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Abstract 
Modification signs in extreme weather events may be directly related to alte-
rations in the thermodynamic panorama of the atmosphere that need to be 
better understood. This study aimed to make a first interconnection between 
climate extremes and thermodynamic patterns in the city of Rio de Janeiro. 
Maximum and minimum air temperature and precipitation extreme indices 
from two surface meteorological stations (ABOV and STCZ) and instability 
indices based on temperature and humidity from radiosonde observations 
(SBGL) were employed to investigate changes in the periods 1964-1980 (P1), 
1981-2000 (P2), and 2001-2020 (P3). Statistical tests were adopted to deter-
mine the significance and magnitude of trends. The frequency of warm (cold) 
days and warm (cold) nights are increasing (decreasing) in the city. Cold 
(Warm) extremes are changing with greater magnitude in ABOV (STCZ) than 
in STCZ (ABOV). In ABOV, there is a significant increase of +84 mm/decade 
in the rainfall volume associated with severe precipitation (above the 95th 
percentile) and most extreme precipitation indices show an increase in fre-
quency and intensity. In STCZ, there is a decrease in extreme precipitation 
until the 1990s, and from there, an increase, showing a wetter climate in the 
most recent years. It is also verified in SBGL that there is a statistically signifi-
cant increase (decrease) in air temperature of +0.1˚C/decade (−0.2˚C/decade) 
and relative humidity of +1.2%/decade (−3%/decade) at the low and middle 
(high) troposphere. There is a visible rising trend in most of the evaluated in-
stability indices over the last few decades. The increasing trends of some ex-
treme precipitation indices are probably allied to the precipitable water in-
creasing trend of +1.2 mm/decade. 
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1. Introduction 

Global warming is expected to lead to a significant increase in atmospheric water 
vapor content and changes in the hydrological cycle, including an intensification 
of extreme precipitation episodes (O’Gorman & Schneider 2009; Westra et al., 
2014). According to the Sixth Assessment Report, AR6 of the Intergovernmental 
Panel on Climate Change (IPCC 2021), there is evidence that anthropogenic ac-
tions have been influencing climate extremes in all regions of the globe, such as 
heatwaves, severe rainfall, prolonged droughts, and tropical cyclones. On a glob-
al scale, extreme precipitation events are projected to intensify by about 7% for 
every 1˚C of global warming, according to the Clausius-Clapeyron (CC) rela-
tionship (Pall et al., 2007). 

The precipitation frequency and intensity in a given area can be a function of 
the interaction between atmospheric phenomena and physiographic aspects of 
the region, such as ocean and terrain features (Kunz, 2007; Poujol et al., 2020). 
Besides, the presence of atmospheric ingredients necessary for the generation of 
extreme convective rainfall is also relevant. Thus, the identification of atmos-
pheric thermodynamic patterns favorable to extreme rainfall, mainly related to 
convection, such as the availability of moisture at low atmospheric levels (Ema-
nuel, 1994; Doswell III, 2001) and instability indices (or convective parameters) 
are fundamental (Rasmussen & Blanchard, 1998; DeRubertis, 2006). 

Particularly during the warmest period of the year (summer), the presence of 
specific meteorological systems creates favorable atmospheric conditions for 
heavy precipitation (Boers et al., 2015). Concerning short-term forecasting, se-
vere local storms in Brazil are sometimes related to high rainfall rates, which are 
still a daily challenge for operational routine and the scientific community seek-
ing to improve numerical forecasting methods (Lopez, 2007; Schumacher & Pe-
ters, 2017). Thus, given these circumstances in the atmosphere, instability indic-
es have been a valuable tool for diagnosing and predicting intense precipitation 
(Doswell III & Schultz, 2006). 

A climatology of the atmosphere’s thermodynamic characteristics can help 
understand the large-scale physical processes that lead to precipitation forma-
tion (Brooks et al., 2007). The climatological distribution of instability indices 
may not be helpful for forecasting weather, but it may aid in understanding the 
probability of a given event in different locations (Taszarek et al., 2018). Fur-
thermore, possible changes over the years in the thermodynamic parameters, 
mainly those related to air temperature and humidity, can be analyzed and asso-
ciated with global climate change. 

