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• A total of 3006 deaths was recorded
representing an excess of 737 deaths.

• Higher mortality risk for women
compared to men and particularly for
the elderly

• Quasi-stationary mid-atmospheric anti-
cyclonic anomaly over the South
Atlantic

• Relevant soil-atmosphere feedback
mechanisms for the Heat Wave devel-
opment

• Regional katabatic winds were respon-
sible for heating the already warm air
mass.
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Global temperatures have increased considerably over the last decades, directly impacting the number, in-
tensity and duration of extreme events such as heat waves. Climate model projections accounting for an-
thropogenic factors indicate that deadly mega-heat waves are likely to become more frequent in the
future. Although the atmospheric features and social-economic related impacts of heat waves have already
been documented in various regions around the world, for other highly populated regions, such as the Met-
ropolitan Region of Rio de Janeiro (MRRJ), a similar objective assessment is still needed. Heat waves directly
impact the public health sector and particularly the less wealthy and elderly population groups. During Feb-
ruary 2010, an elevated mortality peak occurred during a 8-day period (from 2 to 9 Feb 2010) characterized
as a heat wave episode inMRRJ. A total excess of 737 deaths was recorded with the elderly group registering
the highest mortality incidence. During this heat wave period, a quasi-stationary anticyclonic anomaly
forced in altitude by a Rossby wave train was established over the south Brazilian coast. At the surface,
the meteorological scenario from January 2010 to the heat wave period was marked by clear sky conditions,
large precipitation deficits, and enhanced diabatic heating. During the heat wave period, warm and dry air
masses were advected from interior regions towards the MRRJ, exacerbating temperature conditions by
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pronounced subsidence and adiabatic heating mechanisms. All these conditions contributed to pronounced
positive temperature anomalies, reinforced by land-atmosphere feedbacks.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The pervasive positive temperature trend in various parts of the
world has become a high-priority issue for today's society, generating
growing concern about current and future impacts of associated ex-
tremes events such as droughts, floods, storms, heat and cold waves
(IPCC, 2012). The beginning of the 21st century in agreement with the
previous 1990s and 1980s decades of the 20th century, have been char-
acterized by a continuous rise in the global mean temperature with 17
out of the 18 warmest years on record all occurring in the beginning
of the 21st century (IPCC, 2014; NOAA, 2018). Moreover, temperature
extremes, such as heat waves (HWs) have been continuously showing
increasing trends regarding frequency, intensity, and duration
(Seneviratne et al., 2014). As a consequence, during the last years, a
new HW class was identified, the so-called mega HWs characterized
by historical record events regarding the spatial extent, duration, inten-
sity and the severity of their impacts on ecosystems and society
(Barriopedro et al., 2011; Miralles et al., 2014). Examples of these
mega HWs are the 2003 and 2017 European HWs, as well as the 2010
Russian and the 2011 US (Texas) HWs (Qian et al., 2016).

HWs are known to impinge a wide range of impacts in public health
(Gasparrini and Armstrong, 2012), in several socio-economic sectors
(Garcia-Herrera et al., 2010; Linares and Díaz, 2008), in ecosystem's
water availability and in vegetation/animal stress levels including vege-
tation fires (Bastos et al., 2014; Gusso et al., 2014). Extremely hot tem-
peratures are capable of perturbing the human biological mechanisms,
especially those related to thermoregulatory body response, which
might, in turn, aggravate some diseases, particularly cardiovascular
and respiratory conditions (Braga et al., 2002; Hajat et al., 2005). Recent
studies have established a relationship between mortality and several
environmental variables, especially temperature (Gasparrini et al.,
2015; Gasparrini and Armstrong, 2012; McMichael et al., 2008; Son
et al., 2016). The heat effects are felt with more intensity by some pop-
ulation sectors, the so-called risk groups, such as elderly people and
fragile individualswith chronic illnesses or pre-existing heart and respi-
ratory diseases (Basu and Samet, 2002; Barnett, 2007; Bell et al., 2008;
Trigo et al., 2009; Åström et al., 2011). Several studies have reported ex-
cess mortality rates during HW events primarily in the U.S.A., Australia,
and Europe. For instance, at least 40.000 deathswere reportedwhen ex-
tremely high temperatures were recorded during the 2003 European
mega HW (Garcia-Herrera et al., 2010; Robine et al., 2008). In contrast,
there are fewer studies evaluating the impact of HWs in mortality over
South-America, although Muggeo and Hajat (2009) and Bell et al.
(2008) observed an increase in non-accidental mortality among the el-
derly due to persistently warmer days. Gouveia et al. (2003) and Son
et al. (2016) also reported an association between high temperatures
in São Paulo and excess mortality rates, mainly due to respiratory
diseases.

In South America, and particularly in Brazil, an increase in the fre-
quency and intensity of extreme heat events has also been observed
since the second half of the twentieth century (Bitencourt et al., 2016;
Ceccherini et al., 2016; Cerne and Vera, 2011; Geirinhas et al., 2017;
Hannart et al., 2015; Renom et al., 2011; Rusticucci, 2012; Rusticucci
et al., 2017, 2016). For instance, extremely hot and dry conditions over
southeastern Brazil (SEB) during the 2001 and 2014 summers led to a
severe water resources crisis and important electricity production defi-
cits (Herring et al., 2015; Coelho et al., 2016), a scenario that imposed
constraints on the population for reaching thermal body comfort. In ad-
dition to the severe water supply crisis, the 2014 event triggered a
dramatic increase in the number of forest fires in the region
(Rodrigues et al., 2018).

