST Anomalies

The importance of evaluating the relationships between SST anomalies and climate
extremes arises from the need to provide accurate predictions of climate impact drivers
(heatwaves, froes, floods, and droughts), which are important to allow for the evaluation
of the risks to human societies and ecosystems. While there are several well-established
SST anomalies, their effects (teleconnection) or abilities to predict temperature and climate
extremes can vary for a number of reasons. In this study, it appeared that four Atlantic
and Pacific SST anomaly indices, namely, TNAI, TSAI, Nino 4, and ONI, had negative
and positive influences on precipitation and temperature (minimum and maximum), re-
spectively, in Amazonia. During El Niño events, the pattern of atmospheric circulation
changes due to the weakening of the trade winds over the Pacific. These changes in atmo-
spheric circulation induce the occurrence of tropical convection over the central and eastern
Pacific region, which can consequently alter the patterns of the Walker zonal circulation
cell [51]. As a result, the ascending air movements shift from east to west, while a subsident
branch of the Walker cell reduces the intensity of the ascending branch that occurs over the
Amazon region. Under these conditions, convection weakens in the Amazon region and,
consequently, decreases precipitation and increases temperatures in this region. [52].

The impacts of the precipitation deficit may also be related to the occurrence of
different types of El Niño, such as Canonical and Modoki [53]. While Canonical El Niño
propagates positive SST anomalies westward from the coast of South America, El Niño
Modoki generates the largest positive SST anomalies in the Central Equatorial Pacific
region [13]. These El Niño events can affect much of Tropical South America during the
summer (DJF) with different intensities [54].

El Niño events increase sensible and latent heat fluxes from the ocean to the atmo-
sphere [51], increase convective activity, and cause the mean temperature of the tropical
troposphere to be up to 1 ◦C higher than in La Niña episodes [55]. In addition, the lower
tropospheric temperature also increases the temperature in El Niño years due to sensible
heat transfer to the air, which reinforces conditions of a positive horizontal temperature gra-
dient in the tropics and extratropical regions and intensifies the subtropical jet current [51].
On the other hand, the intensification and location of the subtropical jet is also associated
with the intensification of the meridional circulation of the Hadley cell in El Niño episodes,
reinforcing the conditions of the Mesoscale Convective Systems (MCS), which can favor
precipitation extremes [55,56].

Pacific SST anomalies and extreme precipitation rates had little or no relationship
in the Brazilian Savanna and Pantanal. On the other hand, the anomalies in the North
and South Atlantic sector (TNAI and TSAI) had positive influences on the pattern of
precipitation extremes. Precipitation in the Brazilian Savanna and Pantanal is modulated by
equatorial fronts coming from the Amazon, by the actions of the South American Monsoon
System (SAMS), and by the South Atlantic Convergence Zone (SACZ) [57]. As part of
the dynamics of SAMS, large volumes of water vapor emerge from the Amazon in the
summer, transporting most of the precipitation to the southern region. The relationships
between the positive anomalies of the TNAI and precipitation extremes (droughts) may
have occurred due to changes in the intensity and location of the low-level subtropical
jet, which may affect the evapotranspiration from the Amazon to the Brazilian Savanna
and Pantanal [11,58]. Pacific SST anomalies (Niño 3) were also associated with increased
air temperature in the Brazilian Savanna. However, the variability of the Atlantic Dipole
(TNAI and TSAI) provided an increase in air temperature due to a greater increase trend
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of the maximum temperature compared to the minimum temperature, causing a greater
thermal range (DTR). The positive relationships between the Atlantic SST anomalies with
the maximum and minimum temperature indices in the Pantanal indicated that the increase
in the Atlantic SST influenced the greater occurrence of heat waves (WSDI) and cold waves
(CSDI) as well as the temperature range.

In the Atlantic Forest, Pacific SST anomalies positively influenced the intensity of
precipitation events. El Niño and La Niña events increased and decreased rainfall totals
during the year, respectively. On the other hand, only the TNAI was related to precipitation
and air temperature; specifically, it was positively related to the variability of precipitation
in the region, and negatively related to the minimum air temperature. Also in this region,
Niño 1 + 2 favored the occurrence of cold waves.

