
An Acad Bras Cienc (2021) 93(1): e20190651 DOI 10.1590/0001-3765202120190651
Anais da Academia Brasileira de Ciências  |  Annals of the Brazilian Academy of Sciences
Printed ISSN 0001-3765 I Online ISSN 1678-2690
www.scielo.br/aabc  |  www.fb.com/aabcjournal

An Acad Bras Cienc (2021) 93(1)

Running title: CLIMATE 
CHANGE AND COMFORT IN 
NORTHEASTERN BRAZIL

Academy Section: GEOCIENCES

e20190651

93 
(1)
93(1)

DOI
10.1590/0001-3765202120190651

GEOCIENCES

Analysis of future climate scenarios for 
northeastern Brazil and implications 
for human thermal comfort

RAFAELA L. COSTA, GUSTAVO M.M. BAPTISTA, HELIOFÁBIO B. GOMES,
FABRÍCIO D.S. SILVA, RODRIGO L. DA ROCHA JÚNIOR & ANDERSON S. NEDEL

Abstract: A thermal comfort index for the Northeast of Brazil was analyzed for two 
scenarios of climatic changes, A1B and A2, for 2021-2080, and compared with the reference 
period 1961-1990. A technique of regionalization was applied to rainfall, maximum 
and minimum temperature data from meteorological stations, obtained by statistical 
downscaling of projections from four global climate models. The results pointed to 
a signifi cant reduction of rainfall and an increase of temperature for three different 
climatically homogeneous subregions. Regarding the thermal comfort index, the results 
point to an increase in days with heat discomfort between 2021 and 2080. In the northern 
portion, the higher percentage of days with heat discomfort will be signifi cant since the 
fi rst half of the period under appreciation, i.e., from 2021 to 2050. Conversely, in the 
eastern of northeastern Brazil, the increase of days with heat discomfort should happen 
in the period from 2051 to 2080, whereas the central-western part of the region, which, 
in the reference period, had recorded less than 1% of days with heat discomfort, might 
see an elevation of that percentage to 7% between 2021 and 2050, potentially reaching 
48% of its days made uncomfortable by heat between 2051 and 2080.

Key words: statistical downscaling, temperature, trends, Kawamura discomfort index.

INTRODUCTION

Thermal comfort can be defined as the 
psychological condition of an individual 
that expresses satisfaction regarding the 
thermal conditions offered by the surrounding 
environment. From a physiological perspective, 
thermal comfort happens whenever there 
is a thermal balance in the exchange of 
heat between the individual’s body and the 
environment in the absence of regulatory sweat 
(Fanger 1970). Concerning physical sensations, 
thermal comfort is related to bodily perceptions 
such as very hot, hot, warm, neutral, cool, cold 
and very cold (Silva et al. 2018).

Climatic conditions are essential for 
the establishment of comfort or discomfort 
conditions, with a direct influence of other 
metabolic variables (age, nutrition, gender, 
ethnicity etc.), as well as the ones regarded as 
personal preferences, such as clothing (Givoni 
1976). Extreme conditions of discomfort by heat 
or cold lead to serious consequences to human 
health, occasionally including death. Such 
problems have been intensifi ed by anthropic 
activities that have interfered with the natural 
variability of the climate (Molion & Lucio 2013), 
due to the addition of thousands of tons of 
greenhouse gases to the atmosphere every year.

According to the fi fth IPCC report (IPCC 2013), 
populations of large cities, mainly in developing 
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countries, tend to suffer the greatest impacts 
of climate change due to the effects related to 
public health issues. Changes in soil use and 
occupation, for instance, tend to increase the 
occurrence of extreme events associated with 
temperature. An example is the intensification 
of Urban Heat Islands (UHI), as studied by Peres 
et al. (2018) for the city of Rio de Janeiro, and 
the cases of morbidity associated with strong 
heatwaves (Hunt 2007, Thorsson et al. 2014, 2017).

Intense and long-lasting heatwaves have 
become more frequent. Trigo et al. (2005) stated 
that the extremely warm summer of 2003 in 
Europe exceeded any other in the past 500 
years, while Schär et al. (2004) concluded that 
such an event was very unlikely to happen from 
a statistical point of view, when considering 
previous observed data, being consistent only 
with results of climate change simulations. Stott 
et al. (2004) estimated that the anthropogenic 
influence has doubled the possibility of the 
occurrence of heatwaves in Europe. More severe 
and frequent heatwaves for future horizons 
had been already predicted by Meehl & Tebaldi 
(2004) and Beniston (2004), based on climate 
change simulations.

In a recent research for the southwest of 
the United States (US), Guirguis et al. (2018) 
studied climate projections of ten CMIP5 
models via Probability Density Functions (PDF) 
of maximum and minimum temperatures in 
order to determine the future likelihood of 
heatwaves. They reached the conclusion that 
the probabilities of a greater incidence of 
heatwaves do not directly follow the projections 
of future warming. However, the projected 
changes in the probabilities of heatwaves are 
explained, mostly, by an abrupt change on the 
daily distribution of temperatures, with places of 
lower projected warming expected to experience 
higher probabilities of heatwave occurrences, as 

their probability distribution functions exhibit 
shorter tails.

