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Abstract. Because extreme heat has not historically been
a major hazard for the city of Rio de Janeiro, the Novem-
ber 2023 Heatwave magnitude and timing were staggering.
Here we conduct a case study of reanalysis data and high-
resolution projections to explore the event drivers and char-
acterize the evolving extreme heat risk in the city of Rio de
Janeiro. We find that the heatwave was associated with atmo-
spheric blocking, potentially linked to the 2023–24 El Niño
event. Soil moisture declines increased surface sensible heat
flux, and elevated sea surface temperatures reduced coastal
cooling. The heatwave was preceded by weeks of suppressed
precipitation and terminated by the onset of rain. We also find
a significant historical increase in the frequency of high heat
days throughout Brazil and a lengthening of the heat season
in the city of Rio de Janeiro. The frequency of the city’s aus-
tral spring heat extremes is expected to increase further in
the future, highly dependent upon our future emissions path-
way. These results emphasize the rapidly emerging risk for
extreme heat in the city of Rio de Janeiro.

1 Introduction

In the spring of 2023, the city of Rio de Janeiro experi-
enced a high impact heatwave that caught the world’s atten-
tion. Media sources ranging from local reporting to interna-
tional news companies centered stories on the event’s record-
breaking temperature magnitudes and unseasonal timing, ar-

riving earlier in the warm season than typical heatwaves
(Correio Braziliense, 2023; Hughs and Jeantet, 2023). The
impacts of the extreme heat were widely publicized in part
due to the tragic death of a concertgoer hospitalized during
a Taylor Swift performance in Rio de Janeiro on 17 Novem-
ber, with news articles reporting heat-induced cardiovascu-
lar distress as the cause of death (Nguyen, 2023). Sources
also report that the stadium in which the concert took place
experienced higher temperatures than those measured in the
open air, as well as a lack of cooling equipment and insuf-
ficient water for attendees (Nguyen, 2023; Jornal Nacional,
2023). Such complexities highlight that extreme heat expe-
rienced by individuals on the ground can far exceed temper-
atures measured at local weather stations, depending on in-
frastructure and the capacity for cooling interventions (Wilby
et al., 2021; Nahlik et al., 2017). However, the meteorolog-
ical event itself is of course one of the preconditions for
societal impacts. We therefore explore the physical mecha-
nisms behind the heatwave as one key step towards improv-
ing preparation for the impact of future extreme heat events.

Throughout Brazil, the highest temperatures occur clima-
tologically in low latitude and low altitude regions in the in-
terior of the country, such as the cities of Teresina (Piauí,
in the Northeast region of Brazil) and Palmas (Tocantins,
in the Central-West region of Brazil; Alvares et al., 2013),
both of which are far from Rio de Janeiro. Extreme tempera-
tures tend to be intensified by land-atmosphere interactions,
as dry soils partition more energy into sensible heat (Geir-
inhas et al., 2018). These relationships between the atmo-
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sphere and land surface processes increase the likelihood of
compound extreme heat and drought events and intensify im-
pacts on agriculture (Cirino et al., 2015), worker productivity
for outdoor laborers (Bitencourt et al., 2021), wildfire risk
(Libonati et al., 2022), and direct impacts on human health
(Zhao et al., 2019). As the frequency and intensity of extreme
heat throughout Brazil has increased significantly in the past
decades and is projected to continue in the future (Feron
et al., 2019; Regoto et al., 2021; Bitencourt et al., 2020),
the widespread socio-economic impacts of these events are
likely to grow.

While Rio de Janeiro is the second most populous city
in Brazil (Sistema IBGE de Recuperação Automática, 2022)
and the third most populous city in South America (United
Nations Department of Economic and Social Affairs Pop-
ulation Division, 2022), few studies have focused on ex-
treme heat in the city. On one hand, Rio de Janeiro has not
historically been a major hotspot of extreme heat in Brazil
and has experienced fewer heatwaves relative to other ma-
jor cities in the country (Geirinhas et al., 2018). Further,
the numerous microclimates within the city, influenced by
its coastal setting and complex topography, complicate the
study of local heatwave dynamics. Indeed, there is large spa-
tial variability in temperature extremes across the Rio de
Janeiro metropolitan area compared to other Brazilian cities
(Alvares et al., 2013). However, impactful heatwaves in re-
cent decades have increasingly drawn attention from public
health officials and scientific communities alike. Recent lit-
erature has explored the dynamics and mortality impacts of
extreme temperatures during heatwaves in 2010 (Geirinhas
et al., 2019) and 2013/2014 (Geirinhas et al., 2022) and has
begun to investigate compound heatwave and drought events
throughout Southeast Brazil (Geirinhas et al., 2021). There
is also building evidence that temperature extremes are in-
creasing in intensity and frequency throughout Brazil, in-
cluding the city of Rio de Janeiro (Regoto et al., 2021; Bi-
tencourt et al., 2020). Climate variability also plays an impor-
tant role in modulating temperatures over this area, including
large scale modes of climate variability such as the El Niño-
Southern Oscillation (Rehbein and Ambrizzi, 2023; Cai et
al., 2020; Shimizu and Ambrizzi, 2016), the Pacific Decadal
Oscillation, and the Atlantic Multidecadal Oscillation (He et
al., 2021). Should more intense, frequent, and unseasonably
early extreme heat events take place in the future in the city
of Rio de Janeiro, these heatwaves may have increased im-
pacts on human health due to potential exceedance of un-
precedented temperature thresholds and individuals’ lack of
preparation for these events. In a tropical city where base-
line temperatures are already relatively high, small shifts in
the temperature distribution can have large impacts on the
frequency of extremes (Cheng et al., 2019), particularly at
thresholds relevant to human health outcomes (Vecellio et
al., 2022). These health risks are compounded by the hu-
midity in Rio de Janeiro, a coastal city with ample moisture
sources from the ocean and surrounding vegetation, priming

