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Abstract
The observed continuous rise in the frequency of extreme heat events in South America (SA) poses a serious challenge 
for public health. However, there is a lack on the understanding of the large-scale and long-term variability and trends of 
thermal stress in this continent. Accordingly, here we developed the first comprehensive bioclimatology of thermal stress 
over SA during the past four decades. Consecutive heat stress hours were analyzed using the Universal Thermal Climate 
Index (UTCI) from ERA5-HEAT reanalysis according to the Köppen–Geiger climate classification and also focusing on 
the 31 most populated cities of SA. Results show an inland/coastline contrast and a marked latitudinal northward increase 
in the number of hours under heat stress. Heat stress hotspots are located mostly around the Amazon, northern and central 
parts of SA with 26–35% of the hours between 1979 and 2020 under strong heat stress. The annual number of hours within 
heat stress increased significantly between 1979 and 2020, varying from + 1.16 h/year to + 8.25 h/year depending on the 
Köppen–Geiger class. The past 20 years (2000 forward) presented not only more consecutive hours under heat stress than 
the previous two decades in all the analyzed cities, but also a higher persistence of such conditions. The bioclimatology of 
thermal stress developed here may provide important guidelines to decision-makers for exploring adaptation strategies to 
increase societal resilience.
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1 Introduction

According to the sixth assessment report of IPCC (Senevi-
ratne et  al. 2021), human-induced global warming has 
already caused multiple changes in the climate system, such 
as the increase in the intensity, duration, and frequency of 
extreme heat events. Climate models project a continuous 
rise in the frequency of these extremes in the following dec-
ades (Power and Delage 2019), exposing around half of the 
world’s human population to excessively hot temperatures 
(Mora et al. 2017). Until the end of this century, depend-
ing on the rates of warming and population growth, 1 to 
3 billion people are expected to live in regions outside the 
interval of climatic conditions suitable for humans (Xu et al. 
2020). In particular, heat waves (HW) have been observed 
to increase over the past four decades around the globe with 
faster rates in tropical and polar regions (Zhang et al. 2022). 
In this context, studies using different methods and datasets 
have identified positive trends in extreme hot events in dis-
tinct regions of South America (SA) over the past decades 
(Regoto et al. 2021; Rusticucci et al. 2016; Geirinhas et al. 
2018; Libonati et al. 2022b; Costa et al. (2022). Moreover, 
climate model outputs suggest a continuous rise in the fre-
quency of extreme hot events in the coming decades in SA 
(Feron et al. 2019). By the end of the XXI century, sev-
eral SA countries are likely to experience higher levels of 
heat-related health stress due to the increased severity of 
natural hazards and ongoing population growth (Hagen et al. 
2022). A global average temperature rise of 1.5 °C to 3 °C 
is expected to increase population exposure to heat events 
from 2 to 6 million and from 1 to 4 million people on the 
southeastern and west coast of SA, respectively (Liu et al. 
2021), with negative effects on society and major negative 
impacts on the public health sector (Perkins-Kirkpatrick and 
Lewis 2020; Vicedo-Cabrera et al. 2021).

Heat affects human health both directly and indirectly. 
Regarding direct effects, prolonged exposure to extreme 
temperatures can alter human thermoregulation (Ahima 
2020), which helps the body to maintain the internal tem-
perature within specific boundaries (Cheshire 2016). Heat 
stress occurs when the human thermoregulatory mecha-
nism is disrupted and the body produces more heat than 
it dissipates, leading body temperature and heart rate to 
increase (Cramer and Jay 2016). This imbalance of internal 
energy in the human body can lead to discomfort, fainting, 
and increased risk of morbidity and mortality (Di Napoli 
et al. 2019). Heat-related disorders mainly include cardio-
vascular, respiratory, and kidney diseases (Wellenius et al. 
2017). However, excessive heat also influences mental health 
and suicide rates, as well as work-related injuries and ill-
nesses, and human cognitive performance (Florido Ngu 
et al. 2021; Varghese et al. 2019; Hancock and Vasmatzidis 

2003). Elevated temperatures have also been associated with 
a higher risk of preterm birth, low birth weight, and still-
birth (Barreca and Schaller 2020; Libonati et al. 2022a). 
Regarding indirect effects, hot temperatures are often linked 
with dry conditions and high vegetation flammability, thus 
favoring the occurrence of wildfires, and consequently the 
decrease of air quality and increase of hospitalization risk 
due to respiratory diseases (Libonati et al. 2022b; Shaposh-
nikov et al. 2014; Machado-Silva et al. 2020). There is also 
evidence linking increased temperatures with changes in the 
incidence of vector-, water-, and food-borne infectious dis-
eases, such as dengue outbreaks in tropical regions (Cheng 
et al. 2020). The effects of extreme temperature on human 
population depend on individual characteristics such as age, 
gender, and pre-existing diseases, but also on the socioeco-
nomic and political situation (Romanello et al. 2021). Vul-
nerable groups such as the elderly, children, pregnant, the 
poorest, and those suffering from cardiovascular, respiratory, 
or diabetic diseases are more affected by prolonged extreme 
heat (Guo et al. 2017; Patz et al. 2005).

Urban populations are the most exposed to extreme heat 
because of the urban heat island effect. In particular, almost 
80% of people in Latin America live in cities (WHO 2017) 
and most SA countries are considered highly vulnerable due 
to their growing population, fragile public health systems, 
and poor sanitary and education conditions (Herold et al. 
2017). Human exposure to extremely hot temperatures has 
been linked to an increased risk of death and hospitalization 
in Latin America (Kephart et al. 2022), namely in Argen-
tina (García-Witulski and Rabass 2021), Brazil (Geirinhas 
et al. 2019; Libonati et al. 2022a), Chile (Romero-Lankao 
et al. 2013), and Colombia (Romero-Lankao et al. 2013). 
Recently, a comprehensive global analysis, including 47 cit-
ies in 6 countries of SA (Uruguay, Peru, Brazil, Argentina, 
Colombia, and Ecuador) showed that the mortality risk dur-
ing hot events was greater under fast and large temperature 
fluctuation (Wu et al. 2022). Another recent study conducted 
across 732 locations in 43 countries (eight of which are in 
SA), estimated that 37% of heat-related mortality in the 
warm season was attributable to human-induced climate 
change during the 1991–2018 period. Differences were 
observed among regions, with the largest attributions found 
in several countries in Central and South America, besides 
locations in Asia (Vicedo-Cabrera et al. 2021).