Hot and dry summer events over the southeast region of Brazil have
been associated to persistent anticyclonic patterns over the SouthAtlan-
tic, near the south and southeast coasts of Brazil (Coelho et al., 2016;
Grimm, 2003). This large-scale anticyclonic configuration is often re-
lated to an upper-level atmospheric wave-type flow and Rossby wave
trains. Such wave trains induce a large-scale teleconnection between
the Southeast Pacific, South America, and the South Atlantic Ocean,
the so-called Pacific – South American Modes (Irving and Simmonds,
2016; Mo and Paegle, 2001; Renwick and Revell, 1999). The year of
2010 was also exceptionally hot and dry over all South America, being
characterized by the occurrence of a large number of HW events in
many Brazilian cities, namely São Paulo, Manaus, Recife and Brasília
(Geirinhas et al., 2017). Moreover, during the 2009–2010 hydrological
year the Amazon region experienced a historical drought, in association
with a significant and prolonged precipitation deficit coupled to both
high-temperature values and evaporation rates (Lewis et al., 2011;
Marengo et al., 2011; Panisset et al., 2018). Such anomalous conditions
have been linked to the manifestation of an El Niño event with anoma-
lously warm sea surface temperatures (SST) in the central and eastern
Pacific, and also to anomalouslywarmSST over the tropical NorthAtlan-
tic Ocean (Coelho et al., 2012; Marengo and Espinoza, 2016).

Despite the role played by the El Niño event and the anomalously
warm tropical North Atlantic, it is important to note that these extreme
climatic events occurred within the context of positive temperature
trends (regarding both Tmax and Tmin values) recorded since 1960
over South America and Brazil (Marengo and Camargo, 2008; de
Barros Soares et al., 2017). The atmospheric mechanisms contributing
to the manifestation of northern hemisphere HW events, such as the
European 2003 and the Russian 2010 mega HWs, have been well iden-
tified and characterized (e.g., Trigo et al., 2005; Fischer et al., 2007;
Garcia-Herrera et al., 2010; Fischer, 2014; Qian et al., 2016; Tomczyk,
2017). However, for South America, relatively fewer studies have ex-
plored themain large-scale and regional atmospheric circulationmech-
anisms during the preceding weeks/months and the HW period itself.

One of the most intense and prolonged HW affecting the Metropol-
itan Region of Rio de Janeiro (MRRJ), amajor population center in Brazil,
was recorded at the beginning of 2010, during the week spanning from
2 and 9 February 2010. This eventwas characterized by daily maximum
temperatures (Tmax) higher than the calendar day climatological Tmax
90th percentile for eight consecutive days. According to the local and
national media, this period was defined as an extremely hot episode as-
sociated to abnormally high mortality. Besides the early February 2010
HW event, the city of Rio de Janeiro recorded several other periods of
consecutive days with abnormally high-temperature values. However,
to the best of our knowledge, the 2010 HW event has never been prop-
erly assessed, neither from the meteorological perspective nor from the
excessive mortality induced. By combining the knowledge produced
when characterizing the atmospheric circulation conditions that
prevailed during the manifestation of the observed HWs, with the
proper use of weather and climate forecast models, which are designed
to anticipate the occurrence of these conditions, it is becoming possible
to predict the occurrence and the intensity of HWs. This knowledge and
predictions are of extreme importance for preventing society and health
services from potential mortality risk periods, particularly in densely
populated areas. In fact, due to the so-called urban heat island effect
and considering the projected increase in surface temperatures for the
next decades (IPCC, 2014), people living in the metropolitan regions
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of large cities such as MRRJ will be the ones being mostly affected by
temperature extremes (Dereczynski et al., 2013; Lucena et al., 2013;
Peres et al., 2018).

This paper aims to contribute to this theme, taking as itsmain objec-
tive the characterization of the atmospheric conditions observed during
a severe mortality rate period in the MRRJ, identified as a HW period
(2–9 February 2010), and then to establish a bridge between the ob-
served abnormal high temperatures and this excessive mortality peak.
A detailed characterization of the large-scale and regional atmospheric
setting that contributed to the development and maintenance of this
extremely hot event will be exposed and discussed.

2. Data and methodology

2.1. Mortality and temperature data for Rio de Janeiro

Daily mortality among residents for all-natural death causes (non-
accidental or non-violent) for the metropolitan region of Rio de Janeiro
(MRRJ) were obtained from death certificates of the Brazilian Health
System database (DATASUS). This database is made available through
the Data Science Platform developed by the Institute of Scientific and
Technological Information in Health of the Oswaldo Cruz Foundation.
The MRRJ mortality records for the 2000–2015 period were aggregated
by age group (0–14; 15–29; 30–59; ≥60 years old) and gender. Follow-
ing a similar methodology used in previous studies (Trigo et al., 2009),
mortality values for the period 2–11 February 2010 were computed
using the averaged period proportional mortality ratio methodology
(APPMR):

APPMRi ¼
Mi

M1 þM2 þ⋯þMi−1 þMiþ1 þ…þMkÞ=ðk−1ð Þ ð1Þ

with M the mortality observed in specific time periods and K the total
number of years considered. A more intuitive interpretation of the
APPMR index considers its values as the ratio between the observed
mortality (O) and the expected mortality (E) during a specific time pe-
riod. Hereafter APPMR will be referred to as the ratio “O/E”. The excess
mortality index defined as the difference between the observed and ex-
pected mortality levels, was another metric used to analyze the mortal-
ity data. Values of both excess mortality index and O/E ratio were
computed for each age group and both genders.