the region for humid heat extremes which are physiologi-
cally more dangerous to human health than dry heat (Mora
et al., 2017).

In this study, we explore the meteorological conditions
that led to the extreme heat event in November 2023 in the
city of Rio de Janeiro. We identify drivers of the exceptional
magnitude and persistence of the extreme temperatures, as
well as their early arrival in the calendar year. We compare
these conditions to those associated with typical heatwaves in
the region, and particularly events taking place in the spring
season. We then consider how extreme spring temperature
events have shifted throughout the historical period, and how
we might expect them to change in the future with ongoing
anthropogenic climate change.

2 Methods

2.1 Data

This analysis employs both station-based observations and
reanalysis data. Initial analyses are conducted on subdaily
station data from the city of Rio de Janeiro, accessed via
the Met Office Hadley Center’s HadISD station-based dataset
(Dunn, 2016) and the Rio Alert System produced by the Rio
de Janeiro City Hall (Sistema Alerta Rio da Prefeitura do Rio
de Janeiro, 2024). Three airport weather stations are avail-
able from HadISD for the city of Rio de Janeiro, namely
the Galeão/Antonio Carlos Jobim International Airport (lo-
cated on the island Ilha do Governador within the Guan-
abara Bay), the Campo Délio Jardim De Mattos Airport (an
Air Force base located in the city’s North Zone), and the
Santos Dumont Airport (a waterfront airport located near
the city center). Six additional stations from the Rio Alert
System dataset record measurements from the tops of vari-
ous community and commercial buildings, including hotels,
schools, and warehouses. These stations are located in dis-
tinct areas of the city, whose topographical and coastal com-
plexities contribute to various microclimates. These stations
thus record distinct values, both instantaneously and on av-
erage (see Fig. S1 in the Supplement), a challenge that has
been previously identified in the literature (Lyra et al., 2018;
Dereczynski et al., 2013). We therefore base the majority of
our analysis on reanalysis data and compare the identified
patterns with station data when possible. This comparison
is particularly important for extreme events, as the magni-
tude of extreme heat has been shown to be biased in reanaly-
sis products due to their spatial and temporal smoothing of
observations (Rogers et al., 2021; Raymond et al., 2020).
Further, the human experience of heat stress is inherently
hyperlocal, meaning that the distinct microclimates exist-
ing throughout the city can control heat stress exposure and
the efficiency of adaptation strategies. However, the present
study is primarily concerned with the regional drivers of the
extreme event rather than its absolute magnitude. Reanalysis
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provides continuous spatial coverage and a wide array of in-
ternally consistent meteorological variables, which warrants
its use for the application here.

Hourly meteorological data are retrieved from the fifth ma-
jor global reanalysis of the European Centre for Medium-
Range Weather Forecasts (ERA5), including 2 m tempera-
ture, 2 m dewpoint temperature, volumetric soil water for
layer 1 (0–7 cm, where the surface is at 0 cm), surface pres-
sure, geopotential height at 500 and 200 hPa, precipitation,
evaporation, 2 m horizontal winds, and vertical velocity at
500 hPa (Hersbach et al., 2020). From this hourly data, daily
maximum temperature, daily total precipitation, and daily
means of all other variables are calculated from 1979–2023.
Daily mean sea surface temperature (SST) data from 1979–
2023 is also retrieved from the NOAA 1/4° Daily Opti-
mum Interpolation Sea Surface Temperature (OISST) dataset
(Huang et al., 2021).

We also explore the future evolution of temperature ex-
tremes over the city of Rio de Janeiro using the NEXGDDP
dataset (Thrasher et al., 2022). This data product is statisti-
cally downscaled from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) models, with a spatial resolution of
0.25° and outputs variables on a daily temporal scale. We di-
rectly retrieve daily maximum temperature data through the
end of the century under the Shared Socioeconomic Path-
ways (SSPs) SSP2-4.5 and SSP5-8.5 for the 23 models which
output this variable and pair of scenarios for each day in the
calendar year through 2100.