Both heat and cold waves are intimately 
related to imbalances on the human thermal 
comfort conditions. During events of severe 
heat, the combination of high temperatures, high 
levels of solar radiation and low wind speeds 
results in the main cause of stress due to heat 
as perceived by humans (Lee et al. 2013). Such an 
imbalance may lead to serious consequences, 
such as a high number of hospitalizations 
and, eventually, fatalities (Guo et al. 2011, 2014, 
Gasparrini et al. 2015a, b). Gabriel & Endlicher 
(2011) demonstrated that the death rate in large 
urban areas in Germany is higher than in rural 
areas.

In South America, especially with respect 
to the Northeast of Brazil (NEB), there is not 
yet a detailed research on how the recent 
climate variations, as well as the climate change 
expected for the 21st century, should affect the 
conditions of human thermal comfort. Usually, 
the NEB, as well as the whole country, rely on 
fragmented studies regarding the implications 
of climate change on this particular field of 
Biometeorology (Frota & Schiffer 2003, Nóbrega 
& Lemos 2011, Santos et al. 2012, 2014, Gobo & 
Galvani 2012, Costa et al. 2020).

The NEB is a very vulnerable region to 
climate variability from social and climatic 
perspectives (Vergolino & Dantas 2005, Cunha et 
al. 2018, Marengo et al. 2018, Martins et al. 2018, 
da Rocha Júnior et al. 2020). The semiarid climate 
prevails over the region, with high tempeartures 
and poor spatial-temporal distribution of 
rains (Salviano et al. 2016, da Rocha Júnior et 
al. 2019). It is the third largest region of Brazil, 
with a territorial extension equivalent to that 
of Mongolia, and it hosts about the same 
population as Italy. The region comprises nine 
states of Brazil, with approximately 72% of its 
population living in urban areas, and has the 
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lowest Human Development Index among 
the five Brazilian regions, of around 0.716 (on 
average) according to official information 
from the Brazilian Institute of Geography and 
Statistics (IBGE 2017). That index accounts 
for three main parameters: life expectancy at 
birth, gross enrolment in education ratio and 
gross domestic product per capita. Climate 
projections for the NEB indicate that, until the 
end of the 21st century, the region should see 
an average increase of 2°C to 4°C in maximum 
and minimum temperatures, according to the 
most pessimistic scenarios, or an elevation of 
around 1°C to 3°C in accordance with the most 
optimistic ones, as well as an overall significant 
reduction in rainfall (Chou et al. 2014, Franchito 
et al. 2014, Marengo et al. 2016).

In view of all that, the aim of this work is to 
fulfil two major gaps in the research field related 
to the climate of the NEB and the impacts of 
climate change on the region: to verify the quality 
of climate projections for the NEB via statistical 
downscaling – a novelty for this particular region, 
given that traditional approaches have always 
employed techniques of dynamic downscaling 
(Sales et al. 2015, Guimarães et al. 2016) – for 
the observed reference climate (1961-1990) and 
for two future scenarios of climate change, 
A1B (considered realistic) and A2 (regarded as 
pessimistic), both from the fourth IPCC report 
(IPCC 2007), for the 2021-2080 horizon (split in 
two halves: 2021-2050 and 2051-2080). Then, 
the second goal will be to analyse the thermal 
comfort for the same climate reference and 
for future conditions. For the generation of 
regionalized climate scenarios, the Statistical 
DownScaling Model (SDSM) technique will 
be applied to the projections of four Global 
Climate Models (GCMs), in order to synthetize 
time series of rainfall and temperature for 97 
weather stations spatially distributed along the 
NEB. For the thermal comfort index, we resort to 

the one proposed by Ono & Kawamura (1991), 
a dimensionless mathematical expression 
recommended for intertropical regions, which 
takes into account the air temperature and 
relative humidity (represented in the equation 
by the dew point temperature), being applicable 
to dressed adult people at rest and submitted to 
a slight motion of the air (Sampaio et al. 2018).

MATERIALS AND METHODS
Area of study and observed data
According to official information from IBGE 
(2017), the NEB occupies 18.27% of the Brazilian 
territory, with an area of approximately 1,558,000 
km², being the third largest of the five Brazilian 
regions. The region comprises nine states of the 
Federation (Figure 1a). Observed rainfall data 
(PRCP), maximum temperatures (TX), minimum 
temperatures (TN) and relative humidity (RH) 
from 97 weather stations, installed and managed 
by the National Meteorological Institute of Brazil 
(INMET, acronym in Portuguese), located in the 
NEB (Figure 1b), from 1961 to 2000, are used to 
characterize the climatology of the region for the 
purpose of detecting climatically homogeneous 
regions (Costa et al. 2020), as well as to calculate 
the KDI thermal comfort index (Ono & Kawamura 
1991), and to serve as a parameter for calibrating 
(1961-1990) and validating (1991-2000) the SDSM 
used to generate future climate scenarios.