Keywords 
Climate Change, Climatology, Instability Indices, Precipitation Extremes, 
Temperature Extremes 
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Since precipitable water in the atmosphere has a crucial effect on the energy 
balance, it is also important to evaluate its behavior. Based on reanalysis data, 
Paltridge et al. (2009) show that specific and relative humidity have been in-
creasing at low levels in the troposphere and decreasing at high levels over the 
Southern Hemisphere since the mid-twentieth century. Zveryaev and Chu 
(2003) had already confirmed that the tropospheric water vapor content over the 
tropical portion of Brazil has been growing considerably since the 1970s. In this 
sense, through observational data in loco, some recent studies have shown an 
elevation in the frequency and intensity of extreme weather and climate events 
associated with air temperature and precipitation in Brazil over the last decades, 
for instance, in the scale of watersheds (Zandonadi et al., 2016; Luiz-Silva et al., 
2019), in the coast (Zilli et al., 2017), in the Amazon (Marengo et al., 2018), in 
the Northeast (Costa et al., 2020), and in the whole Brazil (Dereczynski et al., 
2020; Regoto et al., 2021). 

In the Southeastern region of Brazil, the most intense precipitation is recorded 
in the austral summer due to enhanced heat and moisture supply, often asso-
ciated with dynamic forcings generated by frontal systems and the South Atlan-
tic Convergence Zone, SACZ (Carvalho et al., 2004; Luiz-Silva et al., 2021). In 
the State of Rio de Janeiro, Zilli et al. (2017) and Luiz-Silva and Oscar-Júnior 
(2022) show that the frequency of rainy days is decreasing, but with a significant 
elevation in the precipitation intensity related to extreme events, which in turn 
may be related to thermodynamic effects, such as an increase in the convective 
instability. In the city of Rio de Janeiro, the second largest in Brazil, there is ex-
pressive interaction between weather systems and physiographic aspects such as 
topography, vegetation, proximity to the ocean, and the presence of two large 
bays. This mechanism, associated with the vulnerability of the urban perimeter, 
is the main triggering factor for disasters such as floods and landslides in the face 
of heavy precipitation (Nunes et al., 2020). Silva et al. (2019a; 2020) state that the 
vertical coupling of moisture flow convergence at low atmospheric levels and 
mass flow divergence at higher levels is one of the leading dynamic triggers for 
intense rainfall in Rio de Janeiro. In the long term, Dereczynski et al. (2013) and 
Luiz-Silva and Dereczynski (2014) confirm the growth in accumulated precipita-
tion related to severe rainfall since the late twentieth century in the city. 

Given the evident modification in the thermodynamics of the planet due to 
climate change (Shepherd, 2014), the main objective of this work is to examine 
preliminarily the thermodynamic behavior of the atmosphere associated with 
climate extremes over the city of Rio de Janeiro, considering historical averages 
and detected trends. Thus, climate extremes associated with observed air tem-
perature and precipitation in situ are revisited, and temperature and humidity 
patterns in altitude are investigated. In addition, the instability indices K, Total 
Totals (TT), and Precipitable Water (PW) are analyzed concerning the clima-
tology and observed trends, considering the registered precipitation intensity. 
Therefore, we seek a better elucidation of thermodynamic mechanisms asso-
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ciated with verified trends in air temperature and rainfall in the city of Rio de 
Janeiro over the last years. 