Because of Rio de Janeiro’s complex coastal and moun-
tainous terrain, projections may not accurately capture fine
scale differences in the city’s climate. For example, recent
literature has shown that the coastal cooling relative to inland
areas experienced in regions such as the eastern United States
may be underestimated by global climate models (Raymond
and Mankin, 2019). These biases are greatest in regions with
large land-ocean surface temperature contrasts, however, and
Rio de Janeiro’s location in the tropics, as well as the fact
that the extreme events analyzed in this study take place in
the spring when this temperature gradient should be rela-
tively small, may mute these biases compared to other re-
gions and seasons. In order to address these potential sources
of error, we generate a set of synthetic time series based
on NEXGDDP projections which retain the seasonality and
variability recorded in the historical reanalysis data from
ERA5. We use a percentile matching technique in which we
first bin all data for the grid cell which includes the city of
Rio de Janeiro during a historical base period (1981–2013)
into one-percentile bins for both the NEXGDDP and ERA5
datasets. We additionally bin all NEXGDDP data from this
grid cell into one-percentile bins during one midcentury
period (2041–2060) and one end-of-century period (2081–
2100). We then calculate the temperature delta for each per-
centile bin between the base period and both the midcentury
and the end-of-century periods in the NEXGDDP data. Fi-
nally, we add these percentile-specific change factors to ev-

ery data point in each associated bin in the historical ERA5
base period.

2.2 Methodology

We first create time series for the historical day-of-year cli-
matologies of variables in the city of Rio de Janeiro and com-
pare them to the evolution throughout 2023. All anomalies
are calculated relative to historical mean calendar date values
(i.e., the daily maximum temperature anomaly on 18 Novem-
ber 2023 is calculated by subtracting the mean daily maxi-
mum temperatures on 18 November in all previous years in
the historical record from the recorded absolute magnitude
of the event). We also generate maps of concurrent mete-
orological variables relevant to the extreme heat event for
the greater region outside of Rio de Janeiro. We compare
these spatial patterns to those experienced during previous
extreme heat events in Rio de Janeiro, calculated as 99th per-
centile daily maximum temperature days across all seasons
for the grid cell which includes the Galeão International Air-
port weather station. We then select for events that occur in
the September–November (SON) austral spring season.

We also quantify how extreme heat in the city of Rio de
Janeiro is shifting using a variety of methods. We first calcu-
late the trend in the frequency of extreme temperatures over
the historical record in Brazil, defining these extreme temper-
atures using both absolute and relative thresholds. We select
these thresholds as 30 °C and the locally defined 90th per-
centile daily maximum temperature at each grid cell. These
thresholds are chosen in order to investigate impactful tem-
perature magnitudes while ensuring sufficient sample size for
the trend analysis.

We also visualize the broadening of the extreme heat sea-
son, calculated based on the number of days between the
start of the first heatwave and end of the last heatwave of
the season. A heatwave is defined here as a 3 d period with
consecutive daily maximum temperatures above the 50th per-
centile of daily maximum temperatures across the two hottest
months of the year in the city of Rio de Janeiro (January and
February); this 50th percentile threshold is equal to about
31.4 °C. This heat season definition is informed by a defi-
nition used by the United States Environmental Protection
Agency (US EPA, 2021), adapted to better reflect Rio de
Janeiro’s lower temporal variability in temperature due to its
tropical location.

Finally, we calculate how spring temperature distributions
have already changed in Rio de Janeiro by comparing early
and late historical periods in ERA5 for the grid cell which in-
cludes the Galeão International Airport weather station. Dis-
tributions are calculated from annual spring maximum tem-
peratures in the city of Rio de Janeiro and fit using GEV dis-
tributions, which have been shown to well capture extreme
temperature distributions (Powis et al., 2023; Van Olden-
borgh et al., 2022). For comparison, we also plot GEV distri-
butions for early and late historical periods in the NEXGDDP
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model data before applying our bias-correction technique.
The location parameter and spread of the model data distribu-
tions during these periods is much lower than that of ERA5
(Fig. S2), further motivating our use of synthetic time series
to explore how these distributions may change in the future.

We then use the bias-corrected NEXGDDP data for the 23
models which report daily maximum temperature for each
day in the calendar year under the aforementioned SSP2-
4.5 and SSP5-8.5 scenarios during a midcentury and end-of-
century time period. We additionally evaluate the impact of
only using models which most accurately reproduce the his-
torical observed daily maximum temperature record in the
city of Rio de Janeiro. We calculate the Perkins skill score
to evaluate the similarity between probability density func-
tions of daily maximum temperature in the reanalysis dataset
(ERA5) and each of the 23 global climate models during the
historical period. These skill scores are calculated as the cu-
mulative minimum between the observed and modeled distri-
butions of each binned value (Perkins et al., 2007). We finally
select the 6 climate models which exhibit skill scores greater
than 0.8, indicating that these models capture over 80 % of
the observed probability density functions. The result of this
analysis is shown in Fig. S3, but the interpretation of the re-
sults as shown in the main text using all 23 models does not
change.

3 Results

3.1 Rio de Janeiro’s spring 2023 heatwave

The city of Rio de Janeiro experienced exceptionally high
temperatures in both the austral winter and spring of 2023,
peaking on 18 November (Fig. 1). This record-breaking event
became the highest daily maximum temperature on record
at the Galeão International Airport weather station, reach-
ing 41.3 °C. The extreme heat event was also notable for its
accompanying high specific humidity, which rose alongside
temperature in the days leading up to 18 November (Fig. 1B).
The combination of elevated temperature and humidity ren-
dered the event a humid heat extreme, as measured by wet
bulb temperature, which peaked at 28.2 °C on 18 November
(Fig. 1C). The coincidence of extreme dry and wet bulb tem-
peratures is typical for extreme heat events in Rio de Janeiro,
where there is a statistically significant positive correlation
between daily maximum temperature and daily mean spe-
cific humidity (Fig. S4). This relationship is facilitated by
the city’s abundant access to moisture from the coast and sur-
rounding vegetation.

