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Abstract

This article is a case study to analyze the synoptic and climatological aspects of an heat wave in Rio de Janeiro, located in the Southeast
Region of Brazil, during November 2023. This work aims to investigate whether the high temperatures recorded on November 17 and 18,
2023, during a concert of an American singer, could be considered an extreme weather event. On the first day of the concert, the 17", many
people fell ill due to the extreme heat, and a 23-year-old female died, a victim of cardiorespiratory arrest caused by thermal exhaustion.
On November 18, 11 meteorological stations recorded a maximum temperature (TX) equal to or over 40 °C, and the highest TX in the
city was 43.5 °C. At a station located in the coldest area of the city, the highest TX (39.6°C) in its entire historical record (1967-2023)
was also recorded on the 18", Such extremely high temperatures occurred during a prefrontal situation and at the end of a heat wave that
lasted eight days. Analysis of the diurnal cycle of the air temperature on the 17" and 18" indicated that the minimum temperature (TN)
was about 5 to 6 °C above its climatology; the TX was approximately 13 °C above its climatological value, and high temperatures lasted
all afternoon. On the 18", the Heat Index reached 55.1 °C at 14:00 and 15:00 LT, characterizing a state of medical emergency during seven
hours. In terms of climate, in addition to the increase in intensity and frequency of warm extremes over the city, the El Nifio phenomenon
(EN) was configured in the Pacific Ocean from April 2023 to May 2024, causing a drier and warmer spring in Southeast Brazil. This
concert represented a milestone for the city regarding the need for local public policies to regulate massive crowd-gathering events during
heat wave episodes. Finally, it is possible to state that the event was extreme, caused by the combination of a heat wave, in a prefrontal
situation, during an EN event, and in a context of climate change.
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Resumo

Este artigo ¢ um estudo de caso que analisa os aspectos sindticos e climatoldgicos de uma onda de calor no Rio de Janeiro, localizado
na Regido Sudeste do Brasil, durante 0 més de novembro de 2023. O objetivo deste trabalho ¢ investigar se as elevadas temperaturas
registradas nos dias 17 e 18 de novembro, durante um show de uma cantora norte americana, poderiam ser consideradas como um evento
extremo. No primeiro dia do show, dia 17, muitas pessoas passaram mal devido ao calor extremo, € uma jovem de 23 anos faleceu, vitima
de parada cardiorespiratdria causada por exaustdo térmica. No dia 18 de novembro, 11 esta¢cdes meteoroldgicas registraram temperatura
maxima (TX) igual ou superior a 40 °C, e a maior TX na cidade foi de 43,5 °C. Na estacéo localizada na area mais fria da cidade, a maior
TX (39,6°C) de toda sua série historica (1967-2023) foi também registrada no dia 18. Tais temperaturas extremamente elevadas ocorreram
durante uma situagéo pré-frontal e no final de uma onda de calor que durou oito dias. Analise dos ciclos diurnos dos dias 17 e 18 indicaram
que a temperatura minima (TN) esteve aproximadamente 5 a 6 °C acima de seu valor climatolégico; TX esteve cerca de 13 °C mais
elevada do que a climatologia e temperaturas muito altas foram registradas por toda a tarde. No dia 18, o Indice de Calor atingiu 55,1 °C
as 14h e 15h, caracterizando-se um estado de emergéncia médica por um periodo de sete horas. Em termos de clima, além do aumento na
intensidade e frequéncia de extremos quentes sobre a cidade, o fenomeno El Nifio (EN) esteve configurado sobre o Oceano Pacifico, de
abril de 2023 a maio de 2024, causando uma primavera mais quente e mais seca no Sudeste do Brasil. O show representou um marco na
cidade em relacdo a necessidade de politicas publicas para regulamentar eventos com grande concentrag@o de ptblico durante episodios
de ondas de calor. Finalmente, ¢ possivel afirmar que o evento foi extremo, causado por uma combinagdo de onda de calor, em situagdo
pré-frontal durante um evento de EN, e no contexto de aquecimento global.

Palavras-chave: Onda de calor; Aquecimento global; El Nifio
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1 Introduction

On November 8, 2023, the Brazilian National
Institute of Meteorology (INMET) warned about the eighth
heat wave to occur in Brazil in the year, and to be expected
for the Midwest and Southeast Brazil s regions, including
the entire State of Rio de Janeiro (INMET 2023), as a “major
hazard.” In these areas, temperatures of 5 °C above average
were predicted for more than five consecutive days, thus
characterizing a heat wave, according to the definition
adopted by INMET (INMET 2023). Temperatures remained
high for several days that week, reaching a maximum above
40 °C in several weather stations on November 18, when
the concert of an American pop singer (Taylor Swift) caused
a major crowd gathering in the city of Rio de Janeiro. It is
important to note that these high temperatures occurred even
before the beginning of summer 2024 (December/2023,
January and February/2024).

On the first day of the concert, November 17, 2023,
many people fell ill due to the extreme heat at the Nilton
Santos Olympic Stadium, and a 23-year-old female died
due to cardiorespiratory arrest caused by thermal exhaustion
(AP News 2023). On that day, despite the intense heat, the
entry of several items inside the stadium was prohibited,
including bottles of water and food.

The singer’s second concert in Rio de Janeiro,
scheduled for November 18, was postponed to November
20 due to the extreme temperatures recorded that day. In
this situation, after the death of the student on November
17, under high temperatures throughout the city and the
forecast of extreme temperatures predicted at least five
days in advance, logically, the event on November 18
should have been postponed in the morning. However,
the communication of the postponement of the show only
occurred at 17:30 Local Time (LT) on the same day, that is,
one hour before the start of the opening show presentation.
Thus, once again, thousands of fans lined up for hours
outside the Nilton Santos Olympic Stadium, and several
people fell ill due to the intense heat.