For a better understanding of thermal stress and its 
adverse health effects, the Universal Thermal Climate 
Index (UTCI; Jendritzky et al. 2012; Bröde et al. 2013) was 
developed in 2009, in the framework of COST (European 
Cooperation in Scientific and Technical Research) Action 
730 (Jendritzky et al. 2007). The index was developed to 
quantify the thermophysiological effects of the meteorologi-
cal conditions on people, thus describing how the human 
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body reacts to thermal variables (e.g. air temperature, wind 
speed, relative humidity, and radiation fluxes) (Di Napoli 
et al. 2021b). Therefore, the UTCI can be applied in research 
initiatives aiming at climate change mitigation and to under-
stand the bioclimatology of different regions (Krüger 2021). 
A historical global gridded dataset of UTCI, named ERA5-
HEAT (Human thErmAl comforT) was recently developed 
to represent the spatial distribution of human thermal com-
fort (Di Napoli et al. 2021b). ERA5-HEAT uses climate 
variables from ERA5 reanalysis (Hersbach et al. 2020) that 
match in-situ observations quite well and are thus suitable 
for temperature-related health risk estimates (Mistry et al. 
2022). In this context, Antonescu et al. (2021) recently 
developed a bioclimatology of thermal stress in Europe from 
1979 to 2019 using the UTCI derived from ERA5-HEAT. 
However, few studies globally analyzed thermal comfort 
indexes such as UTCI and heat stress based on gridded data 
(Di Napoli et al. 2018; Antonescu et al. 2021). In the case of 
SA, the overwhelming majority of studies using UTCI rely 
on single-point analysis using in-situ data and are limited to 
a few regions in Brazil, namely the main cities (Silva and 
Hirashima 2021).

Accordingly, there is a lack of large-scale and long-term 
studies analyzing thermal stress variability and trends over 
SA. Our work aims to fill this gap by analyzing the pat-
terns in consecutive heat stress hours using the UTCI from 
ERA5-HEAT reanalysis focusing on the 31 most populated 
cities of SA during the past four decades (1979–2020). Here 
we developed a bioclimatology of thermal stress of SA by 
assigning the UTCI to each bioclimatic zone based on the 
1-km Köppen–Geiger climatology for the recent period 
(1980–2016, Peel et al. 2007; Beck et al. 2018). To our 
knowledge, this is the first-ever work using gridded data to 
analyze heat stress in SA.

2  Materials and methods

2.1  ERA5‑HEAT‑derived UTCI data

The ERA5-HEAT v1.0 gridded reanalysis, containing the 
hourly UTCI dataset from 1979 to 2020 at 0.25º × 0.25º 
resolution corresponding to SA, was downloaded from the 
Copernicus Climate Change Service (https:// cds. clima te. 
coper nicus. eu, C3S, 2020). ERA5-HEAT is derived from 
ERA5 reanalysis using hourly climate variables (Hersbach 
et al. 2020), namely air (Ta) and dew point (Td) temperatures 
at 2 m above ground level (agl), wind speed at 10 m agl (va), 
and solar and thermal radiation at the Earth's surface. Addi-
tionally, relative humidity (RH) and the cosine of the solar 
zenith angle (cosθ0) are computed and used as input to the 
model. RH is derived from the Clausius-Clapeyron relation 

using Ta and Td, and cosθ0 is obtained from the solar decli-
nation angle, geographic latitude, and the hour angle in local 
solar time, as detailed in Di Napoli et al. (2021b).

The process described by Di Napoli et al. (2021b) first 
computes the Mean Radiant Temperature (MRT). MRT is 
a critical physical quantity representing how human beings 
experience radiation. It summarizes the complex radiant out-
door environment effects on the human body into a unique 
and uniform temperature which would result in the same net 
radiation energy exchange of the actual environment (Kántor 
and Unger 2011). The first step to compute the MRT is to 
retrieve the surface projection factor (Fp), which represents 
the portion of the body surface exposed to direct solar radia-
tion. Fp is computed from the solar elevation angle (γ) as 
defined by Jendritzky (1990), where γ is the complemen-
tary angle to the solar zenith angle (in degrees). The second 
step is to compute the direct and diffuse components of the 
radiative fluxes. For thermal radiation, two components are 
considered: the downwelling thermal component (emitted 
from the atmosphere) and the upwelling thermal component 
(emitted from the surface). For solar radiation, the direct 
downwelling component from the sun, the diffuse down-
welling component, and the surface-reflected solar radiation 
flux are considered. These five radiation components are 
computed from the solar and thermal data stored in ERA5; 
all procedures are detailed in Di Napoli et al. (2021b).

Finally, an operational procedure (Fiala et al. 2012) uses 
Ta, va, RH, and MRT to generate a UTCI-Fiala model grid-
ded stack as output. The UTCI-Fiala model can predict the 
thermoregulatory reactions of the body system, considering 
vasoconstriction or vasodilation of skin blood flow, shiver-
ing thermogenesis, and sweat moisture excretion. The system 
was developed by a statistical regression (Fiala et al. 2001), 
using measured data from physiological experiments, cov-
ering steady-state and transient cold stress, cold, moderate, 
warm, and hot stress conditions, and activity levels of up 
to heavy exercise (Błażejczyk et al. 2010; Błażejczyk et al. 
2013). Finally, the UTCI (°C) is derived from the UTCI-Fiala 
model, trying to represent the air temperature of a reference 
outdoor environment that would produce the same UTCI-
Fiala modeled physiological response under actual environ-
mental temperature conditions (Jendritzky et al. 2012).