Elevated temperatures occurred over an area greater than
the city of Rio de Janeiro, but were spatially constrained by
orography (Fig. 2). We explore the spatial patterns of the
heatwave in data from the European Centre for Medium-
Range Weather Forecasts (ERA5) reanalysis during the pe-
riod of 1979–2023 (Hersbach et al., 2020). We see that

hotspots in elevated temperatures were located through-
out the coastal region surrounding Rio de Janeiro, with
sharp declines across the mountainous terrain moving in-
land. These positive coastal temperature anomalies coincide
with northerly surface wind anomalies. ERA5 estimates the
daily maximum temperature on 18 November in the grid
cell containing the Galeão International Airport weather sta-
tion as 40.6 °C, within the range of temperatures recorded
throughout weather stations in the city (Fig. 2c; Fig. S1).
This extreme event was also remarkable in length as mea-
sured by ERA5, as daily maximum temperatures were above
the locally defined 90th percentile for 8 consecutive days,
and above the 99th percentile for the final three days of
this period (percentiles calculated from ERA5 across the pe-
riod from 1979–2023). This multi-day interval of exceptional
temperatures rendered it difficult for residents to find relief.

The maximum temperature during the event on 18 Novem-
ber coincided in time with other anomalous meteorological
conditions (Fig. 3; for climatological values, see Fig. S5).
Positive geopotential height anomalies centered over Rio de
Janeiro were consistent with an intensification of the South
American Subtropical High, a semi-permanent anticyclonic
circulation system off the Southeast coast of Brazil. The edge
of this positive high pressure anomaly was collocated with
the region of positive temperature anomalies that includes the
city of Rio de Janeiro (Fig. 3b). Surface winds off the coast
of Rio de Janeiro were anomalously northerly. Anomalously
northerly flow in this mountainous area can exacerbate high
temperatures directly through downslope winds (Stefanello
et al., 2022). Previous literature has also shown that anoma-
lously northerly winds over the coast can increase local sea
surface temperatures through reductions in wind-driven up-
welling, reducing the capacity for coastal cooling (Castelao
and Barth, 2006; Palma and Matano, 2009). Indeed, pos-
itive SST anomalies of up to 2 °C occurred along Rio de
Janeiro’s coast on the day of the peak in air temperature
(Fig. 3j). Anomalous winds over the interior of South Amer-
ica also enhanced the northerly South American Low Level
Jet (Marengo et al., 2004; Montini et al., 2019). Positive spe-
cific humidity anomalies were present throughout Southeast
and South Brazil (Fig. 3f), intersecting with an area of precip-
itation along the edge of the low pressure system to the south
(Fig. 3g). The northern portion of the positive specific humid-
ity anomaly was aligned with the positive geopotential height
anomaly off the coast of Southeast Brazil. Widespread neg-
ative soil moisture anomalies occurred throughout most of
Brazil, and the interior of South America more broadly, dur-
ing this event (Fig. 3d). The large spatial coverage of these
negative soil moisture anomalies was concurrent with Ama-
zonian drought recorded during this time, inherited from the
prior season (Espinoza et al., 2024). These spatial patterns
are typical of extreme heat events during the spring season
in the city of Rio de Janeiro, though the magnitudes of the
anomalies in all of these variables are dramatically higher
on 18 November 2023 than during other spring extreme heat
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Figure 1. Historical climatology and 2023 recorded (A) daily maximum temperature, (B) daily mean specific humidity, and (C) daily
maximum wet bulb temperature in the city of Rio de Janeiro. Data from the Galeão International Airport weather station as reported by the
HadISD dataset. Vertical dashed line identifies record-breaking temperature event on 18 November 2023.

events (Fig. 4). The most unique features of the 18 Novem-
ber event were the intensified northerly winds and the degree
of inland penetration of positive specific humidity anoma-
lies (Fig. 4e–f). Further, the positive local SST anomalies off
the coast of Rio de Janeiro were particularly exceptional in
intensity and spatial scale during this event, weakening the
sea-air temperature contrast and sea-breeze (Fig. 4i–j). Out-
side of these specific distinctions, the event on 18 November
2023 was an intense example of a typical spring extreme heat
event in the region.

The time evolution of the meteorological variables de-
scribed above throughout the month of November 2023 un-
covers the temporal development of the extreme heat event
(Fig. 5). Rising temperatures throughout the weeks leading
up to 18 November were preceded by elevated geopotential
heights at 500 hPa and associated atmospheric subsidence.
This was accompanied by a rapid decline in soil moisture
which was likely facilitated by the increased solar insola-
tion associated with the persistent high pressure system and
resulting extremely low precipitation from 2–18 November.
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Figure 2. Spatial maps of daily maximum temperatures during the date of peak extreme heat intensity in the city of Rio de Janeiro using
ERA5 data (shading) and three city weather stations with long-term temperature records (markers). Vectors represent surface winds; contours
represent elevation in meters. (a) Climatology during 18 November throughout the historical record. (b) Magnitudes on 18 November 2023.
(c) Anomalies on 18 November 2023.