2. Methodology 
2.1. Study Area 

The city of Rio de Janeiro, capital of the State of Rio de Janeiro, is located in the 
Southeastern region of Brazil (Figure 1) and presents an area of about 1200 km2 
with an estimated population of around 6.8 million inhabitants (IBGE, 2021). 
According to Alvares et al. (2014), the city of Rio de Janeiro shows a predomi-
nantly tropical climate: high temperatures and accumulated precipitation con-
centrated especially during the austral spring and summer, and a cooler and 
drier climate throughout the austral autumn and winter. The average maximum 
(minimum) temperature in the city of Rio de Janeiro in the summer is 32.0˚C 
(23.0˚C), and in the winter, it is 26.0˚C (17.0˚C). The average rainfall in summer 
(total from December to February) is 450 mm, while in winter (total from June  
 

 
Figure 1. City of Rio de Janeiro and location of INMET meteorological stations (Alto da Boa Vista, ABOV and Santa Cruz, STCZ) 
and FAB upper-air station (SBGL) at Galeão International Airport. 
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to August), it is 150 mm (Luiz-Silva & Dereczynski, 2014). In terms of topogra-
phy, the city has three massifs (Tijuca, Pedra Branca, and Gericinó). The climate 
is also influenced by two bays (Guanabara and Sepetiba), the Atlantic Ocean, in 
addition to the presence of islands, sandbanks, lagoons, and rivers. Originally, 
the vegetation was exuberant and mainly composed of the Atlantic Forest. 
However, the forest suppression and irregular occupation have significantly in-
creased the city’s vulnerabilities to flooding, landslides, and the urban heat isl-
ands (La Rovere & Silva de Sousa, 2016). These risks are exacerbated by climate 
change, with intense exposure for residents of precarious settlements that are 
especially threatened (Barata et al., 2020). 

2.2. Data 

Daily air maximum and minimum temperature and precipitation data come 
from two available meteorological stations of the Brazilian National Institute of 
Meteorology (INMET) located in different points of Rio de Janeiro: Alto da Boa 
Vista (ABOV), located in a forested area and with lower urban density in its 
surroundings, at an altitude of 341 m; and Santa Cruz (STCZ), located in the 
western city at an altitude of 63 m, in a less vegetated region, and with a larger 
urban densification (Figure 1). Both stations are located in the metropolitan re-
gion of Rio de Janeiro, which has an accentuated population density and urban 
perimeter around it. These weather stations are conventional and the only ones 
with good quality and quantity of data in the city of Rio de Janeiro, and without 
changes in their locations. Data are available in the INMET meteorological da-
tabase (BDMEP, https://bdmep.inmet.gov.br/). In ABOV, the data comprise the 
period 1967-2020, while in STCZ, the datasets cover the period 1964-2018. The 
ABOV and STCZ climatology data were analyzed into three 20-year periods: P1 
(1964-1980); P2 (1981-2000); and P3 (2001-2020). So, it is possible to assess how 
much historical averages have changed in the city of Rio de Janeiro over these 
past periods. Regoto et al. (2021), for instance, show more significant warming 
in the 1980s and 1990s in Brazil. 

The ABOV and STCZ data series have a few shortcomings. However, the ab-
sence of information in some specific years does not affect the conclusion about 
identified trends in both stations. ABOV has flaws (few months without data) 
from 6 years: 1990, 1991, 2008, 2009, 2016 and 2017. STCZ has no observed data 
between 1995 and 1997. 

This work uses radiosonde data (1973-2020) launched by the Brazilian Air 
Force (FAB) at the Galeão International Airport (SBGL), Rio de Janeiro, at 12 
UTC (09:00 local time). These data, available at the Wyoming University website 
(http://weather.uwyo.edu/upperair/sounding.html) are used to investigate the 
vertical profile of temperature and relative humidity, and instability indices (de-
scribed in Section 2.3.2). Reports from standard pressure level were employed to 
produce the mean tropospheric profiles.  

The distance between SBGL and ABOV is 17.4 km, and between SBGL and 
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STCZ is 47.5 km. The SBGL station is considered representative of the city of 
Rio de Janeiro as it is located only about 17 km from the nearest surface station 
used in this study (ABOV). For instance, considering atmospheric phenomena 
of the meso-beta scale (20 - 200 km), meteorological systems and their effects 
can be well captured. 