According to the National Oceanic and Atmospheric
Administration (NOAA), November 2023 was the warmest
November globally and in South America, considering
a 174-year historical record (NOAA 2023a). The global
average temperature in November 2023 was 1.44 °C above
the 20th-century average of 12.9 °C. In addition, the entire
year of 2023 was also considered the hottest year in the
historical series (NOAA 2023b). Marengo and Nobre (2024)
affirm that Brazil had its warmest year in 2023, with 9
heat waves. In the last decade, there has been an almost
sevenfold increase in the incidence of heat waves in Brazil
(Marengo & Nobre 2024).
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Regarding natural climate variability, the El Nifio
phenomenon causes more frequent heat waves in Brazil, as
occurred in 2023 (National Geographic 2023). According to
the Sixth Assessment Report (AR6) of the Intergovernmental
Panel on Climate Change (IPCC 2021; Seneviratne et al.
2021), it is virtually certain that the duration, frequency,
and intensity of extreme hot events such as heat waves are
increasing due to human activity. The same report states that
an increase in the intensity and frequency of warm extremes
is very likely to occur, even considering an average global
warming of only 1.5 °C (IPCC 2021).

Like the rest of the world, South America has
experienced heat waves more frequently and prolonged
in recent years. According to Dereczynski et al. (2013), in
Rio de Janeiro, the length of heat waves is increasing with
a statistical significance of 1.7 days/decade. The authors
also show that warm (cold) days and nights are more (less)
frequent, consistent with a global warming scenario.

Monteiro dos Santos et al. (2024) found an increase in
the frequency and duration of heat waves in some Brazilian
Metropolitan regions, including Rio de Janeiro from 1970
t0 2020. In Rio de Janeiro, throughout the 1970s and *80s,
the heat wave frequency (duration) was 2.5 events/year (4.0
days), while in the 2000s and ’10s, the frequency (duration)
increased to 4.0 events/year (5.0 days). Considering the
Brazilian urban areas, over the 2000—2018 period, 48,075
excessive deaths were attributed to the growing number
of heat waves (>20 times the number of landslide-related
deaths for the same period). Nevertheless, the authors affirm
that extreme heat events are a neglected disaster in Brazil.

Rivera et al. (2023) analyzed two heat waves that
occurred in late November (23 to 29) and early December
(4 to 12) 2022, affecting north-central Argentina, southern
Bolivia, central Chile, and most of Paraguay and Uruguay.
The return period of the December 2022 heat wave,
calculated for the present climate, was 20 years, meaning
that events like that have approximately a 5% chance of
occurring each year today. In these two events, several
stations recorded maximum temperatures above 40 °C. The
attribution study developed by Rivera et al. (2023) showed
that anthropogenic climate change made the December 2022
event sixty times more likely. A heatwave with a 20-year
return period could have been 1.4 °C less warm in a world
without global warming.

This article aims to answer the question: Can the
high temperatures recorded in Rio de Janeiro on November
17 and 18, 2023, be considered an extreme weather event?
This work is divided into four sections, including this
Introduction. Section 2 describes the methodology and data
used in this work. Section 3 presents the results, with the
climatology and trends of air temperature extremes over
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the city, and the heat wave case study. The conclusions are
summarized in Section 4.

2 Data and Methodology

2.1 Meteorological Surface Stations

Time series of meteorological variables from 16
surface meteorological stations located in the city of Rio
de Janeiro were used. The map with the location of these
stations and the Nilton Santos Olympic Stadium is shown
in Figure 1. The Nilton Santos Olympic Stadium is located
in the North Zone, one of the hottest regions of the city
(Dereczynski et al. 2011). Unfortunately, the weather station
closest to the Nilton Santos Olympic Stadium (Iraja station
of Alerta Rio) was under maintenance during the week of
the concert, and, therefore, it was not possible to use its
data series.

The 16 meteorological stations used in this work are
listed in Table 1 in the following order: i) Alto da Boa Vista
conventional station (ABVI— (1)), located at an altitude of
347 m in a vegetated area close to the Tijuca Forest (the
world’s largest urban forest), containing the longest data
series (1967-2023) of Rio de Janeiro; ii) 5 meteorological
stations located at Rio de Janeiro’s airports, three belonging
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to the Department of Airspace Control (DECEA) and
two belonging to NAV Brasil Air Navigation Services;
iil) 6 automatic stations of “Alerta Rio”; and iv) 4 INMET’s
automatic stations.

The data series obtained from the 16 meteorological
stations are air temperature (T in °C), maximum temperature
(TX in °C), minimum temperature (TN in °C), atmospheric
mean sea level pressure (MSLP in hPa), Precipitation (Pr
in mm), relative humidity (RH in %), wind velocity (Vel in
m/s), wind direction (Dir in degrees) and significant weather.

The meteorological station with the longest data
series (1967-2023), ABVI (1), is used to calculate climatic
extremes indices. November’s climatology is calculated
using Rio de Janeiro Airports data series (SBAF (2), SBGL
(3), SBSC (4), SBRIJ (5)) and SCRIS (12). The other stations
are used to present the data recorded during the week of
the concert (November 13-20, 2023).

2.2 Satellite Images

Images from the GOES 16 satellite, on channel 14,
every 15 minutes for the period November 13-20, 2023,
were obtained from the website of the National Institute
for Space Research (INPE; https://satelite.cptec.inpe.br/
acervo/goes16.formulario.logic).