Given that the rainy season in Southeast Brazil typically be-
gins in late-October to mid-November (Coelho et al., 2022;
Latinović et al., 2019; Marengo et al., 2012; Liebmann and
Mechoso, 2011; Raia and Cavalcanti, 2008), this period of
consecutive dry days was unusual. Indeed, this period totals
17 d in a row with less than 5 mm of rain per day, and this
only happened during the month of November in 1 other year
in the historical record from ERA5 between 1979 and 2023
(2012). These changes in geopotential height, soil moisture,
and suppressed precipitation preceded changes in other vari-
ables, evidenced by the grey lines in the background of each
subplot. Wind direction was highly variable on a daily scale,
but became increasingly northerly during this same period.
These changes were accompanied by a gradual increase in
SST off the coast of Rio de Janeiro, though delayed com-
pared to that of the local air temperature. These changes in
wind direction and SSTs are likely linked, as upwelling in
this region can be significantly reduced through northerly
wind anomalies, increasing coastal sea surface temperatures
(Castelao and Barth, 2006; Palma and Matano, 2009). Sec-
ondary pathways to SST increases could include increased
solar radiation to the ocean, added heat flux to the ocean,
and a thinning of the oceanic mixed layer. These features
are common around many coastlines during atmospheric
heatwaves that are associated with warming coastal waters,
though further research would be needed to quantify their
relative importance during the November 2023 heatwave in
Rio de Janeiro. As air temperatures rose, specific humidity
increased over the city. This was likely related to both lo-
cal evaporation from the soil (co-occurring with declining
soil moisture) and moisture advected from the anomalously
warm coastal waters and surrounding vegetation. The cir-
culation specifically on 18 November directed wind in the
larger region surrounding Rio de Janeiro to intensify the
South American Low Level Jet, which can additionally in-
crease moisture transport from the Amazon Basin to South-

east Brazil (Marengo et al., 2004; Vera et al., 2006; Montini
et al., 2019). However, convergence of the horizontal mois-
ture flux at the level nearest the surface was only stronger
than its climatological values in some grid cells within the
northern and western areas of the city (Fig. S6). More gener-
ally, specific humidity was also able to build without reach-
ing saturation due to the increasing temperatures (via the
Clausius–Clapeyron relation). Finally, the heatwave was ter-
minated when a 2 d precipitation event occurred from 19–
20 November. This precipitation induced a small decline in
specific humidity and SST, as well as a rapid increase in soil
moisture.

The evolution of the 2023 heatwave as shown above is
reminiscent of that during the 2010 heatwave analyzed by
Geirinhas et al. (2019). Those authors explain that the ex-
treme heat event in the summer of 2010 was initiated by
a positive SST anomaly over the eastern Pacific that trig-
gered a Rossby wave train that in turn intensified the South
Atlantic Subtropical High. Modulation of this climatologi-
cal high pressure system has been shown to be central to
influencing weather in the city of Rio de Janeiro, and par-
ticularly temperatures there (Geirinhas et al., 2018). Here
we also observe a positive SST anomaly over the equatorial
Pacific throughout the month of November and a resulting
anomalous wave pattern ending over the South Atlantic High
that became increasingly organized and strengthened during
the two weeks before 18 November (Fig. 6; see Fig. S7 for
maps of the climatologies and absolute magnitudes of these
variables). This mechanism is similar to how El Niño gen-
erally influences temperatures in Southeast Brazil on longer
timescales (Cai et al., 2020), and we confirm that there is a
positive correlation between the ENSO state as quantified by
the Niño3.4 index and the frequency of high heat days in the
city of Rio de Janeiro in the austral spring season (Fig. S8).
Further, the mean spatial SST and Z200 patterns during the
spring of typical El Niño years look very similar to those
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Figure 3. Magnitude (a, c, e, g, i) and anomalies (b, d, f, h, j) of daily maximum temperature, mean soil moisture, mean specific humidity,
total precipitation, and mean SST on day of peak temperature in the city of Rio de Janeiro (18 November 2023). Overlying wind vectors
and 500 hPa geopotential height contours (50 and 25 m contour levels for magnitude and anomaly plots, respectively). Anomalies calculated
relative to historical calendar date mean values across the period from 1979–2023. Inset in the upper right corner of each anomaly plot zooms
in on the white box surrounding the city of Rio de Janeiro (purple marker) in the top right subplot.
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Figure 4. Anomalies in daily maximum temperature, mean soil moisture, mean specific humidity, total precipitation, and mean SST during
99th percentile extreme temperature days in the September–November (SON) season for the ERA5 grid cell which includes the Galeão
International Airport weather station (a, c, e, g, i). Difference in conditions on 18 November compared to mean conditions during these 99th
percentile extreme temperature days (b, d, f, h, j).
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Figure 5. Evolution of meteorological conditions during the month of November 2023 in Rio de Janeiro. Grey lines in the background of
each subplot show the evolution of all variables, with individual variables compared in colors to dry bulb temperature in red. Vertical dashed
line identifies record-breaking temperature event on 18 November 2023. All variables are calculated for the grid cell which includes the
Galeão International Airport weather station except SST, which is averaged over the box 21–24° S and 42° W–45° E.
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observed during November 2023, though the anomalies in
both SST and geopotential height are much larger during
November 2023 (Fig. S9). 2023 was characterized by a tran-
sition from La Niña to El Niño, with the El Niño emerging in
April–June 2023 and strengthening to a strong El Niño in the
second half of 2023 (Becker et al., 2024). The SST anoma-
lies associated with the El Niño could have been responsible
for initiating the wave train which set off the geopotential
height anomalies over Rio de Janeiro, consistent with the re-
sults of a recent analysis exploring spring and winter heat-
waves throughout South America during 2023 (Marengo et
al., 2025). More broadly, it has been suggested that multi-
month elevations in temperature over Brazil throughout 2023
could be driven in part by El Niño (Pampuch et al., 2025).
Further, the second half of 2023 was exceedingly warm glob-
ally (Cattiaux et al., 2024; Perkins-Kirkpatrick et al., 2024),
due in large part to anthropogenic warming, indicating that
climate variability and climate change both likely precondi-
tioned the November 2023 extreme heat event. We note that
similar wave trains driven by Pacific SST anomalies have
been shown to influence weather in Southeast Brazil even
during neutral ENSO states (Seth et al., 2015). Additionally,
the instantaneous extreme temperature event and the preced-
ing persistent dry conditions must also be linked to the syn-
optic weather in the area. Decreases in soil moisture and hor-
izontal moisture fluxes by intensification of the South Amer-
ican Low Level Jet were central features of the heatwave in
2010, as they were in November 2023. These overlaps in the
apparent drivers of the 2010 and 2023 heatwaves underscore
that while the 2023 spring event was unprecedented in its
magnitude and unusual in its spring timing, it was not unique
in its overall dynamics.