2.3. Atmospheric Indices 
Climate Extremes Indices 
According to Easterling et al. (2000), society and nature are thoroughly affected 
by any alteration in the frequency and intensity of climate extremes episodes. 
Some climate extreme indicators are based on daily data of precipitation (PRCP), 
maximum temperature (TX), and minimum temperature (TN) (Frich et al., 
2002). In this research, 25 indices were selected (Table 1) for the analysis of cli-
matology and trends in the city of Rio de Janeiro. The RClimDex software (Zhang 
et al., 2018) was employed to calculate these indicators. 

Physical conditions expressed by thermodynamic and dynamic indices can 
characterize the atmospheric potential for intense/extreme precipitation forma-
tion. These parameters are commonly called instability indices. Each index, or 
ingredient, presents its strengths and weaknesses. So, no single index can pro-
vide a complete characterization of the state of the atmosphere (Kunz, 2007). 
Therefore, it would be inappropriate to expect that any single index works opti-
mally in all locations or that any index can achieve the best performance for all 
types of convective storms (Blanchard, 1998). Table 2 shows the atmospheric 
parameters evaluated in this work. 

The K index is calculated by the sum of the dry bulb (T850) and the dew point 
(Td850) temperatures at 850 hPa, subtracted from the dew point depression at 
700 hPa (dry bulb T700 and dew point Td700) and the dry bulb temperature (T500) 
at 500 hPa (George, 1960). It tends to capture conditions favorable to storm 
formation better when moisture is present throughout the troposphere, as it is a 
typical feature of tropical environments (DeRubertis, 2006). K values above 30˚C 
indicate a high potential for the occurrence of storms with heavy rainfall, while 
K values above 40˚C point to an extremely high possibility of an extreme storm 
event (Nascimento, 2005). 

The Total Totals (TT) index is similar to the K index, with the main difference 
that it does not consider the dew point depression at 700 hPa (Miller, 1972). If 
an air mass is warm and moist, K and TT indices suggest similar interpretations. 
However, when an air mass is cooler and drier, TT will produce better results by 
assigning greater weight to the presence of cold air at medium levels (Silva Dias, 
1987). In general, TT values above 40˚C indicate favorable situations for the 
formation of storms, and values above 50˚C indicate atmospheric conditions for 
the occurrence of severe weather (Henry, 2000; Nascimento, 2005).  

The precipitable water content (PW) represents a vertical integration (dp) of 
the water vapor mixing ratio (w) between 1000 and 100 hPa. It expresses the  
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Table 1. Climate extremes indices analyzed in this study based on maximum temperature 
(TX), minimum temperature (TN), and precipitation (PRCP). 

Indices Definition 

Maximum Temperature 

TMAXmean Mean maximum temperature [˚C] 

SU30 Annual count of days when TX ≥ 30˚C [days] 

TX10p Percentage of days when TX < 10th percentile [%days] 

TX90p Percentage of days when TX > 90th percentile [%days] 

TXn Annual minimum value of daily TX [˚C] 

TXx Annual maximum value of daily TX [˚C] 

WSDI 
Warm spell duration index – Annual count of days with at least 
6 consecutive days when TX > 90th percentile [days] 

Minimum Temperature 

TMINmean Mean minimum temperature [˚C] 

TR20 Annual count of days when TN ≥ 20˚C [days] 

TN10p Percentage of days when TN < 10th percentile [%days] 

TN90p Percentage of days when TN > 90th percentile [%days] 

TNn Annual minimum value of daily TN [˚C] 

TNx Annual maximum value of daily TN [˚C] 

CSDI 
Cold spell duration index – Annual count of days with at least 
6 consecutive days when TN < 10th percentile [days] 

DTR Daily temperature range [˚C] 

Precipitation 

PRCPTOT Annual total precipitation [mm] 

R10mm Annual count of days when PRCP ≥ 10 mm [days] 

R30mm Annual count of days when PRCP ≥ 30 mm [days] 

R95p Annual total PRCP when daily PRCP > 95th percentile [mm] 

R99p Annual total PRCP when daily PRCP > 99th percentile [mm] 

RX1day Annual maximum 1-day precipitation [mm] 

RX5day Annual maximum consecutive 5-day precipitation [mm] 

SDII Simple precipitation intensity index – PRCPTOT/wet days [mm·day−1] 

CDD 
Consecutive dry days – 
Maximum number of consecutive days with PRCP < 1 mm [days] 

CWD 
Consecutive wet days – 
Maximum number of consecutive days with PRCP > 1 mm [days] 

 
Table 2. Instability and moisture parameters evaluated in this research. 