2.2  Köppen–Geiger climatology

The Köppen–Geiger climatology was obtained from Beck 
et al. (2018), with 1-km -spatial resolution considering the 
1980–2016 period, which is freely available at http:// www. 
gloh2o. org/ koppen/. The SA domain is characterized by 
seventeen climatic classes (Fig. 1), but we only considered 
the most representative, i.e., the classes with more than 2% 
of coverage area pixels. We thus obtained ten classes that 

https://cds.climate.copernicus.eu
https://cds.climate.copernicus.eu
http://www.gloh2o.org/koppen/
http://www.gloh2o.org/koppen/
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encompass the Tropical Savanna (Aw); Tropical Rainforest 
(Af); Tropical Monsoon (Am); Temperate, no Dry season, 
Hot Summer (Cfa); Arid Desert Cold (BWk); Arid Steppe 
Hot (BSh); Polar Tundra (ET); Arid Steppe Cold (BSk); 
Temperate, no Dry Season, Warm Summer (Cfb); and Tem-
perate Dry-Winter, Hot Summer (Cwa). To attribute a given 
UTCI pixel to a specific climate class, the Köppen–Geiger 
map was gridded at the same spatial resolution as the ERA5-
HEAT grid.

In 2018, there were 371 cities with 1 million inhabitants 
or more worldwide, 46 of them located in SA. Regarding 
the world’s 33 megacities (> 10 million inhabitants), 27 
are in the South Hemisphere and 5 in SA, namely São 
Paulo, Rio de Janeiro, Buenos Aires, Lima, and Bogotá 
(United Nations-World Urbanization Prospects 2019). 

For local analysis, a total of 31 SA cities with more than 
one million inhabitants (in 2018) were selected based 
on the United Nations report (United Nations 2022): 
(https:// popul ation. un. org/ wup/ Downl oad/) (Table 1). 
Regarding the climatic zones, ten cities are in Aw class 
(Rio de Janeiro, Caracas, Fortaleza, Brasília, Guayaquil, 
Maracay, Assunción, Valencia, Santa Cruz de la Sierra, 
and Goiânia), six are Cfa (Buenos Aires, São Paulo, Porto 
Alegre, Montevideo, Rosario, Campinas), four are Cfb 
class (Bogotá, Cali, Curitiba, and Quito), other four are 
Af class (Salvador, Medellin, Manaus, and Belém), one 
is Am class (Recife), two are BSh (Maracaibo and Bar-
ranquilla), one is BWh (Lima), one is Cfc (Belo Hori-
zonte), one is Cwa (Córdoba), and one is Csa (Santiago). 
For each city, the UTCI and Köppen–Geiger nearest pixel 

Fig. 1  Köppen–Geiger climate 
classification present-day map 
(1980–2016) for South America 
(Beck et al. 2018), highlighting 
the 31 cities with populations 
above 1 million (https:// popul 
ation. un. org/ wup/ Downl oad/). 
Köppen–Geiger climate classes 
and relative area coverage of 
each class: Tropical Rainforest 
(Af –18%); Tropical Monsoon 
(Am – 15%); Tropical Savanna 
(Aw – 27%); Arid Desert Hot 
(BWh – 5%); Arid Desert Cold 
(BWk – 8%); Arid Steppe 
Hot (BSh – 1%); Arid Steppe 
Cold (BSk – 4%); Temperate, 
Hot-Dry Summer (CSa – < 1%); 
Temperate Warm-Dry Sum-
mer (CSb – 1%); Temperate 
Dry-Winter, Hot Summer (Cwa 
– 2%); Temperate Dry-Winter, 
Warm Summer (Cwb – 1%); 
Temperate Dry-Winter, Cold 
Summer (Cwc – < 1%); Temper-
ate, no Dry season, Hot Summer 
(Cfa – 10%); Temperate, no Dry 
Season, Warm Summer (Cfb – 
3%); Temperate, no Dry Season, 
Cold Summer (Cfc – < 1%); 
Cold Dry-Warm Summer (Dsb 
– < 1%); Cold Dry-Cold Sum-
mer (Dsc – < 1%); Cold no Dry-
Cold Summer (Dfc – < 1%); 
Polar Tundra (ET – 4%)

https://population.un.org/wup/Download/
https://population.un.org/wup/Download/
https://population.un.org/wup/Download/
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to the geographical center of the city were selected for the 
analysis.

2.3  Heat classes and trends

Our analysis of SA is based on the study of Antonescu et al. 
(2021), who developed a bioclimatology of thermal stress 
for Europe in a 41 year-period (1979 − 2019) using UTCI 
derived from the ERA5-HEAT reanalysis and the Köp-
pen–Geiger climate classification. Here, we used the same 
methodology, but for SA climate conditions, conducting a 
spatial–temporal analysis at the continental and local lev-
els to evaluate the thermal stress from 1979 to 2020, using 

the 1981–2010 climatology as reference period, as recom-
mended by World Meteorological Organization (WMO 
2017).

Considering air temperatures between -50 and 50 °C, 
Bröde et al. (2012) coupled the UTCI-Fiala model with the 
UTCI-clothing model and defined 10 universal human ther-
mal stress categories, ranging from Extreme cold stress to 
Extreme heat stress based on UTCI values. Such categori-
zation establishes the threshold for heat stress at a UTCI 
value of 26 ºC. Since SA is located predominantly in the 
tropical and subtropical hot zones, we have performed a 
regional adjustment suggested by Krüger et al. (2021) based 
on the climatological UTCI values displayed in Table 1 and 

Table 1  Köppen–Geiger (KG) climate classification for the thirty-one selected cities in South America, the respective population (in bold the 
most populated) from: https:// popul ation. un. org/ wup/ Downl oad/

Altitude (m), geographical coordinates in Degrees, Minutes, and Seconds (DMS), and UTCI (°C) average (annual, summer, and winter) for the 
1979–2020 period

KG Class City Country Pop 2018 
(million)

Altitude(m) Latitude (DMS) Longitude (DMS) UTCI 
annual 
(ºC)

UTCI 
summer 
(ºC)

UTCI 
winter 
(ºC)