3.2 Historical and future changes in extreme heat

Extreme heat events have become more frequent in the city of
Rio de Janeiro and the timing of these events has shifted ear-
lier in the calendar year. There has been a significant increase
in the number of days above 30 °C each year over the past
44 years throughout almost all of South America (Fig. 7a).
Further, the number of 90th percentile days locally defined
at each grid cell has also increased significantly throughout
most of the region (Fig. 7b). In the city of Rio de Janeiro
specifically, the number of days per year above 30 °C dur-
ing the austral spring is increasing at a rate of 0.27 d yr−1

(Fig. 7c). Relative to 1979, the city now experiences almost
12 additional days per year above 30 °C during the spring
season alone. Overall, the extreme heat season in Rio de
Janeiro is broadening. As measured by the number of days
between the first and last heatwave day of the season (a pe-
riod of 3 or more consecutive days with daily maximum tem-
peratures above 31.4 °C), the extreme heat season has length-
ened from 156 d in the 1979–1980 season to 176 d in the
2022–2023 season (Fig. 8). The broadening of the heat sea-
son is due primarily to more early season heatwave days,

Figure 6. Evolution of the geopotential height at 200 hPa (contours)
in the weeks of suppressed precipitation leading up to the extreme
heat event on 18 November in the city of Rio de Janeiro. Geopo-
tential height anomaly contour levels are at 100 m, with positive
(negative) anomalies in solid (dashed) contours. Across all subplots,
shading indicates November 2023 mean SST anomalies.
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while the end date of the heat season has not changed sig-
nificantly.

The distribution of maximum spring temperatures in the
city of Rio de Janeiro has shifted higher over the last four
decades and this pattern is projected to continue in the future.
In order to evaluate whether the observed historical increase
in extreme heat frequency identified in Figs. 7 and 8 may
continue in the future, we fit annual maximum spring tem-
peratures from historical ERA5 reanalysis data and future
projections from bias-corrected NEXGDDP data (Thrasher
et al., 2022) to a GEV distribution. When comparing early
and late historical periods from 1979–1988 and 2014–2023,
respectively, the location parameter of the two GEV distri-
butions has increased by 1.7 °C (Fig. 9). The distribution of
maximum austral spring temperatures in the city of Rio de
Janeiro is also projected to continue shifting to higher values
in the future, but the magnitude of this change is strongly
dependent upon the future emissions pathway. The tem-
perature distributions associated with mid-century periods
(2041–2060) under SSP2-4.5 and SSP5-8.5 future scenarios
are similar to that of the last 10 years of observational data,
with shifts in the location parameters of 0.1 and 0.9 °C for the
two emissions trajectories, respectively. A larger change is
projected by the end of the century (2081–2100) under each
emissions scenario. However, the end-of-century SSP5-8.5
scenario is distinctly separate from the other distributions,
with the distribution location parameter 2.8 °C higher than
during the last 10 years of the historical record.