Kawamura discomfort index (KDI)
The calculation of the KDI is based on the average 
ambient temperature (T, in °C) and the dew point 
(Td, in °C), which is a function of the Relative 
Humidity (RH), given that it is the temperature at 
which water vapor condensates. The KDI can be 
obtained by the following Equation 1:

( )0,99 0,36 41,5     1dKDI T T= + +  (1)
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Td is calculated empirically from daily data 
of a conventional weather station by relating T 
and RH through Equation 2:

( ) ( )( )
( ) ( )( )( )
( )( )

3

14 

14,55 0,114 1 0,01

2,5 0,007 1 0,01

15,9 0,117 1 0,01  

dT T T RH

T RH

T RH

= − + × − × −

+ × − × −

+ × − ×

(2)

The use of that index makes it possible to 
determine conditions of comfort, discomfort 
or stress due to cold or heat as felt by the 
population, in accordance with the intervals 
proposed by Ono & Kawamura (1991), presented 
in Table I.

Climate scenarios
The future climatic scenarios of PRCP, TX and 
TN were built for the NEB using SDSM from 
four outputs of GCMs: ECHAM5-OM, from the 
Max Planck Institute for Meteorology, Germany 

(Marsland et al. 2003, Raddatz et al. 2007); 
HadGEM2-ES, Met Office Hadley Centre, UK, 
(Bellouin et al. 2007, Collins et al. 2008); BCM, 
version 2, The Bjerknes Centre for Climate 
Research, University of Bergen (UiB), Norway; and 
CNRM-CM3, from Centre National de Recherches 
Météorologiques, France. For the purpose of 
regionalization, the A1B and A2 scenarios were 
used, both of them from the fourth IPCC report 
(IPCC 2007). The A1B scenario represents a 
realistic horizon, with fast economic growth by 
intensive use of fossil fuels and little interest 
in sustainability processes, although mankind 
will seek a balance with clean energy sources. 
The A2 scenario describes a very heterogeneous 
world. The underlying theme is self-reliance 
and preservation of local identities. Fertility 
patterns across regions converge very slowly, 
which results in continuously increasing global 
population. Economic development is primarily 

Figure 1. Map of Brazil highlighting the Northeast region (NEB) in gray, with numerically identifi ed states (a), and 
the distribution of the 97 meteorological stations (b).
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regionally oriented and per capita economic 
growth and technological change are more 
fragmented and slower (Raskin et al. 2005, SRES 
2010).

The SDSM (Wilby et al. 2002) is a downscaling 
tool that enables low cost and fast growth 
projections of climate variables measured by 
surface weather stations under current and 
future climate forcings. It combines information 
from GCMs with reanalysis data for the same grid 
spacing, in order to identify and select the best 
large scale predictors for the surface variables. 
In that regard, several authors suggest, as good 
predictors, variables that represent atmospheric 
circulation, such as sea level pressure (SLP), 
Geopotential Height (GPH), zonal and meridional 
wind components, temperature and humidity 
at different atmospheric levels, among others 
(Wilby & Wigley 1997, Wilby & Dawson 2004, 2013, 
Timbal & Jones 2008, Maraun et al. 2010).

For the present research, from a partnership 
celebrated with the University of Cantabria as 
part of the activities of Project ENSEMBLES, 
funded by the European Union (Cofiño et al. 2007), 
the functionalities provided by the software 
developed by the Santander Meteorology 
Group (http://www.meteo.unican.es) were used 
to obtain the SDSM. Downscaling with SDSM 
results from three main steps: (a) selection 
of predictants and predictors, (b) selection 
of SDSM and (c) generation and validation of 

scenarios (Wilby & Fowler 2010), as detailed in 
the following sections.

Selection of predictors and predictants
There are several ways to characterize the climate 
of a region from a set of selected predictors. In 
this research, the analogues method was used 
as a transfer function (Carter 2007, Kopf et al. 
2008, Ishizaki et al. 2012). The choice of predictors 
should be based on the physical knowledge of 
the variables that regulate the average climatic 
conditions of the region and exert a strong 
influence on the daily temperature, humidity 
and rainfall occurrence (Cavalcanti & Mariano 
2016, Alves et al. 2017). ERA40 reanalysis data 
were used for calibration of rainfall, and NCEP/
NCAR data, for calibration of maximum and 
minimum temperatures in a 2.5° x 2.5° common 
grid for the 1961-1990 control period (Flato et al. 
2013, Hartmann et al. 2013).