Figure 1 Topography (m) of Rio de Janeiro city and location of the 16 meteorological stations used in this work. The location of the

Nilton Santos Olympic Stadium is highlighted with a blue triangle.
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Table 1 Information from the INMET, DECEA, NAV Brasil and Alerta Rio meteorological stations used in this work.

Station . . . Period
Acronym Station Name (Institution) Latitude  Longitude  Altitude (Percentage Data (Frequence)
(°S) (°W) (m) ;
(Number) of failures)
INMET, DECEA and NAV Brasil Conventional Stations
ABVI Alto da Boa Vista — 83007 Nov. 1967-2023 .
() (INVET) 22.9658 43.27927 3471 (5.2%) TX, TN e Pr (daily)
SBAF . Nov. 2001-2023 T, RH, MSLP, Vel, Dir, significant weather
2 Afonsos Airport — SBAF (DECEA) 22.8750 43.3844 6.0 (0.4%) (hourly, from 07:00 to 21:00 LT)
SBGL Rio de Janeiro International Nov. 2001-2023 T, RH, MSLP, Vel, Dir, significant weather
3 Airport — SBGL (DECEA) 22.8088 432436 80 (0.1%) (hourly)
SBSC Santa Cruz Airport - SBSC - Nov. 2001-2023 T, RH, MSLP, Vel, Dir, significant weather
m (DECEA) 22.9322 43.7189 3.0 (0.1%) (Pourly)
SBRJ Santos Dumont Airport — SBRJ - Nov. 2001-2023 T, RH, MSLP, Vel, Dir, significant weather
(5)  (NAVBrasi) 229108 431631 30 (0.1%) (hourly)
SBJR Jacarepagua Airport - SBJR Nov. 2001-2023 T, RH, MSLP, Vel, Dir, presente weather
6)  (NAVBrasi) 229867 433119 50 (0.1%) (hourly, from 7:00 to 21:00 LT)
Alerta Rio and INMET Automatic Stations
J?gT Jardim Botanico (Alerta Rio) 29728 432239 00 Nov. 1(303/0) 2023 1 RH.Pr (15 min)
0
B(';)C Barra/Rio Centro (Alerta Rio) 229772 43.3916 0.0 Nov. 1(3002/(; 2023 T, RH, Pr (15 min)
0
GBA Guaratiba (Alerta Rio) 23.0503 43.5947 0.0 Nov. 13'020' 2023 Pr (15 min)
© (0%)
(?g) Santa Cruz (Alerta Rio) 22.9094 43.6844 15.0 Nov. 1(3002/3 2023 T, RH, Pr (15 min)
A(?Y)A Alto da Boa Vista (Alerta Rio) 22.9658 43.2783 355.0 Nov. 1(3003(; 2023 T, RH, Pr (15 min)
0
S((il;;S S&o Cristovéo (Alerta Rio) 22.8967 43.2217 25.0 2001('5%/3)'\]0\" T, RH, MSLP, Pr, Vel, Dir (15 min)
. 0
COPA Forte de Copacabana — A652 Nov. 13-20, 2023 .
(13) (INVET) 22.9883 43.1906 256 (0%) T, RH, MSLP, Pr, Vel, Dir (hourly)
(J1F;A) Jacarepagua — A636 (INMET) 22.9400 43.4028 20.0 Nov. 1(3002/(; 2023 T, RH, MSLP, Pr, Vel, Dir (hourly)
0
\(:\Asl;‘ Vila Militar - A621 (INMET) 22.8614 43.4112 304 Nov. 1(303/(; 2023 T, RH, MSLP, Pr, Vel, Dir (hourly)
0
'\(/|1A6? Marambaia — A602 (INMET) 23.0503 43.5956 12.0 Nov. 1(?602/(; 2023 T, RH, MSLP, Pr, Vel, Dir (hourly)
0
2.3 ERA5 Data extreme weather events generates profound impacts on

Atmospheric mean sea level pressure fields
(in hPa) were obtained from the European Centre for
Medium-Range Weather Forecast (ECMWF) Reanalysis
v5 (ERAS; https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5), with a 31 km horizontal resolution
(Hersbach et al. 2020).

2.4 Climate Extremes Indices

There is a consensus in the scientific community
that any modification in the frequency and/or intensity of

Anu. Inst. Geociénc., 2024:47:66182

nature and society. So, the Joint World Meteorological
Organization (WMO) Commission for Climatology (CCl)/
World Climate Research Program (WCRP) Expert Team
on Climate Change Detection and Indices (ETCCDI;
https://www.wcerp-climate.org/data-etccdi) created a set
of climate extremes indices based on daily TX, TN and Pr
data that provide a comprehensive overview of temperature
and precipitation statistics focusing mainly on extreme
aspects (Karl et al. 1999; Frich et al. 2002). The temperature

extremes used in this work are listed in Table 2.
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Table 2 Temperature extreme indices analyzed in this work.

Dereczynski et al.

ID Index name Definition and Unit
TXmean Mean TX Mean value of TX [ °C]
TNmean Mean TN Mean value of TN [ °C]
TX90p Warm days Number of days when TX > 90th percentile [days]
TN9Op Warm nights Number of nights when TN > 90th percentile [days]
TXx Max TX Maximum value of TX [ °C]
TNx Max TN Maximum value of TN [ °C]
TR20 Tropical nights Number of days when TN > 20 °C [days]
SU30 Summer days Number of days when TX > 30 °C [days]
WSDI Warm Spell Duration Index Count of days with at least 6 consecutive days when TX > 90th percentile [days]

2.5 Thermal Discomfort

According to Fanger (1970), thermal discomfort is
the condition that expresses the individual’s dissatisfaction
with the thermal environment. When there is an imbalance
between the heat produced by the body and the heat lost
by it, there is a feeling of thermal discomfort. If the heat
lost is greater than that generated, a person will feel cold;
if it is lower, the sensation will be hot.