Af Belém Brazil 2.3 10 01°27′20"S 48°30′15"W 28.6 28.4 28.7
Af Manaus Brazil 2.1 92 03°07′01"S 60°01′34"W 29.6 29.3 29.2
Af Medellin Colombia 3.9 1,495 06°13′50"N 75°35′26"W 18.7 18.6 18.5
Af Salvador Brazil 3.7 8 12°58′28"S 38°28′36"W 24.4 26.0 22.1
Am Recife Brazil 4.0 10 08°04′03"S 34°55′00"W 26.3 28.0 24.0
Aw Asuncion Paraguay 3.2 43 25°18′23"S 57°39′28"W 21.5 28.4 14.8
Aw Caracas Venezuela 2.9 900 10°30′00"N 66° 54′59"W 25.5 23.8 26.2
Aw Brasilia Brazil 4.4 1,172 15°47′38"S 47°52′58"W 21.5 23.5 17.8
Aw Fortaleza Brazil 3.9 16 03°43′06"S 03°43′06"W 26.5 27.4 25.2
Aw Goiania Brazil 2.5 749 16°40′47"S 16°40′47W 23.4 25.1 19.8
Aw Guayaquil Ecuador 2.8 4 02°12′13"S 79°53′50"W 26.2 27.0 25.1
Aw Maracay Venezuela 1.2 445 10°14′48"N 67°36′23"W 25.2 24.0 25.4
Aw Rio de Janeiro Brazil 13.2 2 22°54′29"S 43°11′47"W 25.1 29.2 21.5
Aw Santa Cruz de la Sierra Bolivia 1.6 400 17°47′10"S 63°10′52"W 21.4 25.0 16.2
Aw Valencia Venezuela 1.9 520 10°09′23"N 67°59′58"W 25.0 23.8 25.4
Bsh Barranquilla Colombia 2.2 18 10°57′50"N 74°47′46"W 26.4 23.3 28.3
Bsh Maracaibo Venezuela 2.1 6 10°39′13"N 71°38′45"W 28.9 26.4 30.5
Bwh Lima Peru 10.3 3 12°02′46"S 77°02′34"W 20.6 23.9 17.6
Cfa Campinas Brazil 3.2 685 22°54′25"S 47°03′47"W 19.6 23.5 15.2
Cfa Buenos Aires Argentina 14.9 25 34°36′13"S 58°22′53"W 12.9 21.4 4.6
Cfa Montevideo Uruguay 1.7 43 34°54′04"S 56°09′52"W 13.1 21.0 5.2
Cfa Porto Alegre Brazil 4.1 10 30°01′59"S 51°13′48"W 18.6 24.9 12.4
Cfa Rosario Argentina 1.4 31 32°57′00"S 60°40′00"W 16.1 24.3 7.9
Cfa São Paulo Brazil 24.6 760 23°32′01"S 46°37′31"W 18.2 22.1 14.1
Cfb Bogotá Colombia 10.5 2,640 04°37′27"N 74°03′49"W 13.6 14.3 12.5
Cfb Cali Colombia 2.7 1,018 03°21′35"N 76°38′18"W 28.5 28.9 27.5
Cfb Curitiba Brazil 3.5 935 25°25′48"S 49°16′15"W 16.2 20.8 11.5
Cfb Quito Ecuador 1.8 2,850 00°10′50"S 78°28′04"W 15.0 14.9 15.0
Cfc Belo Horizonte Brazil 5.9 852 19°54′46"S 43°56′27"W 20.6 23.6 16.6
Csa Santiago Chile 6.6 570 33°26′50"S 70°40′25"W 10.6 17.4 3.3
Cwa Cordoba Argentina 1.5 389 31°25′00"S 64°11′00"W 16.0 24.1 7.5

https://population.un.org/wup/Download/
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determined the threshold for the thermal stress at 32 ºC. 
Moreover, this paper analyzes heat stress only. Thus, we 
considered two main categories for thermal stress, namely: 
i) -9 °C ≤ UTCI ≤ 32 °C (no thermal stress, NO STRESS); 
ii) UTCI > 32 °C (whole heat stress, HEAT). The HEAT 
category was also subdivided into two subcategories: iii) 
32 °C ≤ UTCI ≤ 38 °C (strong heat stress, STRONG), and 
iv) UTCI > 38 °C (very strong/extreme heat stress, VSEXT).

For each grid cell in the SA domain and for each Köp-
pen–Geiger class, we computed the fraction of hours from 
1979 to 2020 within each of the three heat stress categories. 
Then, for each Köppen-Geiger class, we computed the UTCI 
trend value and analyzed the trends in the HEAT, STRONG, 
and VSEXT categories. We used the R language package 
Zhang + Yue-Pilon Trends (ZYP) (Bronaugh et al. 2023) to 
analyze the thermal stress trends using the nonparametric 
Mann–Kendall trend test (Kendall 1975) and considering 
95% significance (p-value < 0.05). The package also whit-
ened the data before trend estimation, using the procedure 
developed by Wang and Swail (2001).

For each of the thirty-three cities (Table 1), we conducted 
local-level analyses by computing the annual number of 
hours with heat stress anomalies in the HEAT, STRONG, 
and VSEXT categories. Finally, to analyze the changes in 
the number of consecutive hours with thermal stress we 
considered four-decade intervals (1980–1989, 1990–1999, 
2000–2009, 2010–2019) for each city.

3  Results

3.1  Spatial distribution of heat stress from 1979–
2020

Figure 2 shows the proportion of hours of NO STRESS, 
HEAT, STRONG, and VSEXT between 1979 and 2020 in 
SA. The largest number of hours with no-thermal stress 
conditions (> 86%) occurs over the western and southeast-
ern coasts, especially around the Andes mountains. By 
contrast, fewer hours with no-thermal stress occur over the 
Amazon, and northern and central parts of SA (Fig. 2a). 
Most of the continent exhibits a large percentage of hours 
with heat stress (Fig. 2b) and strong heat stress (Fig. 2c), 
with a marked latitudinal northward increase. Hotspots 
for heat stress are located in the Equatorial zone (Fig. 2b), 
which presents 36% of the hours between 1979 and 2020 
under heat stress. A large number of hours with strong heat 
stress (26–35%) occur over central-northern SA, especially 
around the Amazon region, and similar values are observed 
over parts of northeastern Brazil and Venezuela (Fig. 2c). 
Argentina, Paraguay, Uruguay, and the southeastern coast of 
Brazil show a low number of hours with strong heat stress 
(less than 15%). There is a clear inland/coastline contrast 

in the number of hours under heat stress, in particular for 
very strong and extreme heat stress (Fig. 2d). For example, 
some central SA regions seem to be hotspots for very strong 
and extreme heat stress, such as central-western Brazil, 
Venezuela, and Paraguay. The north zone of the La Plata 
Basin, northeastern Brazil, and the Orinoco Basin present 
the highest percentage of very strong and extreme heat stress 
(5–10%) compared to other regions of the continent. Both 
western and eastern coastal zones are not affected by very 
strong and extreme heat stress.