For PRCP, TX and TN, the following predictors 
were used: zonal and meridional components 
of the average wind velocity at the 850 hPa 
level, specific humidity at the 850 hPa level, 
mean sea level pressure, geopotential height at 
500 hPa and temperature at the 850 hPa level. 
The predictability of the model based on the 
analogue method is also influenced by the 
number of variables used. Too many predictors 
may increase model noise and, therefore, lead 
to a decrease in predictive power. On the other 
hand, few predictors can neglect valuable 
information (Wilks 2011).

The predictants are PRCP, TX and TN, whose 
time series were entered in the ENSEMBLES 
Downscaling Portal database.

Selecting SDSM
The SDSM we resorted to was the analogue 
method (Gutiérrez et al. 2013), considering that it 
presents the best correlations for most stations 
when compared to other available methods, 

Table I. KDI classification.

KDI Values Thermal sensation

KDI ≥ 80 Stress due to heat

75 ≤ KDI < 80 Heat discomfort

60 ≤ KDI < 75 Comfortable 

55 ≤ KDI < 60 Cold discomfort

KDI < 55 Stress due to cold
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such as linear regression and artificial neural 
networks. In this method, analogous patterns 
are filtered by Empirical Orthogonal Functions 
(EOFs), specifying a local state consistent with 
a simultaneous large-scale state (Van den Dool 
1994, Zorita et al. 1995, Zorita & von Storch 1999). 
As an example, the atmospheric circulation 
anomalies represented by (f) of the SLP field are 
described by few major EOFs patterns:

( )
1

,   
n

t i t
k

f i t xk gk ε
=

= +∑  (3)

where i is a grid point index, t is time, gk is the 
k-order pattern of the EOF, xk(t) is the amplitude 
of this standard at time t, n represents the 
number of EOF patterns retained, and Є is the 
part of the variability not described by the major 
standards n, considered small. Analogs are only 
searched within the space generated by these 
standard nodes.

Generation of scenarios and validation
Future scenarios were generated for the period 
2021-2080, split in two distinct periods of 30 
years (2021-2050 and 2051-2080) for comparison 
with the observed reference climatology 1961-
1990. In addition to these scenarios, the time 
series of the variables for the period 1961-2000 
were reconstructed for each model, in order to 
assess how well they represent the observed 
climatology, with data from the period 1961-
1990 (75% of the data) being used to evaluate 
the similarity of the simulated climate with the 
observed SDSM, and data from 1991-2000 (25% 
of the data), being used for validation. This is 
one of the most important steps, i.e., comparing 
the daily data observed and simulated in this 
period, in order to demonstrate the models’ 
ability in simulating the past climate, which 
grants confidence for future climate analysis. 
Several statistical parameters are obtained 
for rainfall and temperature, such as: Pearson 

correlation coefficient (r), PDFescore, variance 
ratio, absolute and quadratic mean errors, BIAS 
and comparisons of the differences between 
means, medians and standard deviations 
obtained from simulated and observed series. 
The t-student statistical significance test was 
used to obtain the critical correlation value (rc), 
a value that allows us to assume the statistical 
hypothesis that there is a correlation between 
the simulated and observed data at a statistical 
confidence level of no less than 95% (Berthouex 
& Brown 2002).

KDI scenarios
In order to calculate the KDI, it is necessary to 
know T and Td. T is obtained from the simple 
average of TX and TN, while Td comes from T and 
RH through Equation 2. However, considering 
that the downscaling process provides results 
solely for PRCP, TX and TN, we found out that it 
is possible to obtain RH values that are much 
closer to the observed ones by resorting to 
Multiple Linear Regression (MLR), with PCRP, TX 
and TN being used as predictors for RH.

The smooth nature of the data and the 
inversely proportional relationship between 
temperature and humidity makes it safe to 
imply that one variable responds well to the 
mean daily behaviour of the other, and vice-
versa. The PRCP, being of a random and zero-
inflated nature, exhibits a much lower predictive 
potential than the ones of TX and TN, with a 
verified importance in the representation of RH 
limited to rainy days.

The MLR was applied to the period of observed 
data (1961-1990). Such new values of RH were 
used to derive the respective Td values (Equation 
2). The comparison between the observed and 
modelled RH and Td data sets proved the method 
to be satisfactory, with high values of correlation 
(r), low values of BIAS and of Root Mean Square 
Error (RMSE). Finally, those equations were applied 
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to the PRCP, TX and TN scenarios, allowing for the 
calculation of the variables necessary to obtain 
the KDI (Equation 1).