There are several thermal discomfort indexes; one
is the Heat Index (HI), which is used for hot periods and
considers the effect of humidity on temperature. The higher
the humidity and air temperature, the greater the discomfort
and the higher the HI. This is because when the air is
saturated with water vapor, it is more difficult to evaporate
the body’s sweat, which is the process responsible for
“cooling” our body.

The values of HI (°C) presented in the Supplementary
Material (Figure SM1) are calculated according to the
methodology proposed by NOAA (https://www.wpc.ncep.
noaa.gov/html/heatindex.shtml). Thom's Discomfort Index
(TDI; Thom 1959) ranging from class 1 to class 6, is also
showed in Figure SM1.

3 Results
3.1 Climatology of Rio de Janeiro City

Rio de Janeiro (Figure 1) has a predominantly hot
and humid climate in the summer and cold and dry cold
and dry climate winter (Alvares et al. 2014). The city is
influenced by the presence of the Atlantic Ocean to the
south, Guanabara Bay to the east, and Sepetiba Bay to the
west. Three massifs mark the topography of Rio de Janeiro:
Gericind-Mendanha to the north, the Tijuca massif to the
south, and the Pedra Branca massif to the west (Solorzano et
al. 2016). All other city areas are lowlands with an average
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elevation of 20 meters. These altimetric differences in line
with the seasonal cycle of solar radiation confer a marked
variability in the air temperature in the city (Dereczynski
etal. 2013).

Figure 2 shows the annual cycle of TXmean and
TNmean at the Alto da Boa Vista (INMET), the coldest
station in Rio de Janeiro, from 1991 to 2020. A typical
tropical climate is predominant, with hot summers and cold
winters. The warmest quarter is from January to March
(JFM) when the median TXmean (TNmean) is between
29.1 °C and 30.7 °C (20.3 °C and 21.1 °C). During the
warmest season, the longer insolation contributes to the
highest temperatures during the day, while the shortest
nights do not allow much heat to be lost (Peixoto & Oort
1992). The coldest quarter extends from June to August
(JJA), with median TXmean (TNmean) oscillating between
24.1 °C and 24.7 °C (15.1 °C and 15.6 °C). The shorter
insolation and the incursion of cold masses from the polar
region contribute to lower temperatures in these months
(Luiz-Silva & Dereczynski 2014).

In November, the median TXmean (TNmean) is
26.6 °C (18.5 °C), and TX achieves 39.6 °C, without
outliers. It is also observed that the variability of TX is
greater than that of TN. Considering the 30 years (1991-
2020) analyzed, the difference from TX maximum to TX
minimum was around 20 °C monthly, while the difference
from TN maximum to TN minimum was around 15 °C.
This may be associated with the cloudiness amount effect,
which exerts a more significant impact on TX compared
to TN. In general, TX occurs during the afternoon; on a
cloudy (clear) day, TX will drop (increase) strongly. On
the other hand, as TN generally occurs before dawn, on a
cloudy (clear) day, TN will (drop) not drop so much.

Rio de Janeiro is strongly influenced on the synoptic
scale by the South Atlantic Subtropical High (SASH) for
much of the year (Cavalcanti et al. 2009). In the city near
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Figure 2 Boxplots of TXmean (°C in red) and TNmean (°C in blue) at ABVI (1) in the period 1991-2020. The “box” consists of minimum,
maximum, first quartile (Q1), second quartile or median (Q2), and third quartile (Q3) of data distributions. The outliers (circles) are
classified as values lower than (Q1 - 1.5 IQR) and higher than (Q3 + 1.5 IQR), where IQR = Q3-Q1.

the coast, breezes predominate from the south during the
afternoon and evening, the sea breeze, and from the north
during dawn and morning, the land breeze (Pimentel et
al. 2014). The thermal difference between the continent
and the ocean creates an atmospheric pressure gradient,
thus generating breezes. In spring and summer, when
the warming of the land is more intense, the temperature
gradient between the ocean and the land intensifies the
circulation of sea breezes, thus increasing the frequency
of southerly winds compared to the annual pattern. In
autumn and winter, winds from the south are less frequent
(they occur predominantly during the passage of transient
systems), and winds from the north increase in frequency
(Dereczynski et al. 2013).

The relief of Rio de Janeiro significantly affects
the rainfall in the city, with maxima concentrated in the
surroundings of the three massifs (Dereczynski et al. 2009).
In the lower lands of the North and West Zones of the city,
the annual rainfall totals are around 1,200 mm, while in the
Tijuca massif, this value is almost double, around 2,200 mm.
This spatial distribution of rainfall volumes is explained
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by the displacement of meteorological systems, mainly
from south to north, producing maximum (minimum)
precipitation windward (leeward) of the mountains.
The orographic ascent of humid air advected by the sea
breeze strengthens this process (Luiz-Silva & Oscar-Junior
2022). Studies that analyzed extreme precipitation events
(accumulated over 30 mm/day) indicate that in 77% of
cases, these volumes are caused by the passage of frontal
systems (Pristo et al. 2018).