3.2  Thermal stress trends in the Köppen‑Geiger 
classes

The trends in the median annual number of hours with heat 
stress anomalies, relative to the 1981–2010 climatology, 
for the Köppen–Geiger classes were analyzed for HEAT, 
STRONG, and VSEXT classes as well as the trends of the 
median UTCI value (Fig. 3). In general, the annual number 
of hours within all categories of heat stress increased sig-
nificantly between 1979 and 2020. For the HEAT category, 
all Köppen–Geiger classes show significant (p-value < 0.05) 
positive trends. The classes with trends above 1 h/year are 
Aw (+ 8.25 h/year); BSh (+ 7.13 h/year); Am (+ 6.80 h/
year); Cwa (+ 6.58  h/year); Af (+ 6.08  h/year); BWh 
(+ 4.04 h/year); Cfa (+ 3.25 h/year), BSk (+ 1.66 h/year), 
and BWk (+ 1.16 h/year). For the STRONG events, the same 
patterns are observed, where values of significant positive 
trends (higher than 1 h/year), in descending order, are Cwa 
(+ 4.56 h/year); Aw (+ 3.60 h/year); Af (+ 3.22 h/year); 
BSh (+ 3.01 h/year); Am (+ 2.98 h/year); BWh (+ 2.46 h/
year; and Cfa (+ 2.31 h/year). In VSEXT, trends are also 
positive, namely Aw (+ 4.51 h/year); Am (+ 4.41 h/year); 
Af (+ 2.83 h/year); BWh (+ 2.46 h/year); and Cwa (+ 2.13 h/
year). Regarding UTCI values, all the Köppen–Geiger 
classes present statistically significant increasing trends, var-
ying from 0.010 °C/year (BWk, BSk, and Cfb) to 0.024 °C/
year (Aw).

It is worth noting that in SA the highest trends in the 
median annual number of hours with heat stress anomalies 
prevail over the most frequent Köppen–Geiger classes (see 
Fig. 1). This means that, during the past four decades, the 
largest increase in hours under heat stress occurs in climatic 
classes that encompass around 93% of the continent (for 
instance, Af (18%); Am (15%); Aw (27%); BWh (5%); 
BSh (1%); BWk (8%); BSk (4%); Cwa (2%); Cfa (10%); 
Cfb (3%)). This is equivalent to saying that most of the SA 
continent exhibits an increase between 85 to 348 h of heat 
stress conditions, 85 to 183 h of strong heat conditions, and 
between 59 and 420 h under very strong and extreme heat 
conditions during the 1979–2020 period when compared to 
the baseline 1981–2010 climatology. Regarding the increas-
ing trends observed in UTCI values, this is equivalent to 
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an increase ranging from 0.41 to 0.98 °C during the study 
period.

3.3  Thermal stress trends for South American Cities

The annual number of hours with HEAT, STRONG, and 
VSEXT stress anomalies relative to the 1981–2010 period 

for the 31 South American cities are shown in Figs. 5, 6 and 
7, respectively. Those results highlight that the past 20 years 
(from 2000 forward) presented more hours of heat stress 
than the previous two decades in all the cities in SA in all 
heat stress categories.

For the HEAT stress category (Fig. 4), among the 31 
cities, only five showed no trends, namely Bogotá, Cali, 

Fig. 2  Percentage of hours between 1979 and 2020 with (a) no 
heat stress (-13 ºC ≤ UTCI ≤ 32 ºC), (b) whole heat stress (HEAT: 
UTCI > 32 ºC), (c) strong heat stress (STRONG: 32 ºC ≤ UTCI ≤ 38 

ºC) and (d) very strong and extreme heat classes (VSEXT: UTCI > 38 
ºC), from the total number of hours in each grid cell. Percentages 
below 0.1% are in white
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Medellín, Quito, and Montevideo; and eight cities showed 
non-significant trends, namely Guayaquil, Recife, Santi-
ago, Salvador, Caracas, Porto Alegre, Lima, and Barran-
quilla. The remaining 18 cities showed significant posi-
tive trends (from highest to lowest): Maracaibo (13.59 h/
year), Fortaleza (13.13 h/year), Goiania (12.98 h/year), 
Brasilia (10.13  h/year), Maracay (9.81  h/year), Santa 
Cruz de la Sierra (9.46 h/year), Campinas (9.39 h/year), 
Manaus (8.31 h/year), Belo Horizonte (7.87 h/year), Valen-
cia (6.71 h/year), Asuncion (6.41 h/year), Rio de Janeiro 
(6.37 h/year), São Paulo (6 h/year), Cordoba (4.53 h/year), 
Belem (4.10 h/year), Rosario (3.59 h/year), Buenos Aires 
(2.47 h/year), and Curitiba (1.79 h/year).

Regarding the STRONG stress category (Fig.  5), in 
addition to the five previous cities (Bogotá, Cali, Medellín, 

Quito, and Montevideo), Manaus and Porto Alegre presented 
no trends (less than 1 h/year). In contrast to the HEAT stress 
category, the city of Barranquilla showed a significant trend 
for STRONG heat stress. However, in the cities of Rio de 
Janeiro and Asuncion, although positive trends were greater 
than 1 they were not significant. A total of eight cities pre-
sented no significant trends, namely Guayaquil, Recife, 
Santiago, Salvador, Caracas, Porto Alegre, Lima, and Rio 
de Janeiro. Significant positive trends were observed in 16 
cities (from highest to lowest): Fortaleza (13.5 h/year), Goi-
ania (11.45 h/year), Maracay (10.35 h/year), Brasília (9.95 h/
year), Campinas (9.05 h/year), Santa Cruz de la Sierra 
(8.55 h/year), Belo Horizonte (7.7 h/year), Valencia (7.4 h/
year), São Paulo (6.03 h/year), Barranquilla (5.05 h/year), 
Maracaibo (4.65 h/year), Belém (3.85 h/year), Cordoba 

Fig. 3  Median annual number of hours with HEAT (first column), 
STRONG (second column) and VSEXT (third column), and UTCI 
(fourth column) stress anomalies (relative to 1981–2010) for the ten 

main Köppen–Geiger classes in SA between 1979 and 2020. Statis-
tically significant trends (hours per year) for each class are marked 
with a rectangle (p < 0.05 using the Mann–Kendall trend test)



919Heat stress in South America over the last four decades: a bioclimatic analysis  

1 3

(3.78 h/year), Rosario (2.5 h/year), Buenos Aires (1.9 h/
year), and Curitiba (1.9 h/year).