Variable Formula 

K index ( ) ( )850 850 700 700 500K T Td T Td T= + − − −  

Total Totals (TT) ( )850 850 5002TT T Td T= + − ∗  
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Continued 

Precipitable Water (PW) 
100

1000

1PW wdp
g

=
ρ ∫  

Convective Available 
Potential Energy (CAPE) 

( ) ( )
( )
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LFC
dvp v

v

T z T z
g z

T z
−

∫  

 
amount of water obtained if the vapor in a unitary horizontal cross-section at-
mosphere column is condensed and precipitated, where ρ is the air density, and 
g is the gravity. 

The Convective Available Potential Energy index (CAPE) is the vertical inte-
gration (dz) of the variation between the virtual temperature of the parcel (Tvp) 
and the virtual temperature of the neighboring ambiance (Tv) at distinct levels 
onward the track through which the parcel ascends voluntarily, from the level of 
free convection (LFC) to the level of neutral buoyancy (LNB), where g is the 
gravity. The LNB usually indicates the top of convective clouds or the level of di-
vergence. Therefore, this index expresses the energy that a parcel will have when 
lifted (in J/kg), as well as the potential strength of updrafts in a storm (Derubertis, 
2006). When the CAPE index is greater than zero (typically above 1000 J/kg), the 
atmosphere has the potential for convection, and severe thunderstorms can be 
expected. Thus, the higher the CAPE value, the more prone the atmosphere is to 
deep convection formation in the presence of dynamic forcing (Nascimento, 
2005; Silva et al., 2019b). 

2.4. Statistical Tests 

The Mann-Kendall non-parametric test (Mann, 1945; Kendall & Stuart, 1975; 
Sneyers, 1990) is used to assess the statistical significance of trends in climate ex-
tremes and instability indices. The null hypothesis considered is the non-existence 
of growing or declining trends in the time series. Besides, this technique assumes 
that the sequence of values occurs independently, and that the probability dis-
tribution remains stable, that is, the data does not need to belong to a specific 
distribution. The confidence level adopted is 95%, which corresponds to a signi-
ficance level α of 5%. 

The Sen’s Curvature test (Sen, 1968) is used to analyze the magnitude of the 
trends. It is also a non-parametric method that assumes a linear trend in the data 
series. The test is calculated as follows: 

SEN median ,j ix x
j i

j i
− 

= ∀ > − 
,                 (1) 

where xj is the value of the variable in a specific period (for example, a year) and 
xi is the value of the variable in the previous period. 

Sen’s Curvature test is insensible to outliers and absent information, thus be-
ing more realistic and accurate than a simple linear regression. Mann-Kendall 
and Sen’s Curvature tests are very efficient for determining trends in climato-
logical and hydrological series when compared to other parametric methods 
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(Helsel & Hirsch 1992). 

3. Results and Discussion 
3.1. Temperature Extremes 

First, it is important to highlight the differences in temperature values between 
ABOV and STCZ. ABOV is located in a higher altitude and is surrounded by the 
Atlantic Forest (dense forest biome on the eastern coast of Brazil), while STCZ is 
near the sea level, in a region where significant urbanization has taken place. 
Figure 2 highlights the climatological differences between some climate ex-
tremes indices associated with air temperature in ABOV and STCZ. Figure 2(a) 
(Figure 2(b)) shows the distribution of TMAXmean (TMINmean) between 1964 
and 2020 and highlights the high frequency (more than 90% of data) of annual 
mean maximum (minimum) temperatures between 25˚C and 27˚C (17˚C and 
19˚C) in ABOV and 28˚C to 30˚C (19˚C to 21˚C) in STCZ. When verifying the 
frequency of days with a maximum temperature above 30˚C (SU30, Figure 2(c)) 
and the frequency of nights with a minimum temperature above 20˚C (TR20, 
Figure 2(d)), the difference is also discrepant between these two areas of the 
city. There is a higher frequency of about 50 to 100 days in ABOV and around 
150 to 200 days in STCZ for both SU30 and TR20, so STCZ has more warm days 
and nights compared to ABOV.  