4.3. Limitations and Future Studies

This study highlighted important precipitation and temperature extremes across dif-
ferent sub-regions in the Brazilian Midwest. However, the number and distribution of
stations used throughout the Pantanal region (i.e., three stations) should not be considered
as fully representative of its spatial variability. This limitation is due to known factors.
Specifically, the Brazilian Midwest has a low density of weather stations in most areas, and
several stations have a great number of missing data [59]. The installation and mainte-
nance of meteorological stations face major accessibility challenges that affect people and
communication in this region. For example, the Amazon Forest is tall and dense, and the
Pantanal is the largest floodplain in the world. The Amazon region is populated with a
mosaic of indigenous land and conservation units. Presently, large parts of these regions
can only be accessed by boat or plane. Cities in the northern region of the state of Mato
Grosso (south of the Amazon) have been recently developed, i.e., the late 1970s [60], and
there are no urban centers in the middle of the Pantanal. Urban centers (i.e., cities) are
located on the edge of the Pantanal due to the difficulty of accessing this region, especially
during the flood period. To date, there are few meteorological stations in the north of Mato
Grosso and in the Pantanal. Thus, there is no long-term meteorological dataset that fully
covers these regions. This type of problem did not occur in the Brazilian Savannah due to
its ease of access with respect to the installation of meteorological stations because of the
characteristics of this region’s vegetation.

The limited number of stations in the middle of the Amazon and in the Pantanal, with
two meteorological stations in the Amazon and three in the Pantanal, can poses challenges
with respect to the generalization of the results in these biomes. The importance of this
study arises from the need to highlight the observed climate extremes (at least) at the
available stations (without generalizing them to these two regions) due to their related
economic contribution to Brazil’s GDP.

On the other hand, it should also be highlighted that the climatology of the Brazilian
Midwest is controlled by meso- and macro-scale events. The climate of the Pantanal is
hyper-seasonal tropical savannah with two well-defined water seasons: a dry one that
occurs during the winter months in the southern region, and a wet one that occurs during
the summer [11,39]. Due to these large-scale events, changes in the microclimate have
minimal influence on regional climate variability due to surface homogeneity in terms of
water and vegetation. Thus, the climate of the Pantanal is influenced by tropical systems
of medium and large scales, such as the continental action of the semi-permanent high of
the South Atlantic (in winter), which causes the dry period, and systems such as the High
of Bolivia, the South Atlantic Convergence Zone (SACZ), and the Humidity Convergence
Zone, among others. Therefore, the meteorological stations in the study area may not be
geographically representative. In the future, we intend to highlight any differences or
agreement between ground-based meteorological observations compared to those from
reanalysis datasets such as ERA5 of the European Center for Medium-Range Weather
Forecasts (ECMWF).
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5. Conclusions

This study indicated that there is minimal to no interannual variability in the precipi-
tation amounts in the analyzed region. However, it was observed that the frequency and
intensity of precipitation extremes increased across many parts of the Brazilian Midwest.
The total annual precipitation remained constant throughout the period from 1979 to 2019,
while there was an increased trend in intense precipitation events and dry spells during
the past two decades since 2000. On the other hand, there was a consistent warming
trend since 1979 with an increasing trend in the hot temperature extremes and a declining
trend in cold extremes across the Brazilian Midwest. In other words, the intensity of daily
precipitation and hot days and nights tended to increase, while that of cold days and nights
tended to decrease. In addition, there was a large variation in the difference between the
maximum and minimum temperature. These trends in precipitation and temperature
extremes were predicted using certain sea surface temperature (SST) anomaly indices. The
Equatorial Pacific and Atlantic SST anomalies influenced the decrease in the precipitation
extreme indices and the increase in the air temperature extreme indices across the Amazon.
However, there was a predominance of Atlantic SST anomalies (TSAI and TNAI) in the
Brazilian Savanna and Pantanal, which influenced the increase in the precipitation and air
temperature extreme indices. In addition, the Pacific SST anomalies (Niño 1 + 2 and Niño
3) influenced the increase in precipitation intensity in the Atlantic Forest.

These findings can help improve our understanding of the variability in the precipita-
tion and temperature extremes in the Brazilian Midwest and their relationship with Pacific
and Atlantic SST. The comprehension and prediction of the regional and local scale impacts
of climate change on key economic activities in this region is important in order to provide
guidance for many entities, including regional climate centers, decision-makers, and re-
source managers, to develop mitigation and adaptation policies and practices to ensure
the health and safety of human societies and ecosystems. Although this study highlights
trends in precipitation and temperature extremes in the Brazilian Midwest region, further
studies must be carried out to identify these trends in areas not covered by the weather
stations used in this study.
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