The identification of the period from 2 to 9 February 2010 as a HW
was performed using observed daily values of maximum surface air
temperature (Tmax) and applying amethodology successfully used in re-
cent studies (Geirinhas et al., 2017; Perkins andAlexander, 2013). AHW
is here defined as a period of three or more consecutive days character-
ized by daily Tmax values above the climatological (1961–2014 base pe-
riod) calendar day 90th Tmax percentile calculated on a 15-day window
(centered on the day in question). Such methodology is given by the
CTX90pct index (Perkins and Alexander, 2013), a relative threshold
(percentile-based) index that is an effective alternative to indices
based on absolute thresholds (ex: ETCCDI indices – SU andTR). Absolute
indices are not suitable on some regions because they don't consider
seasonal and spatial variability (Perkins, 2011). Similar relative thresh-
old indices were already successfully applied in previous studies of
this kind for South America (Rusticucci et al., 2016; Bitencourt et al.,
2016; Geirinhas et al., 2017). Many HW indices also consider Tmin
values, and some of them even consider the joined effect of Tmin,
Tmax and humidity values on thermal sensitivity. In our particular
case we choose not to conduct our analysis based on Tmin values be-
cause they don't shown an effective relationship with mortality rates
such as the one verifiedwith Tmax. The temperature data was obtained
from the Galeão meteorological station located in the international air-
port within the MRRJ (28.8°S, 43.28°W) and available from the ICEA
network (Brazilian Air Traffic Control Institute).
2.2. Large-scale meteorological data

The large-scale and regional atmospheric mechanisms contributing
to the manifestation of the investigated HW event were characterized
through the analysis of anomaly composites (mean field removed).
The HW composite for a specific meteorological parameter is defined
as the mean of its observed values during the HW period. The data
used to build these composites is derived from the ERA-Interim Reanal-
ysis (Dee et al., 2011) fields from the European Centre for Medium-
Range Weather Forecast (ECMWF). The data were collected for the
period spanning from 1979 to 2014 and for the area limited by the
following latitude and longitude ranges: 20°N–65°S and 140°W–
26°W. It's important to note that the reanalysis period (1979–2014) is
shorter than the longer period with station data (1961–2014), which
was used to compute local Tmax/Tmin percentiles and to define the
2–9 February 2010 period as a HW. Large-scale data prior to 1979 for
the southern hemisphere is dominated bymissing values. The ERA-I re-
analysis datasets start in 1979 as they rely extensively in data retrieved
from satellites, which at that time, were crucial to provide a complete
picture of climate variability and day-to-day meteorological conditions
over the southern hemisphere (Ji et al., 2015). The main reason to
stop the analysis in 2014 is simply related to the availability of Tmax
and Tmin values from themain station of Galeão Airport ending in 2014.

Themeteorological variables used in these anomaly compositefields
are daily time series of sea level pressure (SLP), 500 and 250 hPa
Geopotential height (H500, H250 respectively), 250 hPa meridional
wind component (V250), 500 hPa and 250 hPa level temperature
(T500, T250 respectively), maximum air temperature 2 m above the
surface (Tmax), zonal and meridional wind components 10 m above
the surface (u10, v10 respectively), relative air humidity at surface
(RHsfc), total precipitation (Prec), surface net solar radiation (SRad),
soilwater content (SoilW) and surface sensible heatflux (SH). All values
correspond to daily mean averages, except for Tmax, SRad, and SH. The
daily maximum temperature values corresponding to the maximum
temperature recorded on each day. Surface net solar radiation (SRad)
and SH values correspond to 12h accumulated radiation fluxes (12 h–
00 h). The soil water content corresponds to Layer 1, which is defined
by ERA-Interim as a soil layerwith a thickness of 0.7m from the surface.
The reanalysis data is based on observed measures in situ, however, it
depends also on the quality of the forecast model used. The precipita-
tion variable is mainly dependent on the forecast model used, and so
its values are more susceptible to model systematic errors. Anomaly
composites (mean field removed), as the ones used on this paper, filter
considerably the impact of model biases (Trigo et al., 2004,)minimizing
some of the inherent model errors.

To evaluate different mechanisms involved in the triggering and
maintenance of the HW, we assessed the atmospheric circulation pat-
terns identified in the anomaly composite fields recorded during the
HWperiod. Here we adopt a similar approach to previous studies to di-
agnose in detail the main physical processes (horizontal advection, ver-
tical advection, and diabatic processes) contributing to the increment in
surface temperature (e.g., Sousa et al., 2018). Thus, for each grid point
with temperature anomalies higher than 1 °C, we identified which pro-
cess contributed more pronouncedly to the development of abnormal
surface heating. Horizontal and vertical temperature advectionwere ex-
plicitly calculated by Eqs. (2) and (3), respectively:

ΔT
Δt

� �
h
λ;ϕ; tð Þ ¼ − v!:∇pT ð2Þ

ΔT
Δt

� �
v
λ;ϕ; tð Þ ¼ −ω

T
θ
∂θ
∂p

ð3Þ

where ðΔTΔtÞhis the temperature advection by the horizontal wind, ðΔTΔtÞvis
the temperature advection by the vertical motion, with (λ,ϕ, t)
representing latitude, longitude and time, respectively, v is the
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horizontal wind, T is the temperature, ω is the vertical velocity (p coor-
dinates) and θ is the potential temperature. The temperature change
rate due to diabatic processes was estimated as a residual from the pre-
vious two terms and using the temperature tendency equation:

ΔT
Δt

� �
d
λ;ϕ; tð Þ ¼ ΔT

Δt
−

ΔT
Δt

� �
h
−

ΔT
Δt

� �
v

ð4Þ

with ðΔTΔtÞd representing the temperature change rate due to the diabatic

process and ΔT
Δt the daily mean temperature tendency. Some caution is

required for interpreting such temperature change rates when the
diabatic process is determined as a residual term (Sousa et al., 2018;
Wright and Fueglistaler, 2013). Sub-grid turbulent mixing, analysis in-
crements and other numeric errorsmay contribute to affect the residual
term. For more details see Sousa et al., 2018. The data used to compute
the advection and temperature change rates (Eqs. (2)–(4)) were ERA-
Interim reanalysis fields at 1000 hPa at 6-hourly output frequency.