In VSEXT (Fig. 6), 26 cities showed no trends. Five cit-
ies showed positive and significant trends: Manaus (8.11 h/
year), Maracaibo (7.4 h/year), Asuncion (4.63 h/year), Rio 
de Janeiro (4.1 h/year), and Goiania (1.12 h/year). Despite 
not showing significant or considerable trends in the 
STRONG category, Rio de Janeiro, Asuncion, and Manaus 
have high and significant trends in VSEXT, which are close 
to the whole HEAT category trends. Thus, the behavior of 
those cities in the VSEXT category modulates the observ-
able trends in the HEAT category.

3.4  Changes in the number of consecutive hours 
with thermal stress for SA cities

For the analysis of the number of consecutive hours with 
thermal stress, ten cities were selected based on higher sig-
nificant heat stress trends within different Köppen–Geiger 
sub-classes. The cities are Asuncion (Aw), Buenos Aires 
(Cfa), Brasilia (Aw), Cordoba (Cwa), Fortaleza (Aw), 
Manaus (Af), Maracaibo (BSh), Rio de Janeiro (Aw), São 
Paulo (Cfa), and Santa Cruz de la Sierra (Aw). Figures 7, 
8, and 9 show the number of consecutive hours in HEAT, 
STRONG, and VSEXT, respectively, considering a 10-year 

Fig. 4  Number of hours/year with HEAT stress anomalies (hours, 
relative to 1981–2010, shaded according to the scale) for 31 South 
American cities. The Köppen-Geiger subclass for each city is indi-
cated on the left. The trend (hr year-1) calculated using the Theil-Sen 

slope estimator for each city is shown on the right. Statistical signifi-
cance at p < 0.05 using the Mann–Kendall trend test is indicated with 
an asterisk

Fig. 5  Same as Fig. 5 but for the STRONG heat caetgory
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interval encompassing 4 different decades: 1980–1989 (D1), 
1990–1999 (D2), 2000–2009 (D3), and 2010–2019 (D4). 
The aim of this analysis was to evaluate changes in the num-
ber of cases with consecutive hours (period length between 1 
and 19 h) under heat stress over the past four decades.

For the HEAT category, four cities presented an increase 
in the number of consecutive hours under heat stress 

conditions. The largest number of cases with consecutive 
hours with heat stress for Asuncion (Aw) during decade D1 
(1980–1989) was found in the period length of 7–9 con-
secutive hours (27.8%) while for decade D4 (2010–2019), 
it shifted to the maximum of 10–12 consecutive hours 
(31.3%). The same applies to Cordoba (Cwa), Manaus (Af), 
and Rio de Janeiro (Aw), where these shifts were from 

Fig. 6  Same as Fig. 5 but for the VSEXT heat stress category

Fig. 7  Number of cases with consecutive hours under HEAT stress 
(period of length from 1 and 19 consecutive hours) for Asuncion, 
Buenos Aires, Brasilia, Cordoba, Fortaleza, Manaus, Maracaibo, Rio 

de Janeiro, São Paulo, and Sta. Cruz de la Sierra, for periods 1980–
1989 (D1), 1990–1999 (D2), 2000–2009 (D3), and 2010–2019 (D4). 
Null cases are in gray
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1–3 h (36.5%), 7–9 h (36.4%), and 7–9 h (27.0%) in D1 
to 7–9 h (32.9%), 10–12 h (32.2%) and 10–12 h (28.6%) 
in D4, respectively. These shifts reflect an increase in the 

persistence of consecutive hours under heat stress over 
the past four decades. The remaining cities present a clear 
increase in length from D1 to D4. For instance, in Buenos 

Fig. 8  Same as Fig. 8 but for the STRONG heat category

Fig. 9  Same as Fig. 8 but for the VSEXT heat category
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Aires (Cfa) the number of cases with 7–9 (10–12) consecu-
tive hours of heat stress grew from 18.1% (5.5%) in D1 to 
33.9% (16.0%) in D4. In Brasilia (Aw), São Paulo (Cfa), and 
Fortaleza (Aw) these changes were from 6.5%, 10.5%, and 
9.6% (D1) to 15.7%, 20.2%, and 20.3% (D4) in the case of 
7–9 consecutive hours, respectively. In Maracaibo (Bsh) and 
Santa Cruz de la Sierra (Aw), we found a shift from 8.2% 
and 6.1% (D1) to 17.7% and 9.6% (D2) in the case of 10–12 
consecutive hours, respectively.

For the STRONG category, all cities exhibited an increase 
in the number of consecutive hours under strong heat stress 
over the last four decades. For example, for 2 (7) consecutive 
hours under strong heat stress, this value was 36% (133%) 
higher in D4 than in D1 in Asuncion (Aw) (São Paulo (Cfa)). 
The number of cases for 8–11 consecutive hours in Buenos 
Aires (Cfa) and Fortaleza (Aw) increased from D1 to D4, 
from 76 to 240%, and from 155 and 1500%, respectively. In 
Brasilia (Aw) for 8 to 10 consecutive hours, this increase 
ranged from 295 to 300%. The cases under VSEXT are 
similarly more frequent in D4 than in D1 for all regions and 
period lengths. For instance, the number of cases with 6 
consecutive hours in this category in D1 almost doubled that 
of D4 in Cordoba (Cwa), Rio de Janeiro (Aw), and Asuncion 
(Aw), and was 9 and 5 times higher in Manaus (Af) and 
Maracaibo (BSh), respectively. It is worth noting that in São 
Paulo (Cfa) consecutive hours under VSEXT stress were 
only detected during 2010–2019 (D4).