The spatial distribution of air temperature in Rio
de Janeiro is also influenced by the same physiographic
aspects, i.e., the topography and the land-sea breeze (Neiva
etal. 2017). The Tijuca and Pedra Branca massifs, located
close to the seafront, make it difficult for sea breezes and
transient systems to penetrate the interior of the city, thus
making the North (where the Nilton Santos Olympic
Stadium is located) and West Zones of the city hotter and
drier than the South Zone. In addition, the land breezes
(hotter and drier) help to increase the maximum temperature
in the North and West Zones.
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3.1.1 Temperature Extreme Trends

The highest annual values of TX (TXx) increased
from 36.1 °C to 36.8 °C between the end of the 20th century
and the beginning of the 21st century (see Table 3). On
the other hand, the highest annual of TN (TNx) showed a
decrease from 25.3 °C to 24.8 °C. This possibly indicates
the reduction of the forested area in the city (Nehren et al.
2013), which allows greater absorption of radiation during
the day but also more significant loss at night due to the
reduction of local humidity. The days in the year equal to
or over 30 °C (SU30) showed a sharp increase between
1981 and 2020, from an average of 78 days to 85 days.

Figure 3 shows the trends in the annual number of
hot days (TX90p) and hot nights (TN90p) in ABVI (1)
between 1967 and 2023. TX90p (TN9OP) is computed
by the number of days in the year when TX (TN) exceeds
the 90th percentile of climatology. There is a statistically
significant increase in such indicators of temperature
extremes in Rio de Janeiro. In the late 1960s and 1970s,
the number of hot days (TX90p) and hot nights (TN90p)
in Rio de Janeiro was around 30 days. In the 2010s and
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early 2020s, this number has already reached about 60 days,
thus evidencing the city’s warming over the last decades.
Such temperature extremes directly impact human health,
the environment, and even various economic activities
(Pinkerton & Rom 2021).

3.1.2 Temperature Extremes in November

Figure 4 shows November’s TXmean and TNmean
anomalies in ABVI (1) between 1967 and 2023. It is
observed that from the 1980s onwards, the frequency of
occurrence of positive TXmean and TNmean anomalies
has increased.

The frequencies of occurrence of TN above 20 °C
(TR20), TX above 30 °C (SU30), and the duration of
the heat waves (WSDI) that occurred in November at
ABVI (1) between 1967 and 2023 are shown in Figure 5.
As WSDI requires at least 6 consecutive days with TX
above its 90th percentile, it is zero when the period is shorter
than 6 days. Using the definition presented in Table 1,
the November 2023 heat wave extended from November
11 to November 18, an 8-day heat wave. As expected, it

Table 3 TXx (°C), TNx (°C) and SU30 (days) mean and standard deviation in the periods 1981-2000 and 2001-2020.

Mean
Temperature Extreme Indices (Unit) [Standard Deviation]
1981-2000 2001-2020
XX (°C) 36.171.2] 36.8[13]
TNX (°C) 253[1.7] 24.8[1.8]
SU30 (days) 78127] 85 [24]

Figure 3 Annual number of hot days (TX90p; in days) and hot nights (TN90p; in days) at ABVI (1) from 1967 to 2023.
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Figure 4 Anomalies, relative to 1991-2020 November’s climatology, of TXmean (red bars) and TNmean (blue bars), at ABVI (1) for the
period November/1967-November/2023, except for November/1991, where data is missing.

Figure 5 TR20 (days), SU30 (days), and WSDI (days) in November at ABVI (1) from 1967 to 2023.

is observed that these two curves (TR20 and SU30) are
mostly positively correlated, i.e., in years in which there
are several days of high TN, there are also several days
with high TX, reflecting an increase in TR20 and SU30.
The highest TR20, and SU30 years in Rio de Janeiro were
1982, 1986, 1993, 2002, 2009, and 2023, all El Nifio years,
except 1993, a neutral year. This result agrees with Grimm
(2003), which states that El Nifio events cause drier and
warmer austral springs (SON), mainly in November, in
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most of central-east Brazil. Positive temperature anomalies
and negative precipitation anomalies are observed in most
of Southeast Brazil in November 2023 and also in SON
2023 (figures not shown).

Figure 5 also shows that in 2023, almost 20 days
in November recorded TN above 20 °C and that half of
the month recorded TX above 30 °C, in addition to the
maximum recorded of eight consecutive days with TX
above its 90th percentile. The last day of the November
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2023 heat wave, established between November 11 and 18,
coincided with the second day of the massive gathering
concert in Rio de Janeiro. The heat waves that hit Brazil
between September and November 2023 caused heat stress
in a significant portion of the population, including Rio
de Janeiro.

Geirinhas et al. (2020) showed that, between 2000
and 2015, the leading causes of death from excessive heat in
the Metropolitan Region of Rio de Janeiro were circulatory
diseases and respiratory problems. The situation tends to
be increasingly worrying since the frequency of hot nights
has increased significantly over the last decades (Luiz-Silva
et al. 2023), as shown in Figure 3.

TXmean and TNmean for November in seven stations
in Rio de Janeiro are presented in Figure 6 for 2001-2023.
On average, considering the seven meteorological stations,
TXmean is around 28 °C, while TNmean settles around
21 °C. The ABVI (1) exhibits the lowest values (19 °C to
27 °C) due to its location in a higher region (347 meters)
and with vegetation cover (Atlantic Forest). The hottest
stations are SBJR (6) and SCRIS (12), located in the West
and North zones of the city, respectively, and both have urban
density and are further away from the ocean. SCRIS (12)
is the closest weather station to the Nilton Santos Olympic
Stadium (about 10 km) and exhibits TXmean and TNmean
averages in 2001-2023 of 30 °C and 22 °C, respectively.