3. Results

3.1. Observed and expected mortality

Fig. 1 shows the geographical localization of theMetropolitanRegion
of Rio de Janeiro (MRRJ) within Rio de Janeiro State and Brazil. Accord-
ing to the 2010 population census performed by the Brazilian Institute
of Geography and Statistics, in Portuguese – “Instituto Brasileiro de
Geografia e Estatística (IBGE)”, around 16 million individuals were liv-
ing in Rio de Janeiro State, with 74% of this population (nearly 11million
Fig. 1.Map of South America highlighting the Brazil border (bold black line), the fivemain Braz
South), the state of Rio de Janeiro (brown dot) and two distinct zones (zone 1/black rectangle: 1
on the right inset. Representation of Rio de Janeiro state within the zone 1 and 2 and of metro
corresponding names within the top right table.
people) concentrated within the MRRJ. These numbers define MRRJ as
one of the most densely populated urban areas in South America, and
the secondmost populatedmetropolitan region in Brazil, after themet-
ropolitan region of São Paulo.

The evolution of the mortality record for the MRRJ during
2000–2015 (Fig. 2), considering all deaths for all age groups and both
genders, shows a seasonal cycle with high levels during the winter
(June to August), in accordance with previous studies (Carmona et al.,
2016; Falagas et al., 2009). However, high mortality peaks are noticed
for several years during the summer (December to February) and are
likely to be associated with extremely hot events. The 2010 summer
was characterized by several of these excessive mortality peaks
(Fig. 3). By far, the most remarkable peak in this 16-year record was re-
corded during the period from 7 to 9 February. On February 9, a total of
414 deaths were recorded, representing an excess of 151 cases when
compared to the expected daily average values of 263 deaths for the
MRRJ. This period coincided with a sequence of days when the daily
Tmax values exceeded the 90th Tmax percentile values. In fact, the
90th percentile value was exceeded in all days of the week 2–9 Febru-
ary, defining an 8-days long HW event (Fig. 3). During February 8, the
preceding day of the highest mortality rate, the maximum temperature
reached 39 °C in the Galeão meteorological station. Such one-day lag
time response between the observed peak temperature and expressive
increase in mortality has been interpreted as the time needed for some
diseases and pre-existing illnesses to aggravate and cause human
deaths (Son et al., 2016). Therefore, to accommodate this temporal
lag, we have evaluated the mortality data considering a slightly longer
window (2–11 February) than the one used to classify the
ilian geographical regions (black thin lines: North, Northeast, Central-West, Southeast and
0°–23° S, 40°–45°W; zone 2/orange rectangle: 21°–23° S, 42°–44°W), which are zoomed
politan region of Rio de Janeiro with its several municipalities identified by numbers and

Image of Fig. 1


Fig. 2.Mortality Rate time series for theMetropolitan Region of Rio de Janeiro during the period 2000–2015, for total population (blue line) and its 15-daywindowmoving average (black
line). The vertical grey bar highlights the 2010 year. The top-left figure represents the values of O/E ratio during the heatwave period and for the several MRRJmunicipalities identified on
Fig. 1. Black dotes identify districts with statistical significant O/E ratio values at a significance level of 10%.
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meteorological HW (2–9 February). Concerning the Tmin, during the
HW period the values were about 23 °C–24 °C, i.e. temperatures that
fall very close to the 90th percentile, but do not exceed it (Fig. 3).
Fig. 3.Daily Tmax, Tmin andMortality Rate values for the year of 2010 (top,middle and bottomp
Tmax and Tmin; 2000–2015 forMortality) calendar day 90th percentile calculated on a 15-dayw
climatological calendar day 90th percentile computed excluding the year of 2010 while the re
including the year of 2010.
Nevertheless, these high values were capable, in conjunction with the
extreme Tmax values, to induce considerable heat stress in human
body's inhibiting a normal night-time cooling relief period.
anels respectively). The black line represents the respective climatological (1961–2014 for
indow (centered on theday inquestion). ForMortality panel, the black line represents the

d line represents the same 90th percentile computed using all the analysis period, and so,

Image of Fig. 2
Image of Fig. 3


Table 1
Observed (O) and expected (E) deaths for the period 2–11 February 2010. Estimates of ex-
cess deaths (O-E) and O/E ratio are also shown. Expected mortality computed using the
2000–2015 period. All results are split by gender and agree group. p refers to the signifi-
cance level.

Observed deaths
(O)

Expected deaths
(E)

Excess of deaths
(O-E)

O/E p-Value

Women 1624 1130 494 1,44 b0,001
Men 1382 1139 243 1,21 b0,001
Total 3006 2269 737 1,32 b0,001

Age groups W M W M W M W M W M

0–14 40 45 38 51 2 -6 1.05 0.88 0,800 0,400
15–29 17 30 19 28 -2 2 0.89 1.07 0,600 0,700
30–59 269 342 240 330 29 12 1.12 1.04 0,100 0,500
≥60 1298 965 833 729 465 239 1.56 1.32 b0,001 b0,001
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During the 10-day period spanning from 2 to 11 February, a total of
3006 deathswere recorded in theMRRJ,which represented an excess of
approximately 737 deaths and an O/E ratio of 1.32 (Table 1). The ratio
O/E was larger than unit and statistically significant at 1% level, indicat-
ing more deaths than expected. It was higher for female (1.44) than for
male (1.21). Regarding age groups, the elderly (60 years old or older)
were the ones presenting the highest mortality (2263 deaths), which
represented 75% of all deaths recorded during the HW period. The O/E
ratio was also more pronounced for elderly women (1.56) than for el-
derlyman (1.32), evidencing an asymmetrical gender risk in accordance
to previous analysis (Nogueira and Paixão, 2008; Yu et al., 2010). A sim-
ilar situation was observed for the 30–59 and 0–14 age groups. For both
Male and Female groups, the O/E ratio was only statistically significant
at 1% level regarding the elderly population group. Analyzing Fig. 2
and the O/E ratio values for total population disaggregated for the sev-
eral MRRJ municipalities, we observed that only one district recorded
an O/E ratio lower than 0.90 (Tanguá). From the total 21 MRRJ munici-
palities, 14 presented statistically significant positive ratios. The highest
ones were recorded for Seropédia (N2.0) followed by Mesquita, Magé
and Guapimirim which recorded values between 1,5 and 2. The reason
for the record of highmortality risk values in these particular districts is
probably related to a high number of elderly people with low social-
economic conditions living within them. Other external factors as the
Fig. 4. Averaged 250 hPa v-wind (shaded, ms−1 ) and 250 hPa Geopotential height anomaly
significant (at the 1% level) grid-points of the 250 hPa v-wind anomaly field regarding summe
access of quality public health services can be also a plausible
explanation.