Regionalization of results
The climate of the NEB is conditioned by the 
performance of several meteorological systems 
and different modes of variability, which operate 
at different times of the year. The rainy period 
in the northern NEB is marked by the action of 
the Intertropical Convergence Zone (ITCZ) and 
Upper Tropospheric Cyclonic Vortexes (UTCV) 
during the austral summer and early autumn. 
The rainy season in the eastern sector and part 
of the central portion is marked by the action 
of UTCVs and the propagation of Easterly Wave 
Disturbances (EWDs) coming from the Atlantic 
Ocean during the months May–June–July 
(MJJ). UTCVs and Cold Fronts are the main rain 
generators in the southern sector of the NEB 
during the austral summer, and EWDs, during 
autumn/winter. The most central area of the 
NEB has its rainy season concentrated in the 
months of November-December-January (NDJ), 
due to the South Atlantic Convergence Zone 
(SACZ) (Kousky 1979, Kousky & Gan 1981, Costa 
et al. 2014, Cordeiro et al. 2018, de Carvalho et 
al. 2013, Silva et al. 2013, Gomes et al. 2015, 2019). 
Some modes of variability modulate the rainfall 
over the NEB, with low temporal frequency, such 
as the North Atlantic Oscillation, the Pacific 
Decadal Oscillation, the Atlantic Multidecadal 
Oscillation and the Madden-Julian Oscillation 
(Servain 1991, Servain et al. 2000, Kousky & 
Kayano 1994, Kayano & Andreoli 2004, Kayano 
& Capistrano 2014). The influence of different 
systems in this vast region require a subdivision 
into three major climatic areas, as in Costa et al. 
(2020). The determination of those subregions 
was achieved by employing a hierarchical 
cluster analysis to the PRCP, TX and TN data sets, 
adopting the Euclidian distance as a measure 

of similarity (Mimmack et al. 2001, Costa et al. 
2020) and, for the clustering algorithm, we used 
the Ward Method. This method, according to 
the literature (Hervada-Sala & Jarauta-Bragulat 
2004), identifies the smallest variation among 
clusters, grouping elements whose sum of 
squares is minimal, or whose sum of errors is 
minimal, using an unsupervised method known 
as K-media (André et al. 2008), whose objective 
is to group the experimental units according to 
the similarity between them, in this case, areas 
of the same climatic characteristics.

RESULTS AND DISCUSSION

In this section, we describe the analysis 
performed to assess the potential changes 
in the mean KDI pattern for the three NEB 
subregions when submitted to future scenarios 
of regionalized climate change. First, a climate 
assessment with observed data is performed in 
order to characterize the three subregions. Next, 
we show the ability of the models to simulate 
the current climate, its virtues and deficiencies, 
through the analysis of the calibration 
process and validation of the employed SDSM 
technique. Then, the profiles of changes in the 
environmental variables under each of the 
future scenarios, necessary to obtain the KDI, 
are analyzed for each subregion and, finally, the 
possible changes in the average KDI standards 
are discussed for the respective scenarios.

Subregional climate analysis of the NEB
The cluster analysis applied to the rainfall and 
temperature series allowed to identify three 
large climatically homogeneous areas in the 
NEB (Figure 2a). Next, single time series for 
each variable of each homogenous area were 
obtained from the respective average values 
of the stations that represent them, in order to 
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point out the differences between those three 
subregions, as well as to enable the KDI analysis 
for the future scenarios of climate change. The 
climatology from the observed data (1961-1990) 
shows the distinctions in the behavior of the 
variables along the three areas. TX (Figure 2b) 
and TN (Figure 2c) are highest in Area 01, the 
northern NEB. During the summer, the TX values 
are close to, in average, the ones expressed by 

Areas 02 and 03, but are distant for the winter 
period, with Area 03 (the NEB’s interior) showing 
higher maximums than Area 02 (eastern NEB), 
an expected effect of the different distances to 
the ocean, which results in a greater thermal 
amplitude in the interior. For TN, the opposite 
effect is observed, as a smaller thermal 
amplitude near the ocean imposes higher TN 
values for Area 02 than for Area 03.

Figure 2. (a) Spatial distribution of the stations and identification of the three large areas (climate subregions), 
separated by color, (b) climatology observed in 1961-1990 for TX in each area, (c) the same as b, but for TN, (d) the 
same as b, but for PRCP and (e) the same as b, but for KDI.
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The PRCP (Figure 2d) shows three rainfall 
regimes with different characteristics. There is 
similarity in the rainy season of Areas 01 and 
03, with a minimum at the end of winter and a 
maximum from the end of spring and during the 
summer months in Area 03, and a pronounced 
maximum at the end of summer and beginning 
of autumn in Area 01.

The mean annual KDI systematically shows 
values in a decreasing fashion from Areas 01 
to 03 (Figure 2e). The lower thermal amplitude 
(difference between TX and TN) in Area 02 is a 
determinant factor for the overall exhibition 
of a higher KDI than in Area 03 for most of 
the year. As for Area 01, the cooling that PRCP 
provides to the environment is a decisive factor 
in mitigating the effects of high temperatures 
in that sector, which, otherwise, would exhibit 
a greater distance between its average curve of 
KDI and those of the others (Areas 02 and 03), 
especially for the first half of the year.