4  Discussion

South America’s large latitudinal (from 10°N to 55°S) and 
orographic (mountains, highlands, river basins, and coastal 
plains) variations contribute to the observed geographical 
north–south and west–east differences in observed heat 
stress. The contribution of topography and latitude to UTCI 
variability was previously reported for different regions 
of the globe such as China (Zeng et al. 2020; Ge et al. 
2017), Russia (Vinogradova 2021), and Europe (Antonescu 
et al. 2021; Di Napoli et al. 2018). For instance, the dis-
tribution of the NO HEAT stress category observed in the 
present study over the higher latitudes of SA is consist-
ent with results obtained for the northern hemisphere in 
those studies. The Equator-to-pole thermal gradient, which 
dominates low-level air temperatures over the continent 
(Garreaud et al. 2009), also triggers heat stress that pre-
vails over the tropical belt, in line with the high influence 
of solar radiation on UTCI (Pappenberger et al. 2015). 
The global climatology of the UTCI by Di Napoli et al. 
(2021b) highlighted the equatorial regions with a preva-
lence of heat stress category, which agrees with our results. 
Since UTCI-HEAT is derived from the UTCI-Fiala model 
(Fiala et al. 2012), temperature and relative humidity are 

the main drivers in the internal heat exchange mechanism. 
Studies conducted in China (Ge et al. 2017) showed that 
the UTCI decreases with increasing altitude (due to lower 
temperatures and humidity), which corroborates our results 
of no heat stress prevalence over the Andes mountains. 
The Andes, the longest world and highest (outside Asia) 
mountain range (8,900 km in length, 200–700 km wide, 
and 4,000 km in height) extending from north to south 
direction along the western edge of SA through Venezuela, 
Colombia, Ecuador, Peru, Bolivia, Chile, and Argentina, 
also plays a critical role in the distinct temperature and 
humidity patterns between the western and eastern SA 
coasts (Garreaud et al. 2009). This partially explains the 
heat stress difference between the Pacific and Atlantic 
coastal zones as reported here. Other factors can also play 
an important role in the east–west and inland-coastline 
asymmetries of heat stress, such as the continental asym-
metry (wide at low latitudes and narrow at midlatitudes) 
and the different boundary patterns imposed by the Pacific 
and Atlantic oceans. By contrast to the warm southwest-
ern Atlantic, the southeastern Pacific presents a predomi-
nance of the upwelling of cold waters, which induces a 
great cooling influence in the western SA coast by the sea 
breeze (Belmadani et al. 2014). Accordingly, also forced by 
the presence of the Andes, there are dry and cooler condi-
tions prevailing along the Pacific coastline, while warm and 
humid conditions are predominant over the Atlantic coast 
through the inland of the continent to the Andes. Strong 
and extreme heat stress occurs in specific regions such as 
the north zone of the La Plata Basin, northeastern Bra-
zil, and the Orinoco Basin. These regions are recognized 
as hotspots of strong land–atmosphere interactions in the 
continent which contribute to soil moisture anomalies and 
consequently to the intensification and persistence of high-
temperature episodes (Menéndez et al. 2019; Spennemann 
et al. 2018).

The rising UTCI trend and consequently heat stress over 
the past four decades observed here in all Köppen–Gei-
ger classes of SA correlate well with the current changes 
in the temperature and precipitation patterns observed in 
the region. Mean temperatures over SA have increased 
by ~ 0.15 °C per decade from 1961 to 2015, with distinct 
rates around the continent (IPCC interactive atlas, Gutiér-
rez et al. 2021, Iturbide et al. 2021). There is clear evidence 
that an increase in HW intensity, frequency, and duration is 
widespread in SA, specifically, from 1995 onwards, with a 
huge enhancement since 2000 (Ceccherini et al. 2016). The 
frequency of HWs during austral summer has doubled in 
northern SA, while smaller increases have been noted in the 
southern (Feron et al. 2019). A decrease in the frequency of 
cold extremes and an increase in the occurrence of warm 
extremes was observable in many regions of the continent 
(Rusticucci et al. 2016; Regoto et al. 2021).
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In addition, prolonged periods of extremely hot tempera-
tures are increasingly connected with dry periods over the 
past two decades, and the continent is seeing two thirds of 
its area under increased susceptibility to these compound 
events (Mukherjee et al. 2022). Northeastern and southeast-
ern SA and the Amazon basin were some of the zones with 
a rise in the frequency, duration, and magnitude of com-
pound drought and HW events per year since 2000 (Feng 
et al. 2020; Libonati et al. 2022b). The above-mentioned 
zones coincide with those Köppen–Geiger climatic zones 
presenting, in this study, the highest trends in the median 
annual number of hours with heat stress (strong, very strong, 
and extreme) anomalies, which reinforces our findings. The 
reason behind the different UTCI trend rates in the different 
Köppen–Geiger classes may be attributed to regional pat-
terns associated with the complex interplay and feedback 
between climate and land cover changes (Cui et al. 2021). 
Nevertheless, the persistence of hours under heat stress 
implies undoubtedly the fact that the population is being 
progressively exposed to unhealthy heat conditions. Through 
the twenty-first century, up to 20% of the continental area is 
expected to undergo changes in the Köppen–Geiger climate 
zone under the high-emission scenario, especially, arid and 
hot climates in the tropics and subtropics are projected to 
face a poleward expansion (Chan and Wu 2015). In this con-
text, the expected continuous warming of SA (Meng et al. 
2022) will impact the well-being of at least 2 to 6 million 
people in southeastern SA, 1–4 million people over the west 
coast of SA, 1–5 million people in the Amazon basin and 
around 1–5 million people in northeastern SA (Liu et al. 
2021).

The twenty-first century is the first “urban century”, 
according to the United Nations Development Programme, 
since the majority of the world's population (57% by 2020) 
is living in urban areas (United Nations-World Urbaniza-
tion Prospects 2019). The SA population underwent its main 
urbanization process in the late 1970s when urban residents 
accounted for 60% of the total population. In 1990, this 
proportion exceeded 75% of the continent's population and 
reached 85% in 2020 (United Nations-World Urbanization 
Prospects 2019). Pervasive spatial growth has been noticed 
in main SA cities over the last decades at faster rates when 
compared to other regions in the world (Inostroza et al. 
2013). Urban expansion has resulted in changes in the envi-
ronment and in the local climate, including the urban heat 
island effect (UHI) (He et al. 2021). The alteration of the 
local climate can be described by warmer temperatures, 
lower humidity, and ventilation, higher atmospheric pollu-
tion, poor environmental quality, or more complex indicators 
of bioclimatic comfort (Qabbal et al. 2022). In particular, 
the UHI effect has great potential to amplify warm condi-
tions within urban areas (Peres et al. 2018; Miranda et al. 
2022) and consequently heat stress (Di Napoli et al. 2021b). 