3.2. Atmospheric synoptic characterization

This section aims to define the large-scale and regional atmospheric
mechanisms contributing to the HW development. This characteriza-
tion was performed through the analysis of anomaly composite fields
of several meteorological variables, with anomalies computed with re-
spect to the 1979–2014 period. The robustness of these anomaly com-
posites was evaluated using a two-tailed t-test to access the statistical
significance at the 1% level of the difference between the 2–9 February
2010 composite field and the long term summer (DJF) climatology. An
important consideration to be made concerns the fact that during the
period 1979–2014 temperature trends were recorded. The temporal
analysis of this HW episode covers the year of 2010 which is a time pe-
riod that corresponds to a final segment of the 1979–2014 period. Con-
sequently, statistical significant anomalies are more likely to be found.
In order to minimize this effect in our results, we increased the rigor
of the statistical test using a significance level of 1%. Alternative ap-
proaches to deal with temperature trends when defining extreme
events include considering time-varying thresholds as in Coelho et al.
(2008) and computing anomalies using moving climatologies as in
Coelho and Goddard (2009).

3.2.1. Large-scale anomalies
Fig. 4 illustrates the upper troposphere (250 hPa) 2010 HW finger-

print through the geopotential height (H250, contours) and meridional
wind component (V250, shaded) anomalies for the period 2–9 February
2010. The anomaly field for both atmospheric variables highlights a sta-
tistically significant wave train pattern, which spans from the central/
east south Pacific Ocean to South America, suffering a northward deflec-
tion east of the Andes mountain range. This stationary wave pattern is
characterized by a sequence of alternating positive/negative anomalous
meridional wind centers, associated with the establishment of several
near concentric anomalous geopotential height centers. The initial
signs of development of such wave pattern were identified during the
first days of 2010 (not shown). Afterwards and during January, it main-
tained its developing status presenting itsmostmatured stage later dur-
ing the HW event. As a consequence of this upper atmospheric level
wave flow, a quasi-stationary anticyclonic system was observed over
fields (contours, gpm) for the period 2–9 February 2010. Black dotes denote statistically
r (DJF) climatology, through a two tailed t-test.

Image of Fig. 4


Fig. 5. Averaged 500 hPa temperature (shaded, °C) and 500 hPa Geopotential height anomaly fields (contours, gpm) for the period 2–9 February 2010 (a). Averaged 250 hPa temperature
(shaded, °C) and streamlines for the period 2–9 February 2010 (b). Black dots denote all grid-points of both 500hPa and250 hPa temperature anomaly field that are statistically significant
at the 1% level regarding summer (DJF) climatology, through a two-tailed t-test.
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the South Atlantic Ocean and near the Brazilian coast, where a large-
scale positive H250 anomaly center was located. This anomalous atmo-
spheric circulationwith a quasi-barotropic structure influenced theme-
teorological anomalies observed at the surface during the HW period.

The geopotential height anomaly at 500 hPa (H500) shown in
Fig. 5a, highlights an intense and well-marked concentric anomaly
that is relatively coincident with the previously noticed positive
geopotential height anomaly at the 250 hPa level (H250). Maximum
anomalies of 70 gpm were recorded over the South Atlantic Ocean,
southeast of the Brazilian coastline, evidencing the quasi-barotropic na-
ture of this structure. Both H500 and H250 anomalies apparently re-
sulted from a large-scale teleconnection between the South Pacific
and South Atlantic Oceans and have already been identified in previous
studies dealing with climatic extremes in southeastern Brazil (Coelho
et al., 2016; Liebmann et al., 2004). Positive 500 hPa temperature anom-
alies (T500)were alsowidespread but slightly offset to the southwest of
the H500 positive anomaly. This is a typical signature of a large-scale
Fig. 6. North – South Vertical Section at 45°W Longitude. Anomaly field for the period 2–9 F
permanent anticyclonic circulation, a situation previously associated
with SEB HW events (Geirinhas et al., 2017). To the north of Rio de
Janeiro, an almost circular core structure characterized by much re-
duced positive H500 anomalies (compared to the surrounding values)
was observed and accompanied by negative T500 anomaly values.

Analyzing the temperature field, as well as the streamlines, for the
250 hPa level and for the same region (Fig. 5b), it was possible to verify
a very similar scenario. Thus, a negative T250 anomaly core was identi-
fied, embedded on a pronounced cyclonic circulation pattern, which is a
typical scenario associated with the establishment of an upper tropo-
spheric cyclonic vortex. The north-south positioning over the eastern
side of South America of both cyclonic and anticyclonic anomalies pro-
moted ameridional separation of the westerly zonal flow. Such bifurca-
tion occurred over the northwest South America (10–15°S), over the
region where the Bolivian High system is usually located during sum-
mer (Fig. 5b) (Lenters and Cook, 1997). As a consequence, the zonal
tropical jet stream suffered a considerable weakening (Archer and
ebruary 2010 of Temperature (shaded, °C) and of Geopotential height (contour, gpm).

Image of Fig. 6
Image of Fig. 5
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Caldeira, 2008). To better understand this phenomenon, we have ana-
lyzed a North-South vertical section of the temperature and
geopotential height anomaly at 45°W longitude during the HW period
(Fig. 6). This figure shows the signature of this cold upper-level tropo-
spheric vortex throughout the establishment, between 24°S and 9°S,
of negative anomalies of both temperature and geopotential height for
most the upper levels of the troposphere (200–600 hPa). Temperatures
near the surfacewere unaffected by the presence of the vortex andwere
instead affected by the anticyclonic conditions noticed over southern
regions.