These changes to the distributions strongly influence the
probability of an event with the intensity of the maximum
spring temperature recorded on 18 November 2023. The
probability density function fit to the projected annual max-
imum spring temperatures under each mid-century period
using a GEV distribution yields a return period for an ex-
treme temperature event with the daily maximum tempera-
ture at least 40.6 °C in the city of Rio de Janeiro (analogous
to the event on 18 November 2023 as measured by ERA5)
of 51 years under SSP2-4.5 and 33 years under SSP5-8.5.
By the end of the century under either emissions scenario,
an event of this magnitude becomes much more likely, with
return periods of 19 years or just 4 years under SSP2-4.5
and SSP5-8.5, respectively. These return periods align well
with estimates for station-level projections from Collazo et
al. (2025), which estimates a return period of 4 to 9 years
for heatwaves analogous to that of November 2023 for a
future climate with global mean surface temperatures 2 °C
warmer than preindustrial levels. Recent literature has sug-
gested that the SSP5-8.5 scenario may not be realistic given
our current socioeconomic, political, and physical landscape
(Hausfather and Peters, 2020; Burgess et al., 2020; Ritchie
and Dowlatabadi, 2017). However, these results indicate that
an austral spring heatwave of the magnitude experienced in
the city of Rio de Janeiro on 18 November is projected to be-
come much more frequent in the future, even under the more
stringent SSP2-4.5 emission pathway. As temperatures rise

and the city of Rio de Janeiro maintains its ample moisture
sources from the nearby ocean and vegetation, we expect that
humid heat extremes will also become more frequent and in-
tense, though at a slower rate than dry bulb temperature ex-
tremes as dictated by tropical atmospheric dynamics (Cof-
fel et al., 2018; Zhang et al., 2021; Matthews et al., 2025).
We must also note that it is difficult to evaluate whether the
models are missing emerging factors that could increase the
frequency and intensity of these extreme heat events – such
as Amazonian deforestation or declines in sea ice – reducing
their ability to capture the possible future spring temperature
distributions in Rio de Janeiro.

4 Conclusions

The November 2023 heatwave in the city of Rio de Janeiro
was a record-breaking event characterized by meteorolog-
ical conditions largely typical of spring extreme tempera-
ture events, but exceptional in their magnitudes. Rising tem-
peratures were associated with positive geopotential height
anomalies and corresponding atmospheric subsidence which
facilitated clear sky conditions and increased sensible heat
flux at the surface. These high pressure anomalies centered
over the South Atlantic Subtropical High were likely re-
lated to the strong 2023–24 El Niño event. The subsidence
near Rio de Janeiro associated with the geopotential height
anomalies also suppressed precipitation and facilitated evap-
oration from the land surface, leading to decreased soil mois-
ture and increased specific humidity. Moisture was available
from multiple sources to facilitate these humidity increases,
as Rio de Janeiro is a coastal city and downwind of both the
Amazon and more local vegetation. SSTs off the coast of
Rio de Janeiro were also highly elevated in the days before
the heatwave peak, reducing the potential for coastal cool-
ing. Finally, the event was terminated on 19 November due
to the evaporative cooling, shading, and mixing associated
with the onset of precipitation. The combination of changes
in circulation, land surface feedbacks, and atmosphere–ocean
interactions generated the conditions for an exceptionally in-
tense and persistent extreme heat event in the city of Rio de
Janeiro.

The risk of extreme heat in austral spring is increasing sig-
nificantly in Rio de Janeiro. We find that extreme spring tem-
perature events are becoming more frequent and that the ex-
treme heat season is starting earlier and lasting longer than in
previous decades. Further, spring extreme heat of the magni-
tude on 18 November 2023 may become much more likely
by mid- and end-of-century periods. However, the absolute
increase in the frequency of similar heatwaves is largely de-
pendent upon our future emissions pathway.

The November 2023 heatwave had devastating impacts,
including loss of life. As our climate continues to change
and extreme heat in the city of Rio de Janeiro continues
to increase in intensity and frequency, we can expect more
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Figure 7. Historical trend from 1979–2023 in the number of days per year above (a) 30 °C and (b) locally defined 90th percentile. Stippling
shows areas which are not significant at a p= 0.05 level assessed using a Wald Test. (c) Trend in number of days per year above 30 °C taking
place in the SON season in ERA5 for the grid cell which includes the Galeão International Airport weather station.

Figure 8. Shifting timing of the city of Rio de Janeiro’s extreme heat season. Horizontal axis indicates the year in which winter begins
(“January” marking denotes the start of the following calendar year). Colored markers indicate the first and last days of the extreme heat
season each year. Marker color indicates whether the start/end date is lengthening (red) or shortening (blue) the heat season compared
to historical mean start/end dates. Dashes indicate individual additional days with daily maximum temperatures surpassing 31.4 °C (no
persistence required). Grey shading indicates area between trend lines in the shifting seasonality.

strain on human health and cascading socioeconomic im-
pacts. This extreme heat event was exceptional not only in
its intensity, but also in its persistence. Consecutive extreme
heat days have been shown to have nonlinear impacts on hu-
man health, in Brazil and in other countries, as they prevent
individuals, buildings, and critical electrical equipment from
cooling down between heat events (Geirinhas et al., 2020;
Baldwin et al., 2019). More broadly, the direct impacts of
heatwaves on hospitalizations throughout Brazil have been
documented, with the largest effects occurring in long dura-
tion events (Zhao et al., 2019). These impacts of heatwaves
on mortality are projected to increase, with particular conse-
quences for elderly populations, especially if targeted adap-
tation measures are not put in place (Diniz et al., 2020). Con-
tinuing to improve our understanding of how and when ex-