It is observed that 2009 and 2023 were the years with
the hottest November in the data series. In these years, there
was the influence of El Nifio, and in several stations in the

Dereczynski et al.

city of Rio de Janeiro, TXmean oscillated between 32 °C
and 34 °C, while TXmean was between 23 °C and 25 °C.
In equatorial and tropical regions, heat wave episodes may
be associated with the El Nifio phenomenon, especially
during spring and summer (Cai et al. 2020; Coelho et al.
2012; Geirinhas et al. 2018).

3.2 The Heat Wave Event
3.2.1 Synoptic Analysis

The Southeast region of Brazil is, for most of the
time, under the action of SASH. This system is responsible
for light winds from the north and east directions, subsidence
preventing the development of deep convective clouds, mild
temperatures, and reduced precipitation. This stability
situation generated by SASH is interrupted by the passage
of transient systems, with frontal systems being the most
frequent (Dereczynski et al. 2009; Escobar et al. 2019;
Satyamurty et al. 1998).

Frontal systems cause significant changes in
weather conditions. Cold fronts, where the cold air mass
displaces the warm air mass on the surface, are identified
by analyzing surface synoptic charts and satellite images.
They generally move from southwest to northeast over the
continent and the adjacent Atlantic Ocean (Andrade 2005).
In general, before the entry of a frontal system in Rio de
Janeiro, the MSLP is reduced, the temperature rises, and
the wind, coming from the north quadrant, intensifies.

Figura 6 TXmean and TNmean (°C) in November of seven meteorological stations in Rio de Janeiro (ABVI (1), SBAF (2), SBGL (3),
SBSC (4), SBRJ (5), SBJR (6) and SCRIS (12) ) during 2001-2023. Full (dotted) lines referring to TXmean (TNmean).
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During the passage of a cold front, the wind weakens
and turns south; then it becomes stronger, with gusts
(Dereczynski et al. 2019). Convective clouds form mainly
in the wet season, and rain and thunderstorms often occur.
After the passage of cold fronts, the post-frontal migratory
anticyclone causes milder temperatures, reduced humidity,
and higher atmospheric pressure, promoting clear skies
with few clouds, good visibility, and calm winds.

An average of 2.8 frontal systems in November
passes over Rio de Janeiro (Bonnet et al. 2018). During
November 2023, three frontal systems (days 4, 18, and 24)
passed through Rio de Janeiro, indicating that no type of
blocking could prevent or reduce the number of transient
systems through the study area.

Figure 7 shows the MSLP fields and the satellite
images from November 13-18, 2023, at 21:00 LT. Figure 8
shows the Sdo Cristovao station time series for November
13-20, 2023.

On the night of November 13 (Figure 7A), it is
possible to observe a frontal system in the South Region of
Brazil, associated with an extratropical cyclone of 980 hPa
at approximately 50°S/40°W. The following day, November
14 (Figure 7B), the displacement of this frontal system
to the north and with greater organization was observed.
Over Rio de Janeiro, convective clouds were observed.
Thus, between the night of the 14 and the early morning
of November 15, moderate rain, thunderstorms, and strong
winds occurred in the city’s surroundings, mainly in the
West Zone. The total precipitation in approximately 12
hours reached its maximum at SCRIS (12) (37.4 mm),
which can be seen in Figure 8, where a peak of very intense
rainfall (10.4 mm/15 min) occurred between 22:45 LT and
23:00 LT on November 14. Associated with the formation
of this convective cloud formation, a slight drop in TX and
TN was observed over the city. In SCRIS (12) (Figure 8)
on November 15, TX (35.2 °C) and TN (24.8 °C) were
reduced by approximately 1 °C compared to the previous
day (November 14).

From November 15 (Figure 7C) until November
17 (Figure 7E), this frontal system oscillated, retreating
to the south and advancing to the north, characterizing
a prefrontal situation in Rio de Janeiro. Finally, on the
evening of November 18 (Figure 7F), this frontal system
moved northward. The approach of the front contributed to
an increase in TX and TN, as well as a reduction in MSLP
and RH, which occurred throughout the city. During the
passage of the frontal system over the city, which occurred
around 19:00 LT on November 18, light rain, thunderstorms,
and wind gusts were observed. After its passage, the air
temperature dropped sharply.
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In SCRIS (12) (Figure 8), the TX reached 41.0 °C
on November 18 at 14:45 LT and dropped to 30.3° C on
November 19 (2:15 LT), a drop of 10.7 °C. The TN of
29 °C, observed at 4:15 LT on November 18, dropped to
23.9 °C on November 19 at 21:45 LT. The MSLP reached
a minimum value (998 hPa) on November 18 and then
rose again. The RH reached very low values (33% on
the afternoon of November 16) but rose on November 17
and 18, worsening the heat sensation. The wind speed on
November 17 and 18 did not exceed 10 m/s, and then, at
the time of the cold front arrival, it reached 29.3 m/s (82°
direction) at 20:00 LT on November 18, reducing after that.
The precipitation associated with the cold front passage was
not very intense, with the highest accumulation observed
in JPA (14), with 43.4 mm, between November 19 and 20.

Although the approach of a cold front in Rio de
Janeiro on the night of November 14 caused isolated rains
and strong winds, mainly in the city’s West Zone, only a
drop of 1 °C on November 15 was observed in TX and
TN, relative to the previous day. During the 15th and
17th of November, this same frontal system remained
undulating, retracting to the south and advancing to the
north, contributing to the increase in air temperature in
such a pre-frontal situation. On November 19, after the
passage of this frontal system, the heat wave, already on
its eighth day, ended.