3.2.2. Regional surface anomaly fields
The anomalous surfacewindpattern observed over SEB (Fig. 7) is co-

herent with the presence of a quasi-stationary anticyclonic circulation.
Near 20°S and between 55°W and 65°W, there is an intense anomalous
southward flow strengthening the so-called South American Low-Level
Jet (SALLJ), and consequently increasing the moisture transport from
the Amazon basin to southern Brazil (Marengo et al., 2004; Nogués-
Fig. 7. Averaged anomaly fields for the period 2–9 February 2010 of SLP (contour, hPa), wind
(c) HRsup (shaded, %), (d) Prec (shaded,mm), (e) SoilW (shaded,mH2O

3 /msoil
3 ), (f) SH (shaded,W

in shaded that are statistically significant at the 1% level regarding summer (DJF) climatology,
Paegle and Mo, 1997). Overall, the anomaly field of near-surface wind
reveals an advection of air masses towards southeastern and southern
Brazil coastal areas. These regions, together with the upper Paraná
basin, were characterized by the highest positive Tmax anomalies of
around 5–6 °C (Fig. 7a). The anticyclonic circulation also promoted the
development of clear sky conditions with positive SRad anomalies
(Fig. 7b) and, consequently, both negative RHsfc (Fig. 7c) and Prec
(Fig. 7d) anomalies over most SEB. However, a comparison of Tmax
and SRad spatial patterns indicates that the SRad and diabatic heating
mechanisms are not sufficient to explain the location of the highest
Tmax anomalies over the coastal areas and the upper Paraná basin
(Fig. 7a). On the contrary, negative (positive) SRad (RHsfc) anomalies
were observed within 30–35°S and 55–65°W, a situation already iden-
tified in HW studies for SEB (Geirinhas et al., 2017).

This enhanced positive RadS anomaly together with exceptionally
dry conditions contributed to the identified statistically significant neg-
ative SoilW anomalies over SEB, particularly in the meridionally (S-N)
oriented band, extending from Rio de Janeiro northwards into
10 m height (vectors, ms−1 ) and of (a) Tmax (shaded, °C), (b) RadS (shaded, W m−2 ),
m−2 ). Black dotes denote all grid-points of themeteorological anomaly field represented

through a two-tailed t-test.

Image of Fig. 7


804 J.L. Geirinhas et al. / Science of the Total Environment 650 (2019) 796–808
continental regions (Fig. 7e). This SEB sub-region also presented signif-
icant positive SH anomalies (Fig. 7f), a situation expected considering
the land-atmosphere energy fluxes that occur when such extreme
SRad and SoilW conditions are observed (Fischer et al., 2007; Miralles
et al., 2014). Due to the presence of a northerly surface flow near Rio
de Janeiro (Fig. 7a), dry and warm air coming from this meridional
band region northward Rio de Janeiro was steadily advected towards
MRRJ during the 2010 HW period.

Pronounced dry soil conditions such as the ones observed during the
HW are usually a result of an extended period of severe Prec and RHsfc
deficits, accompanied by strong radiative anomalies due to clear sky
conditions (Ferranti and Viterbo, 2006; Fischer et al., 2007). To evaluate
the validity of such hypothesis, Fig. 8 shows the evolution of both these
variables, for several sub-sample periods within January and February,
using the mean interquartile range boxes, using data for the
1979–2014 period. The darkest (lighter) grey boxes correspond to aver-
age values throughout the zone 1 (2) previously defined in Fig. 1. Zone 1
corresponds to the large meridional oriented region within SEB (Fig. 1),
where positive SoilW and SH anomalies were pronounced and from
where the air was transported towards the MRRJ during the HWperiod
(Fig. 1). Zone 2 encompasses theMRRJ and its surroundings (Fig. 1). The
observed values during 2010 are also shown in Fig. 8 with correspond-
ing black and grey circles. Tmax values during 2010 were exceptionally
high during the period from January 1 to February 16 for both zones
(Fig. 8a). In zone 1, Tmax and SRad maximum values were reached be-
fore the 2010 HW event, between January 26 and February 1, while in
zone 2 the peak values were recorded during the HW period. SRad
values during 2010 were also continuously recorded above the median
for both zones and close to record values in zone 2 (Fig. 8b). On the
other hand, the evolution of SoilW values during the 2010 show a
well-marked negative trend for both areas throughout January and Feb-
ruary (Fig. 8c), with minimum record values observed in zone 1 during
Fig. 8. Boxplots (1979–2014 base period) for weekly periods within January and February and
msoil

−3 ) and SH (Wm−2 ). Boxes correspond to the interquartile range andwhiskers correspond t
values over the zone 1 (zone 2), which are geographically identified in Fig. 1. The circles repre
the HW, while the lowest values in zone 2 were recorded just after the
HWperiod, i.e., during February 10–16. The evolution of SH shows very
similar patterns for both sectors as the one verified for SoilW. Strong
land-atmosphere positive energy fluxes were permanent from January
1 until the end of HW period, especially in zone 1 and during the HW
preceding days, a scenario that contributed to the re-amplification of
surface temperature anomalies.

3.2.3. Physical air heating mechanisms
Tmax and SRad anomaly fields do not entirely match (Fig. 7), indi-

cating that diabatic heating processes were not the only mechanism
contributing to the abnormal high Tmax values recorded during the
HWperiod. Several physical processes, such as diabatic heating andhor-
izontal/vertical advection mechanisms, are compatible with atmo-
spheric anticyclonic circulation patterns (see Eqs. (2)–(4)). In this
section, we envisage determining which of these mechanisms played
the primary role for the observed heat stress during the HW event.