Superimposed on the ongoing global warming trend, SA’s 
21st-century urbanization (both in terms of the built-up area 
and the number of urban inhabitants (United Nations-World 
Urbanization Prospects 2019) explains the progressive rise 
in the number of hours/year with heat and strong heat stress 
anomalies over the last 4 decades, in particular over the last 
two decades. These results are in line with the observed 
increase in UHI intensities in SA, which has warmed by 
0.05 K/year since 2003 (Mentaschi et al. 2022). By contrast 
to inland regions, the sea breeze cooling effect in coastal 
cities attenuates the UHI, as previously observed in Bue-
nos Aires and São Paulo, but this effect can be inhibited 
by buildings acting like barriers for breeze around the city 
(Freitas et al. 2007). Besides, UHI can also contribute to 
exacerbating the effect of HW in urban areas (Henríquez and 
Romero 2019). Positive trends in the number of HWs in Bra-
zilian cities (e.g. Manaus, Recife, Brasilia, Rio de Janeiro, 
São Paulo, and Porto Alegre) were linked to the urbanization 
effect (Geirinhas et al. 2018).

It is worth mentioning that results show that Manaus, a 
2 million population city located in the center of the Ama-
zon rainforest, presented the highest trends in the number 
of hours under very strong and extreme heat stress. Those 
results are in line with recent studies which indicate that this 
region has undergone intense urbanization in the past four 
decades (de Souza et al. 2016). In addition, this region has 
been facing the highest increasing frequency in the num-
ber of hot days since 1961 among other regions in Brazil 
(Regoto et al. 2021) as well as in the number of HW events 
(Geirinhas et al. 2018), thus corroborating our results. Also, 
three other cities have been highlighted by the very strong 
and extreme heat class: Maracaibo, Asuncion, and Rio de 
Janeiro. Maracaibo has a hot-humid climate type (González 
Cruz and Krüger 2015), similar to the Amazonian. Asuncion 
has recently faced, together with the whole of central south-
America, an intense heat wave in 2020, where maximum 
temperatures reached 43.1 °C (Marengo et al. 2022). In Rio 
de Janeiro, recent studies (Geirinhas et al. 2021, 2022) have 
shown a substantial contribution of persistent dry conditions 
to severe heatwave episodes, and substantial increases have 
been observed in the occurrence of these compound events. 
Another city that has increased the number of hours of heat 
stress was Buenos Aires, which has also registered numerous 
heat waves during the twentieth century and the beginning 
of the twenty-first century (Chesini et al. 2019). In the past 
decade, from the warm semester 2004/2005 to 2013/2014, 
there has been at least one episode of HW per year.

The ERA5-HEAT dataset is a valuable tool to analyze 
heat stress and has been used in a lot of worldwide works, 
mostly because it uses wind and radiation information, 
which is usually underrated in many heat stress models (Di 
Napoli et al. 2021a). Hence our study is one of few works on 
UTCI for SA, and the first one to analyze the ERA5-HEAT 
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at a continental scale. However, systematic errors are com-
mon amongst current reanalyses and are mostly related to 
resolution issues. Thus, it is important to work on the further 
development of better local calibrations, as suggested by 
Silva and Hirashima (2021). A comparison between differ-
ent indices should also be encouraged as different heat stress 
levels vary depending on how temperature and humidity are 
considered in the equations (Freychet et al. 2022). In addi-
tion, reanalyses like ERA5 have inhomogeneities related to 
resolution as well as to data assimilation, where intercom-
parison and evaluation studies with different reanalysis out-
puts, forcing UTCI, should be considered.

5  Conclusions

Here we present the first comprehensive bioclimatology of 
thermal stress in SA over the past four decades based on 
the spatial and temporal variations of UTCI. The hotspots 
of higher frequency of hours under heat stress occurred in 
the central-northern SA, and northeastern Brazil, reflecting 
a huge east–west and inland-coastline contrast. These pat-
terns highlight the influence of South American topography, 
geographical asymmetry, as well as the different thermal 
characteristics of the Pacific and Atlantic oceans. South 
America's extensive latitudinal range also impacts heat stress 
patterns. Moving northward, heat stress hours increase due 
to the equator-to-pole thermal gradient, resulting in higher 
temperatures and more heat stress in the tropical and sub-
tropical regions. Results revealed that prolonged periods of 
heat stress increased significantly between 1979 and 2020, 
but particularly since the 2000’, for all major populated cit-
ies and in all heat stress categories. Overall, there has been 
an increase not only in the number of consecutive hours 
under heat stress but also in the persistence of such extremes 
within Köppen–Geiger climatic classes which encompass 
93% of the continent.

Worldwide, extremely hot conditions are becoming more 
frequent, intense, and long-lasting and these trends are pro-
jected to be exacerbated in the future due to climate change 
(Perkins-Kirkpatrick and Lewis 2020). The World Health 
Organization recognizes global warming as the main global 
health threat of the 21st Century, highlighting regions with 
the poorest health infrastructure as hotspots of high vulnera-
bility. However, the global distribution of knowledge regard-
ing heat stress is mainly clustered in higher-income regions 
of the North Hemisphere and Australia, with tropical and 
subtropical regions of the South Hemisphere being under-
represented (Campbell et al. 2018). Accordingly, we argue 
that response capacity to population exposure in lower-
income regions, such as SA, requires robust and updated 
knowledge about the spatial–temporal distribution of heat 
stress, as provided in this study. Furthermore, the results 

presented here can be associated with socio-economic data, 
including population density, average income, public health 
infrastructure, land use changes, education level, and other 
factors, aiming to determine tools and frameworks for risk 
assessment and mitigation strategies, which certainly moti-
vates future works.
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