3.2.2 The Extreme Maximum Temperature

The highest TX recorded in the city was 43.5 °C
at GBA (9) on November 18. This value is higher than all
the TXs observed in 66 State of Rio de Janeiro stations in
different periods between 1909 and 2009 (INMET 2010).
The previous highest TX in the city was 43.1 °C recorded
at Bangu station (1922-2004) on January 14, 1984.

The analysis of the longest data series in the city,
with 57 years (1967-2023), ABVI (1) revealed that the
temperature of 39.6 °C observed on November 18 was
the highest value ever recorded in the entire series. This
TX value is 11.9 °C higher than its November climatology
(1991-2020). The TN of ABVI (1) did not rise as much as
the TX, reaching 24.9 °C on November 18, a value 6.2 °C
higher than the TN climatology for November.

Analyzing all air temperature time series at the city’s
five airports in all months in the period 2001-2023, it can be
observed that the maximum temperatures that occurred in
the week of the event (Table 4) were the highest values ever
recorded (except at SBRJ (5)). At SBSC (4) and SBIR (6),
maxima of 40 °C and 42 °C were also observed on several
other dates. It is important to highlight that TXs equal to or
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Figure 7 MSLP contours (every 4 hPa) and GOES 16 satellite images in the infrared channel (Channel 14) for 21:00 LT: A: November
13; B: November 14; C: November 15; D: November 16; E: November 17; and F: November 18, 2023.

over 40 °C were recorded in the city since November 16,
as seen in Table 4 for SBJR (6) (TX of 42 °C).

Considering the November climatology (2001-
2020) of TX from Rio de Janeiro airport stations, it is
observed that on November 18, 2023: i) at SBAF (2) TX
was 13.5 °C higher than its climatology (28.5 °C); ii) at
SBGL (3) TX was 13.1 °C above its climatology (27.9 °C);
iii) at SBSC (4) TX was 11.7 °C higher than its climatology
(27.3 °C); iv) at SBRJ (5) TX was 7.3 °C higher than its
climatology (26.7 °C), and v) at SBJR (6) TX was 7.5 higher
than its climatology (28.5 °C). Regarding the November
climatology (1991-2020) of ABVI (1), TX was 12.5 °C
higher than its climatology (27.1 °C).

Anu. Inst. Geociénc., 2024:47:66182

The air temperature diurnal cycles of November 17
and 18 are compared to the mean November diurnal cycle
(2001-2020) for SBGL (3) in Figure 9. The climatological
mean diurnal temperature cycle shows a minimum at 5:00
LT and a maximum at 13:00 LT. In general, TX occurs about
3 hours after the maximum incidence of solar radiation,
around 15:00 LT. The early maximum, around 13:00 LT
or 14:00 LT, in SBGL (3) may be associated with the entry
of the sea breeze, which occurs between 12:00 and 14:00
LT (Martins 2012).

It can be seen from Figure 9 that on November 17 and
18, TN (TX) occurred between 1:00 LT and 6:00 LT (at noon
LT), and around 5 to 6 °C (13 °C) warmer than its climatology.

11


https://creativecommons.org/licenses/by/4.0/deed.en

Case Study of an Extreme Heat Wave in Rio de Janeiro on November 2023... Dereczynski et al.

Figure 8 SCRIS (12) for the period from November 13-20, 2023, containing data every 15 minutes: accumulated precipitation (mm/15
min), air temperature (°C), mean sea level pressure (hPa), relative humidity (%), wind speed (m/s), and wind direction (degrees).
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Table 4 Highest TX in the period 2001-2023, recorded at airports in the city of Rio de Janeiro. Dates in bold refer to dates during the

week of the heat wave event that occurred in November 2023.

Airport Station Highest TX and dates

SBAF (2) 42°C-11/18/2023

SBGL (3) 41°C-11/18/2023

SBSC (4) 40 °C - 09/19/2012, 11/12/2013, 10/13/2014, 10/15/2015, 01/03/2019, 09/12/2019, 09/27/2020, and 11/17/2023
SBRJ (5) 41°C-11112/2013

SBJR (6) 42 °C - 01/29/2021, 10/27/2022, 01/03/2023, and 11/16/2023

Figure 9 November climatological (2001-2020) hourly air temperature (°C) and hourly temperature on November 17 and 18, 2023 at
SBGL (3). The bars represent the standard deviations of the climatological series.

Thus, on November 17 and 18, the air temperature was
high throughout the day, increasing the thermal discomfort.

On November 18, TX varied between 31.9 °C at
COPA (13) and 43.5 °C at GBA (9). Eleven weather stations
registered TX equal or over 40.0 °C: ABVA (11) —40.1 °C;
JPA (14)—-40.3 °C; BRC (8)—40.3 °C; SC (10) —40.8 °C;
SBJR (6) —41.0 °C; SCRIS (12) — 41.0 °C; SBGL (3) —
41.0 °C; MAR (16) —41.4°; VMIL (15) — 41.6 °C; SBAF
(2) —42.0 °C, and GBA (9) —43.5 °C. Even at ABVI (1)
and ABVA (11), the coldest area of the city, the TXs were
relatively high, respectively 39.6 °C and 40.1 °C. Among
the 16 weather stations, just in five of them, TX was under
40.0 °C: COPA (13)—31.9 °C; SBRJ (5§) —34.0 °C; JBOT
(7)—38.3°C,SBSC (4)—39.0°C,and ABVI (1)-39.6 °C.
Unfortunately, the Iraja weather station, closest to the Nilton
Santos Olympic Stadium, was under maintenance during
the week of the concert.
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3.2.3 Heat Index and Thermal Discomfort Index