Fig. 9 shows the temporal evolution of the contribution of each of
these physical mechanisms to the 1000 hPa temperature (T1000)
anomaly in MRRJ during the period from January 27 to February 19,
encompassing a pre and a post HW period. Overall this time window
was characterized by positive (above average) T1000 anomalies which
reached their highest values for several consecutive days during the
HW period (Fig. 9). During the period encompassing pre and post HW
conditions, the daily evolution of the horizontal advection contribution
term (Fig. 9 bottom panel, blue curves) was generally negative (as well
as the cumulative contribution). The daily diabatic contribution (Fig. 9
bottom panel, red curves) term showed three distinct periods of abnor-
mal positive values, where diurnal diabatic heating was considerably
higher than the radiative cooling during night time. The HW period
was one of these three periods, however, the most pronounced one
was observed after February 15. In general, the daily vertical advection
for the HW period (2–9 February) of (a) Tmax (°C), (b) RadS (Wm−2 ), (c) SoilW (mH2O
3 .

o the extreme values for the entire base period. The black (grey) boxes represent averaged
sent the corresponding averaged weekly values observed for the year of 2010.

Image of Fig. 8


Fig. 9. Temporal evolution throughout January 27 and February 19 of 2010 of several meteorological and physical parameters for the MRRJ. The red boxes delimit the heat wave period
under analysis. Top panel: evolution of wind pattern (blue arrows), observed 1000 hPa Temperature (black curve) and the associated anomaly (red curve) with respect to the
corresponding calendar day climatology (1979–2014); Middle panel – Evolution of the expected (1979–2014) 1000 hPa temperature variation rate (grey curve) and the observed
values during 2010 (black curve); Lower panel – evolution of the contribution of the horizontal advection (blue lines), vertical advection (green lines) and diabatic (red lines) terms
and of their combined contribution (black line) for the observed 1000 hPa temperatures anomalies. Each ticker line represents the respective cumulated contribution term.
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contribution term presented positive values (Fig. 9 bottom panel, green
curves), in particular during the HW episode. A marked increase in the
cumulative curve during this period (above the two other contribution
terms) indicates that, despite the critical role played by diabatic heating,
the primary physical mechanism responsible for the abnormally high
temperatures that occurred during the 2010 HW event was the adia-
batic heating via vertical advection (enhanced subsidence). Pronounced
positive values of vertical advection contribution term during the HW
also match the period where the northerly wind component over the
MRRJ was more pronounced. Fig. 10 represents (black crosses) the re-
gions where the vertical advection contribution termwas predominant
for T1000 anomalies. Similarly to MRRJ, the positive surface tempera-
ture anomalies recorded during the HW period in the south and south-
east Brazilian coastal regions were mainly a product of enhanced
subsidence processes. Analyzing the topography (Fig. 10), it is possible
to note that these coastal areas are surrounded bymountain regions up-
stream of the observed flow. The surface wind anomaly pattern indi-
cates a strong advection of dry and relatively warm air from interior
high regions towards coastal areas including MRRJ (Figs. 7 and 10).
These katabatic winds (at the synoptic scale) promoted by the anticy-
clonic circulation resulted in abrupt air compression and consequently
in the adiabatic heating mechanism, explaining the regional coastal
strip of striking temperature anomalies.

4. Discussion and conclusions

This study characterized in detail the atmospheric circulation and
physical mechanisms contributing to the development of a prolonged
periodwith excess heat in theMRRJ, which ultimately led to the highest
mortality rate recorded in a recent 16-year period (2000–2015). Recent
studies have shown that mortality rates tend to increase considerably
when expressively above normal Tmax values are observed for consec-
utive days and aggravated by concurrent high Tmin temperature values,
inhibiting a normal night-time cooling relief period (Anderson and Bell,
2009; Gasparrini and Armstrong, 2012). Exploring the HW effects on
mortality values and considering gender and age groups, a higher risk
was identified for women compared to men particularly for the elderly.
A remarkable total number of 737 deathswere potentially related to ex-
cess heat conditions. All these results corroborate previous studies de-
veloped for other extremely hot events in Central and South Europe
during 2003 and 2006 (Trigo et al., 2005; Filleul et al., 2006;
Vandentorren et al., 2006; Robine et al., 2008; Trigo et al., 2009).
Other unaccounted social-economic factors such as population aware-
ness for health impacts induced by extreme heat conditions, access to
health care, nutrition and housing thermal comfort, are also relevant
for determining and interpreting mortality risk. Thus, for a more in-
depth mortality analysis, a careful social-economic population charac-
terization, and a more detailed analysis focusing on the main heat-
related diseases (respiratory, cardiovascular illnesses) should be carried
out to support public health authorities implementing effective and ad-
equate preventive measures.

Concerning the large-scale atmospheric circulation scenario associ-
ated to the development of this HW event, a quasi-stationary Rossby
wave train, embedded in the westerly flow, was formed and matured
during January 2010, persisting until the HW period (2–9 February
2010). Previous studies have shown that when such u-shaped wave-