The climatology and trends of the climate extremes indices associated with 
temperature (Table 1) in ABOV and STCZ is shown in Table 3. In general, the 
temperature extremes indices show warming in the city, with the most consi-
derable changes occurring between P1 and P2, mainly for the warm extremes 
(Table 3), where the magnitude rates of increasing trends are greatest. TMAX-
mean in ABOV (STCZ) increased from 25.7˚C (28.9˚C) in P1 to 26.9˚C (29.8˚C) 
during P2 and then remained the same average in P3. TMINmean in ABOV 
(STCZ) was 17.7˚C (19.9˚C) in P1, and in P3 is 18.3˚C (20.4˚C). The increase in 
TMAXmean and TMINmean is clearly exhibited by the boxplots in Figure 3(a) 
and Figure 3(b).  

 

 
Figure 2. Cumulative distribution function (CDF) diagrams of the indices associated with air temper-
ature (a) TMAXmean, mean maximum temperature (˚C), (b) TMINmean, mean minimum tempera-
ture (˚C), (c) SU30, annual count of days when TX ≥ 30˚C (days), and (d) TR20, annual count of days 
when TN ≥ 20˚C (days) in ABOV (blue line) and STCZ (red line) in the period 1964-2020. 

https://doi.org/10.4236/gep.2023.118008


W. Luiz-Silva et al. 
 

 

DOI: 10.4236/gep.2023.118008 140 Journal of Geoscience and Environment Protection 
 

Table 3. P1, P2, and P3 climatologies and detected trends (Sen’s curvature for total period) in climate extremes of air temperature 
in ABOV and STCZ. Boldfaced values of trends were considered statistically significant at the 95% confidence level by the 
Mann-Kendall test. 

Index 
(Annual Mean) 

ABOV STCZ 
Observed Trend 

(per decade) 

P1: 
1964-1980 

P2: 
1981-2000 

P3: 
2001-2020 

P1: 
1964-1980 

P2: 
1981-2000 

P3: 
2001-2020 

ABOV STCZ 

Maximum Temperature 

TMAXmean (˚C) 25.7 ± 0.5 26.9 ± 0.6 26.9 ± 0.7 28.9 ± 0.8 29.8 ± 0.6 29.8 ± 0.7 +0.3 +0.3 

SU30 (days) 64 ± 12 86 ± 19 92 ± 20 143 ± 25 174 ± 16 177 ± 21 +7.5 +9.6 

TX10p (%days) 13.5 ± 4.1 6.6 ± 2.7 8.1 ± 2.6 13.2 ± 5.0 7.9 ± 3.2 10.8 ± 3.4 −1.2 −0.6 

TX90p (%days) 7.7 ± 2.3 12.3 ± 5.3 13.2 ± 4.2 8.6 ± 3.4 11.7 ± 4.8 14.6 ± 4.2 +1.3 +1.8 

TXn (˚C) 15.6 ± 0.9 16.2 ± 1.3 16.0 ± 1.3 17.8 ± 1.3 17.6 ± 0.9 17.5 ± 1.1 +0.1 0.0 

TXx (˚C) 36.2 ± 1.0 36.2 ± 1.3 37.0 ± 1.2 39.3 ± 1.1 39.4 ± 1.2 40.5 ± 1.3 +0.3 +0.3 

WSDI (days) 1 ± 2 6 ± 6 4 ± 7 1 ± 3 2 ± 3 4 ± 6 0.0 0.0 

Minimum Temperature 

TMINmean (˚C) 17.7 ± 0.4 17.8 ± 0.6 18.3 ± 0.4 19.9 ± 0.4 20.1 ± 0.3 20.4 ± 0.4 +0.1 +0.1 