Figure 10 shows the HI (°C) calculated from T and
RH and TDI for November 17 and 18, 2023, at SBJR (6). On
November 17,2023, TDI ranged between class 4 and class
5. 0On November 18, 2023, early in the morning (8:00 LT),
TDI class 6 had already been reached, corresponding to the
“state of medical emergency” due to extreme discomfort
that can cause heat stroke. This “medical emergency” class
prevailed from 8:00 LT until 11:00 LT and from 13:00 LT
until 15:00 LT, and peaked between 14:00 LT and 15:00
LT when the HI reached 55.1 °C. Therefore, in addition
to a very high HI, the number of hours of exposure, seven
hours, was also high, which must have caused prolonged

thermal stress in the population.
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Figure 10 Heat Index (°C) calculated for SBJR (6) on November 17 and 18, 2023 (from 7:00 to 23:00 LT). The colors of the bars

correspond to the classes 4 (yellow), 5

4 Conclusions

This article analyzes the weather conditions in the
city of Rio de Janeiro associated with the heat wave that
occurred during the concert of the American singer Taylor
Swift on November 17 and 18, 2023. The objective is to
answer the question: Can the high temperatures recorded in
Rio de Janeiro on November 17 and 18, 2023, be considered
an extreme weather event?

In the climatological analysis, it was observed
that extreme heat events have been increasingly frequent
and intense in the city of Rio de Janeiro over the last few
years, especially during El Nifio years and in the spring and
summer seasons. Indices that evaluate the highest maximum
temperatures recorded in the year and the number of days
with temperatures above 30 °C have shown an increase
over the last few decades. The city’s extremely hot days and
nights practically doubled between the 1970s and 2010s.
Specifically for November, it was found that TXmean was
30 °C, but with frequent occurrences exceeding 35 °C, as
occurred in the year 2023. ABVI (1) reached almost 40 °C
on November 18, 2023, on the last day of a heat wave that
lasted eight consecutive days, from November 11 until 18,
2023. This high TX value (39.6 °C) was 12.8 °C higher than
its climatology (1991-2020) for November. In addition to the
heat wave, the El Nifio phenomenon was also configured in
the Pacific Ocean from April 2023 to May 2024. In most of
Southeast Brazil, during El Nifio years, springs are generally
drier and warmer, as observed in November 2023.

Analyzing the events since the beginning of the
week’s concert, November 13, it is verified that even
with the approach of a cold front over Rio de Janeiro on
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(light orange), and 6 (red) of the Thermal Discomfort Index — TDI (see Figure SM1).

November 15, with a slight reduction in TX and TN, the
TX values remained very high, above their 90th percentile,
characterizing the heat wave that lasted eight days. TN
continued to rise during the week but with less extreme
values than those recorded in TX. On November 18, with the
approach of this same frontal system, TXs exceeded 40 °C
in 11 meteorological stations in the city, reaching 43.5 °C
at GBA (9). The HI on November 18 at SBJR (6) reached
55.1 °C. Since 8:00 LT on November 18, the values of TDI
already indicated a state of medical emergency. In addition,
the wind was also predominantly weak, aggravating the
feeling of heat. In this situation, thousands of people
remained in line to attend the singer’s concert, which was
postponed only earlier on November 18.

Therefore, it is concluded that the heating event
in Rio de Janeiro on the first two days of the concert, on
November 17 and 18, was an extreme meteorological event.
This event was caused by a heat wave in a pre-frontal
situation, during an El Nifio period, and in the context of
global warming. Such heat waves pose a significant risk
to human health and are potentially lethal, as proven by
the death of a young student on the first day of the concert.

In Brazil, unfortunately, in most cases that precede
a catastrophe, the action of the public agencies responsible
for protecting the population is usually late, acting much
more in response than in prevention. It is evident that,
even for non-specialists, in a situation where a large
number of people are long exposed to intense heat, the
prohibition by the event organizers of the entry of bottles
of water by spectators is entirely absurd. This vacuum in
the legislation was only corrected the day after the student’s
death through the Ordinance of the Ministry of Justice and
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Public Security No. 35 of November 18, 2023 (MJSP 2023).
In this ordinance, it was established, among other things,
that the companies responsible for the production of the
events must guarantee free access to bottles for personal
use containing water for consumption at the event and must
provide drinking fountains or distribute packages with
water suitable for consumption, through the installation of
“hydration islands” at no additional cost to the consumer.

Subsequently, on June 28, 2024, the City Hall of Rio
de Janeiro published Decree No. 54740 (Prefeitura do Rio
de Janeiro 2024), classifying Heat Levels (HL) for defining
municipal action protocols. HLs are considered through
the relationship between the HI and the heat exposure
time. This decree defines heat waves as three consecutive
days with HI over 36°C to 44°C for at least four hours a
day or over 44°C for at least two hours. In HLS (record
of extreme heat indices with a forecast of permanence or
increase by at least three consecutive days), activities at
risk for extreme heat that are not adapted to face the heat
wave may be interrupted, seeking to preserve the population
from the impacts of heat waves.

It is worth pointing out that although the focus of
this article was the case study of a heat wave that occurred
during a concert held inside a stadium, any outdoor activity
needs to be scheduled respecting the local atmospheric
conditions. Thus, work activities carried out in outdoor
areas, sports activities, concerts with a large concentration
of audiences, where people are exposed to solar radiation,
in environments without adequate cooling or shading,
should be avoided at the hottest times of the day and even
interrupted depending on the expected heat index forecasted.
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