Image of Fig. 9


Fig. 10. Averaged anomaly field of Tmax (shaded, °C) and of wind 10 m height (black arrows, ms−1 ) regarding the 2–9 February 2010 period. Regions where the surface temperature
anomaly was mainly result of the vertical advection mechanisms are represented by black crosses. The Tmax anomaly values that are not statistically significant at the 1% level are not
colored. On the right bottom corner, a small inset panel represents the same Brazilian land section, depicting the respective spatial distribution of elevation values (m).
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like pattern is established, persistent atmospheric anticyclonic condi-
tions tend to develop over the South Atlantic Ocean, fostering pro-
nounced hot and dry periods over the SEB region (Cerne and Vera,
2011; Coelho et al., 2016; Liebmann et al., 2004). Thiswave train is a sig-
nature of a teleconnection pattern between the Southeast Pacific Ocean,
South America and the South Atlantic Ocean, the so-called Pacific –
South America Modes (Renwick and Revell, 1999; Mo and Paegle,
2001; Irving and Simmonds, 2016). These modes are excited over cen-
tral/east south Pacific Ocean in association with anomalous SST and
can be directly related to El-Niño-SouthernOscillation (ENSO) episodes,
more specifically those whose SST anomalies are confined to the central
Pacific Ocean (Coelho et al., 2016). In fact, during the 2009–2010 tem-
perature record-breaking in the MRRJ anomalously warm SST's were
observed over a confined central Pacific area (Kim et al., 2011), a sce-
nario that has been more frequent in recent decades and classified as
warm pool El Niño events (Kug et al., 2009). Thus, the quasi-
stationarymid-atmospheric anticyclonic anomaly over the South Atlan-
tic during the HW period may be attributed to a large extent to the re-
mote forcing of an anomalous SST pattern over the central Pacific
Ocean. Northward of Rio de Janeiro, a cold core vortex in the upper tro-
pospheric, with a vertical extend down to 500 hPa, was present during
the HW period. This type of upper-level atmospheric structure can be
found more frequently between 25 and 45°W and 10–25°S during the
austral summer, with January being themonth of maximumpeak activ-
ity (Kousky and Alonso Gan, 1981). Although not shown here, we ob-
served that the vortex developed over the northeast coast of Brazil
during thefirst days of January 2010 as a consequence of an anticyclonic
anomaly located just south of the Brazilian coast. The release of large
amounts of latent heat by the SACZ intensifies the anticyclonic center
in altitude promoting the development of a cyclonic structure in an at-
tempt to preserve the absolute vorticity. Due to a lack of dissipative
mechanisms, this closed cyclonic structures can last for weeks
(Kousky and Alonso Gan, 1981). At the lower tropospheric levels, the
central region of these vortices is often characterized by air subsidence
and clear sky conditions (Frank, 1970). This central vortex region lo-
cated northward of Rio de Janeiromatchedwell with the area character-
ized by maximum values of shortwave radiation incidence during the
HW event, and where the driest soil conditions were verified.

We also show the relevance of soil-atmosphere feedback mecha-
nisms in the development of the HW. For the period spanning from
January 2010 to the HW occurrence, large values of shortwave radi-
ation incidence at surface were observed over the SEB and some cen-
tral and northeastern Brazil areas. Climatologically, the SEB region
experiences the highest precipitation rates during the austral sum-
mer in association with the occurrence of the South Atlantic Conver-
gence Zone (SACZ) events, which are characterized by awell-defined
enhanced cloud cover band (northwest-southeast oriented) fed by
moisture advected from the Amazon region by the SALLJ (Herdies
et al., 2002).Wet SACZ events over SEB depend on the interaction be-
tween extra-tropical frontal systems and the tropical convection
over this region. Therefore, a southward deviation of cyclonic tracks
is directly related to reduced precipitation over SEB. The observed
persistent mid-level anticyclonic circulation offsets the SACZ influ-
ence over SEB, while the SALLJ was intensified further south. Conse-
quently, a more southward moisture transport from the Amazon
basin was imposed towards the region of La Plata Basin (Berbery
and Barros, 2002; Liebmann et al., 2004).

On the other hand, persistent shortwave radiation anomalies over
SEB and central Brazil during January 2010 contributed to accelerating
soil drying through great evaporation rates, resulting in a positive feed-
back mechanism that promoted the amplification of the hot and dry
surface conditions, especially to the north of the MRRJ. A similar mech-
anism was identified and well documented during the 2003 European
mega HW, where extreme surface temperatures were manifested due

Image of Fig. 10
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to land-atmosphere positive feedbacks that affected the extent of the
geopotential height anomaly (Fischer et al., 2007).

On a final and regional stage, pronounced elevation differences be-
tween the interior and coastal areas resulted in katabatic winds. Thus,
downstream, from the MRRJ to Porto Alegre, strong adiabatic heating
of the already warm air mass previously formed upstream by diabatic
processes and land-atmosphere feedbacks during January, occurred at
lower elevations. The positive adiabatic contribution to surface heating
throughout this narrow coastal region overwhelmed the net diabatic
heating and the horizontal cooling advection associated to usual coastal
sea breezes.

Summing up, this severe HWevent in theMRRJwas driven by atmo-
spheric processes at different time and spatial scales. Several abnormal
atmospheric/land conditions were identified during the preceding
weeks. The identification of Pacific abnormal SST's during a warm-
pool El Niño event, capable of generating a similar Rossby Wave train,
should be diagnosed as a signal for the development of potential rela-
tively hot and dry conditions in the MRRJ, particularly after a drier
than normal spring. The detailed characterization presented for this se-
vere heat event should be taken into account when looking into me-
dium range meteorological forecasts (up to 10–15 days) for the MRRJ.
To our best knowledge, works of this kind were already develop for
other global regions, however, for Rio de Janeiro and for this specific re-
gion of SEB this is a pioneer analysis. Thus, equivalent detailed atmo-
spheric analyses for other Brazilian areas should be carried, especially
for northern sectors, where pronounced increasing temperature trends
are expected according to recent robust climate change scenarios (IPCC,
2014), and where the Brazilian population group with the lowest
wealth per capita and education levels currently live (Costa et al.,
2015). It is also expected that population size, mainly elderly people liv-
ing in large urban centers, is likely to increase in future. The elderly pop-
ulation in 2000 in the MRRJ was 11,7% of the total population. In 2010
this number increased to 15,8% and is expected to continue increasing
(IBGE, 2010). This study is particularly relevant for authorities to mini-
mize the future human impacts of climate change allowing society to
adapt to a range of different climate change scenarios, with the most
likely ones (RCP4.5 till RCP 8.5) being characterized by more frequent
extreme heat stress conditions.
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