SDSM - calibration and validation
The main objective of the SDSM calibration is 
to obtain a model that can accurately reflect 
the observed climate variability, increasing the 
confidence in the time series generated for 
the future. Figure 3 shows the capacity of the 
individual models (A-BCM2 model, B-CNRM-CM3 
model, C-ECHAM5-OM model, D-HadGEM2-ES 
model), as well as the ensemble (the average 
of all the models, E), to reproduce the seasonal 
means of PRCP, TX and TN of the representative 
quarters of each season (DJF-summer, MAM-
autumn, JJA-winter and SON-spring).

Regarding the rainfall variable, the models 
and the ensemble show seasonal climatological 
patterns similar to the observed climatology 
(Figure 3a). Figure 3b shows, for each season, 
where the models tend to overestimate/
underestimate the average rainfall observed. For 
DJF, which is an important rainy period on the 

western NEB, denoted by stations within Areas 
01 and 03, the models tend to underestimate 
the precipitation. Conversely, they exhibit a 
propensity to overestimate the rainfall on the 
eastern strip of the NEB (mostly represented 
by Area 02), where, according to its observed 
climatology, the rainy season is still a couple of 
months afar. Such overestimation is particularly 
noticeable in ECHAM5-OM (Model C). For MAM, 
the main rainy season in the northern NEB, the 
models show a very similar behavior (among 
them), by underestimating the northern NEB rains 
and overestimating the ones in the southern 
NEB. (Bombardi & Carvalho 2009) showed that 
the models, since CMIP3, have problems in the 
correct representation of the physical processes 
associated with rainfall resulting from the ITCZ, 
the main precipitation induction system for the 
northern NEB and strongly influenced by the 
sea surface temperature gradient of the Tropical 
Atlantic Ocean. JJA is the main rainy season in the 
eastern NEB, which corresponds to Area 02, and 
the driest period for the interior part of the NEB, 
which is represented by Area 03. For such quarter 
of the year, all the models tend to overestimate 
rainfall throughout the NEB. During the next 
transition season (SON), an opposite gradient to 
that observed for MAM prevails, with a tendency 
to overestimate rainfall in the northern part of 
the NEB, and to underestimate it in the southern 
region (as well as some of the western range).

The results for the rainfall variable show 
a great similarity among the models, with an 
alternation of periods and areas that exhibit 
a propensity to over/underestimate the 
precipitation, indicating the efficiency of the 
calibration process by the SDSM, with the same 
predictors being used for all the models.

TX and TN presented more satisfactory 
results regarding the representation of the 
annual cycle (Figure 3c and 3e). In Figure 3d, there 
was a slight overestimation of the mean values 
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Figure 3. (a) Seasonal means of 
observed rainfall and the ones 
reproduced by each model and 
the ensemble for the period 
1961-1990 (A-BCM2, B-CNRMCM3, 
C-ECHAM5-OM, D-HadGEM2-ES, 
E-ENSEMBLE), (b) deviations of 
each model for rainfall, (c) the 
same as a, but for maximum 
temperatures, (d) the same as b, 
but for maximum temperatures, 
(e) the same as a, but for 
minimum temperatures and (f) 
the same as b, but for minimum 
temperatures.
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of TX in the western NEB for DJF, as well as in the 
northern NEB and the center-east area during 
MAM. The models presented average values close 
to those observed, with a slight overall tendency 
to overestimate TX. That is valid especially for 
the model HadGEM2-ES (D) during JJA. For SON, 
there was an underestimation throughout the 
center-east of the NEB. The TN deviations (Figure 
3f) are more pronounced during JJA and SON, 
with patterns that resemble the ones of TX 
(Figure 3d), having DJF and MAM showing small 
nuclei alternating the behaviors of under and 
overestimation in relation to the observed means.

Comparing the deviations of PRCP (Figure 3b) 
to those of TX (Figure 3d) and TN (Figure 3f), there 
is a much greater distance between the simulated 
and the observed PRCP climatology, with areas 
exhibiting discrepancies greater than or equal 
to 100 mm, whereas, for TX and TN, the most 
pronounced deviations are limited to about ± 1°C.

Figure 4 depicts the validation of RH and Td 
data for the period 1991-2000, obtained through 
the MLR equations applied to the observations 
from the period 1961-1990, with observations from 
the same period. The spatial layout of the BIAS, 
Pearson correlation (r) and RMSE are shown.

The BIAS values for RH (Figure 4a) show a 
few random points of very low positive and 
negative values, whereas the ones for Td (Figure 
4b) indicate a trend of underestimation of the 
observed values. The values of r were high and 
statistically significant concerning the comparison 
between simulations and observations of both 
variables (Figure 4c and 4d). The RMSE shows 
maximum errors of up to 10% between simulated 
and observed RH and up to 3°C for Td (Figure 
4e and 4f). These parameters show acceptable 
patterns of comparison between the simulated 
and observed data, providing confidence for the 
use of the equations found to obtain Td and KDI 
from the time series of PRCP, TX and TN in the 
future scenarios.