treme heat occurs is thus essential as our climate continues to
change. This is particularly true for locations such as Rio de
Janeiro, which historically has not been a hotspot of extreme
heat – especially in the shoulder seasons – and thus individu-
als may not be well acclimated to extreme temperatures then
(Périard et al., 2015; Horowitz, 2016). The human health im-
pacts of unusually intense events may be exacerbated by the
shifting timing of extreme heat, as record-breaking excep-
tional heat events are now occurring outside of the traditional
extreme heat season when individuals may not be prepared to
utilize heat mitigation strategies (De Freitas and Grigorieva,
2015). Because Rio de Janeiro is an area of emerging risk for
extreme heat, further research on models’ ability to capture
the historical drivers and timing of heatwaves in this region
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Figure 9. Generalized Extreme Value distributions for SON maximum temperatures during early and late historical periods (observed in
ERA5), mid-century periods, and end-of-century periods under SSP2-4.5 and SSP5-8.5 (projections from bias-corrected NEXGDDP data).
Diamonds indicate the value of the location parameter for each distribution. Vertical grey line shows the magnitude of the extreme temperature
event on 18 November 2023, and circles indicate intersections of future distributions with this spring maximum temperature magnitude.

and evaluations of how these characteristics might shift in the
future should be pursued.

The meteorological conditions surrounding the extreme
heat event analyzed here demonstrate the potential for com-
pound hazards throughout Brazil. The identified circulation
pattern that establishes the atmospheric blocking associated
with heatwaves in Rio de Janeiro is also likely linked to
heavy precipitation events in South Brazil. Such an extreme
precipitation event occurred in May 2024 in the center-north
of Rio Grande do Sul, including the metropolitan area of
Porto Alegre, displacing hundreds of thousands and killing
at least 155 people (Rogero, 2024). The temporal compound-
ing of these extreme temperature and flooding events within
Brazil has the potential to strain the country’s disaster man-
agement systems more than events occurring in isolation.
Furthermore, the exceptional spatial area within Brazil that
experienced anomalous heat in the November 2023 event,
relative to 99th percentile heat events in the city of Rio de
Janeiro, underscores the potential for spatially compounding
heat that could lead to outsized impacts. Exploring how un-
precedented global surface ocean and surface temperatures,
along with regional features like the broader heat and drought
across much of Brazil, may contribute to extreme heat in
the city of Rio de Janeiro will be an important component
to improving our understanding of these compound events’
drivers, prediction capacity, and potential to change in the
future.

The evolving meteorological conditions associated with
this heatwave were strongly impacted by the lack of precip-
itation in the first 2 weeks of November. This is particularly
unexpected due to the fact that the active phase of the South
American Monsoon System typically begins in late Octo-
ber or early November in this region (Marengo et al., 2012;
Liebmann and Mechoso, 2011; Raia and Cavalcanti, 2008),

which is linked to an increase in convective activity in tropi-
cal South America in the warm season (Jones and Carvalho,
2013). Observational and modeling studies suggest that the
South American Monsoon System dry season is lengthen-
ing (Arias et al., 2015; Fu et al., 2013) and that the onset
of the active phase is delaying (Gomes et al., 2022; Pas-
cale et al., 2019). These trends are projected to continue to
some degree in the future with further climate change, par-
ticularly in light of ongoing deforestation which contributes
to regional drying trends in the Amazon and other areas of
Brazil (Boisier et al., 2015; Swann et al., 2015). Given Rio
de Janeiro is a city with abundant access to moisture due to its
proximity to the coast and vegetation, the increasingly con-
strained active monsoon phase could lead to increased fre-
quency and intensity of extreme humid heat in the spring
season (Ivanovich et al., 2024). These changes could be re-
sponsible for the evident asymmetrical historical increase in
heat season length during the spring versus fall as demon-
strated here, and extensions of this work should be devoted
to an exploration of these potential relationships.

This work highlights the challenge of analyzing the drivers
of weather extremes in such a climatically diverse city as
Rio de Janeiro and emphasizes the need for future research
to explore high resolution comparisons of mechanisms con-
trolling the city’s microclimates. Differences between condi-
tions recorded at individual weather stations within the city’s
boundaries demonstrate the degree to which the dynamics
of events in each neighborhood depend on the station’s lo-
cation relative to the coast versus interior (Raymond and
Mankin 2019), elevation (Raymond et al., 2022; Pepin et
al., 2015), and degree of urbanization (Krüger et al., 2024;
Chakraborty et al., 2022; Tan et al., 2010). Higher temporal
resolution analysis would also better capture sub-daily pro-
cesses such as sea breeze and their effect on extreme heat
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throughout the city. Further, many of these mechanisms in-
fluencing the intracity variability of heat stress exposure only
focus on the effect of differences in dry bulb temperature.
Factoring in the spatial variation in humidity, solar insola-
tion, and windspeed complicate understanding, but are essen-
tial for capturing humans’ exposure to heat stress conditions.
These intracity differences also meaningfully impact com-
pound events with non-heat environmental hazards, such as
floods, landslides, droughts, and air pollution, as well as how
exposure to these hazards intersects with areas of social vul-
nerability. Future work should be devoted to investigating the
different magnitudes of extreme heat and controlling mecha-
nisms throughout Rio de Janeiro in order to inform targeted
extreme heat adaptation plans for individual neighborhoods
within the city.
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