SDSM - Future scenarios of climate variables
Figure 5 (top row) displays the observed 
climatology (Obs) of rainfall (1961-1990) and 
the projected future changes (2021-2050 and 
2051-2080), throughout the annual cycle for the 
three areas determined before (Figure 2a). The 
decrease in rainfall is widespread and stronger in 
the period 2051-2080 than in 2021-2050. Over the 
three areas, this decrease is more significant in 
the rainy months of the year for each one: in Area 
01, mainly between February and April, a period 
whose rainfall is associated with the southward 
displacement of the ITCZ (Moura & Shukla 1981, 
Kousky & Gan 1981, Zagar et al. 2011). In Area 02, 
the reduction indicated by the scenarios should 
occur with greatest intensity from March to June, 
a period in which the rainfall is mostly modulated 
by the incursion of EWD (Gomes et al. 2015, 2019). 
In Area 03, the most pronounced reduction 
in rainfall is expected to happen between 
October and March. Regarding annual totals, the 
reductions projected according to Scenario A1B 
for Areas 01, 02 and 03 during the period of 2021-
2050 are of 215.6, 161.3 and 232.2mm, respectively, 
and, for 2051-2080, the expected declines are 
of 400.7, 351.8 and 411.6mm, also respectively to 
Areas 01, 02 and 03.

TX (Figure 5, middle row) show distinct 
behaviors of the future projections for the three 
areas. In Area 01, the forecast is for a more intense 
increase in the first half of the year, reducing the 
seasonal amplitude; in Area 02, the raise should 
occur almost equally for nearly the entire year, 
but more pronouncedly from May to August and, 
less noticeably, from October to February in 
2021-2050; in Area 03, the rise should prevail for 
all over the year, with a lower increase in 2051-
2080 from June to September compared to the 
increment projected from the reference period 
to 2021-2050. In annual terms, the projected 
increases according to scenario A1B for Areas 
01, 02 and 03 during 2021-2050 are of 0.7, 0.7 and 
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1.1°C, and, for the period 2051-2080, the maximum 
temperatures should raise by 1.1, 1.6 and 2.2°C, 
respectively.

TN is the variable that exhibits the most 
homogeneous behavior throughout the three 
areas (Figure 5, bottom row). In annual terms, 
the projected increases conforming to scenario 
A1B for Areas 01, 02 and 03, over the period 2021-
2050, are of 0.7, 0.8 and 0.7°C, and, for the period 
2051-2080, the minimum temperatures may be 
elevated by 1.5, 1.8 and 1.7°C, respectively. The 
same analysis, for the three variables, was made 
for scenario A2 (not shown), whose results were 
very similar, in behavior and values, to those 
obtained for scenario A1B.

KDI, observations and projections
Figure 6 features the comparison of KDI 
histograms relative to the daily data obtained 
from the observations (1961-1990) and the average 
of the models, for the three climatologically 
homogeneous areas of the NEB. In all the cases, 
no circumstances of stress and discomfort due 
to cold were identified. For Area 01 (Figure 6a and 
6b), the models overestimated the KDI class range 
from 75 to 80, which represents heat discomfort, 
underestimating the comfortable range. For Area 
02 (Figure 6c and 6d), the model reproduced 
the observations with better accuracy, slightly 
underestimating the comfortable range and also 
just marginally overestimating the range of heat 
discomfort. For Area 03 (Figure 6e and 6f), the 
average of the models virtually eliminated the 
comfort range from 65 to 70, presenting nearly all 
of their values within the comfort range, between 
70 and 75. Overall, the models represented well 
the observed conditions.

Next, we present the KDI results of the models’ 
average for scenarios A1B and A2 concerning 
the periods 2021-2050 and 2051-2080, in order 
to better understand which of them will make a 
greater contribution to the changes in the daily 

behavior according to the models. Figure 7, for 
Area 01, shows scenarios of significant reduction 
in days classified as comfortable, that is, that have 
a KDI between 60 and 75. Under scenario A1B, for 
2021 to 2050 (Figure 7a), 7.3% of the days will be 
considered comfortable and 92.7%, uncomfortable 
by heat, this percentage decreases slightly in 
scenario A2 (Figure 7b), to 91.8% of days causing 
heat discomfort and 8.2% considered comfortable. 
For the period 2051-2080, in accordance with 
scenario A1B (Figure 7c), 98.6% of the days will 
be uncomfortable by heat, with only 1.4% being 
regarded as comfortable. For scenario A2 (Figure 
7d), 97.9% of days are expected to be uncomfortable 
by heat, and 2.1%, comfortable.

Figure 8 demonstrates that Area 02 should 
have more days classified as comfortable (56.1%) 
than with heat discomfort (43.9%) during 2021-
2050 according to scenario A1B (Figure 8a), with 
similar numbers being delivered by scenario A2: 
55.4% of comfortable days and 44.6% of heat-
discomfort days (Figure 8b). The period 2051-2080 
should see a reversal in those circumstances, 
with the predominance of days with discomfort 
by heat for both scenarios: 68.5% of days for 
scenario A1B (Figure 8c) and 68.9% for scenario 
A2 (Figure 8d). Figure 9 shows an increase in the 
percentage of days with discomfort by heat of 
the order of 7.7% for the period 2021-2050 for 
Area 03, conforming to scenario A1B (Figure 9a), 
and of 6.9%, for scenario A2 (Figure 9b). Those 
percentages might increase significantly for the 
period 2051-2080, reaching 48.1% of the days with 
discomfort by heat for scenario A1B (Figure 9c) 
and 47.2% for scenario A2 (Figure 9d). It should 
be noted that, during 1961-1990, the number of 
observed days with discomfort by heat did not 
exceed 1% (Figure 6e), and that the models did 
not even simulate any days with heat discomfort 
(Figure 6f).
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Figure 4. (a) Bias between 
simulated and observed 
RH, (b) Bias between 
simulated and observed Td, 
(c) correlation r between 
simulated and observed RH, 
(d) correlation r between 
simulated and observed Td, 
(e) RMSE between simulated 
and observed RH, and (f) 
RMSE between simulated 
and observed Td. Statistical 
parameters obtained for 
the validation period of the 
SDSM: 1991-2000.
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Figure 5. here top row Observed annual cycle of rainfall (Obs, 1961-1990) and projected future changes for the 
three areas over the two periods of time (2021-2050 and 2051-2080), middle row The same as in the top row, but 
for monthly averaged for maximum temperature, bottom row The same as in the top row, but for monthly averaged 
minimum temperature.
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Figure 6. 
Histograms of 
the daily log of 
observations (a) 
and simulations (b) 
from the average 
of the KDI models 
for the period 
1961-1990 for Area 
01, for Area 02 (c) 
and (d), for Area 
03 (e) and (f). The 
gray color indicates 
the comfortable 
range, while yellow 
represents the 
uncomfortable 
range by heat. 
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Figure 7. Histograms of the 
future scenarios of the daily KDI 
classification for the periods 2021-
2050 according to scenarios A1B 
(a) and A2 (b), and 2051-2080 for 
scenarios A1B (c) and A2 (d), from 
the results of the models for Area 
01. The gray color indicates the 
comfortable range, while yellow 
represents the uncomfortable 
range by heat. 

Figure 8. Histograms of the 
future scenarios of the daily KDI 
classification for the periods 2021-
2050 according to scenarios A1B 
(a) and A2 (b), and 2051-2080 for 
scenarios A1B (c) and A2 (d), from 
the results of the models for Area 
02. The gray color indicates the 
comfortable range, while yellow 
represents the uncomfortable range 
by heat.
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CONCLUSIONS

In this study, future scenarios of climate change 
were used to evaluate the future trend of an 
index that measures the degree of human 
thermal comfort/discomfort with respect to the 
environment, by resorting to data sets of different 
sorts of variables, such as average temperature, 
dew point and the KDI.

In light of a scenario of long-term rainfall 
decline between 2021 and 2080, as well as 
temperature climb, three areas of the Northeast 
of Brazil (NEB) were analyzed: Area 01, the 
northernmost region, Area 02, comprising the 
eastern sector, and Area 03, which encompasses 
the central and western parts of the NEB. The 
models simulated well the KDI values for the 
reference period 1961-1990, also benefiting from 
the success in the employment of Multiple 
Linear Regression to obtain the relative humidity 

and consequent dew point data, which are 
indispensable for calculating the index.

For the three areas and for both scenarios 
(A1B and A2), the projections present a significant 
increase in the percentage of days with discomfort 
by heat. Regarding Area 01, the few occurrences 
of days still classified as comfortable during 
2021-2050 should decrease even more in the 
period 2051-2080. For Area 02, the period 2021-
2050 is still expected to present a predominance 
of days with thermal comfort, albeit much less 
numerous than during the control period (1961-
1990), and that should be totally overcome by 
the prevalence of days of discomfort by heat in 
the period 2051-2080. Finally, Area 03 is the one 
that should experience the greatest changes, 
owing to the fact that, in the reference period, 
the days with discomfort by heat did not exceed 
1% of the total, a percentage that, according to 
the projections, will increase to approximately 

Figure 9. Histograms of the 
future scenarios of the daily KDI 
classification for the periods 2021-
2050 according to scenarios A1B 
(a) and A2 (b), and 2051-2080 for 
scenarios A1B (c) and A2 (d), from 
the results of the models for Area 
02. The gray color indicates the 
comfortable range, while yellow 
represents the uncomfortable 
range by heat. 
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7% (from an average of the two scenarios) in the 
period 2021-2050, eventually reaching 48% on 
average in the period 2051-2080.
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