TR20 (days) 86 ± 12 88 ± 31 110 ± 17 173 ± 20 187 ± 15 197 ± 20 +5.5 +6.2 

TN10p (%days) 11.8 ± 6.0 10.3 ± 4.9 7.5 ± 3.9 11.1 ± 6.4 8.8 ± 1.6 7.7 ± 3.5 −0.7 −0.6 

TN90p (%days) 8.6 ± 3.8 9.5 ± 5.2 14.5 ± 5.4 8.4 ± 3.4 12.0 ± 3.2 15.0 ± 4.8 +1.5 +1.8 

TNn (˚C) 10.5 ± 0.9 9.8 ± 1.5 10.5 ± 1.2 12.2 ± 1.3 11.8 ± 1.2 12.8 ± 1.1 0.0 +0.1 

TNx (˚C) 25.0 ± 1.0 25.3 ± 1.8 24.8 ± 0.8 26.4 ± 0.8 26.5 ± 0.6 27.2 ± 0.9 −0.1 +0.3 

CSDI (days) 4 ± 8 6 ± 14 2 ± 3 4 ± 7 1 ± 3 2 ± 4 0.0 0.0 

Daily Temperature Range 

DTR (˚C) 8.0 ± 0.4 9.1 ± 0.6 8.7 ± 0.5 9.0 ± 0.5 9.7 ± 0.4 9.4 ± 0.4 +0.2 +0.1 

 
Warm (cold) days and nights are becoming more (less) frequent in the city of 

Rio de Janeiro (Table 3). TX90p in ABOV increased from 7.7% warm days a 
year in P1 to 12.3% warm days a year in P2, then showed a lower increase during 
P3, reaching 13.2% warm days a year. The increase in TN90p was a little more 
pronounced, going from 8.6% (8.4%) in P1 to 14.5% (15.0%) in P3 in ABOV 
(STCZ), as also evidently illustrated in Figure 3(c). Regarding cold extremes, for 
example, TX10p in ABOV (STCZ) reduced from 13.5% (13.2%) cold days a year 
in P1 to 6.6% (7.9%) cold days a year in P2 and finally increased to 8.1% (10.8%) 
cold days a year in P3. Comparing ABOV and STCZ trends magnitudes, it is 
clear that cold (warm) extremes are changing with greater magnitude in ABOV 
(STCZ) than in STCZ (ABOV). Especially in STCZ, the frequency of TXx above 
40˚C has increased considerably in P3 (Figure 3(d)). The same urbanization 
process that differentiates temperatures between ABOV and STCZ has contri-
buted to their increases over the last few decades throughout the city of Rio de 
Janeiro.  
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Figure 3. Boxplots comparing the evolution of the climate extremes indices related with air tem-
perature (a) TMAXmean, mean maximum temperature (˚C), (b) TMINmean, mean minimum 
temperature (˚C), (c) TN90p, percentage of days when TN > 90th percentile (%days), and (d) TXx, 
annual maximum value of daily TX (˚C) in ABOV and STCZ during P1, P2, and P3. In the box-
plots, the box denotes the interquartile range, where the base of the box marks the first quartile 
(Q1) and the top of the box marks the third quartile (Q3). The line inside the box depicts the me-
dian. Whiskers symbolize the lower (Q1 − 1.5 * (Q3 − Q1)) and upper (Q3 + 1.5 * (Q3 − Q1)) lim-
its of the distribution. Dots beyond these limits are considered outliers. 

 
Concerning the observed trends in the period 1964-2020, most of them show 

statistically significant warming (Table 3). Warm extremes are increasing in in-
tensity (TMAXmean, TXx, TNx) and frequency (TX90p, TN90p, SU30, TR20), 
showing an increased number in warm days and warm nights. Trends for cold 
extremes are positively associated with their intensity (TMINmean, TNn, TXn) 
but negatively related with their frequencies (TX10p, TN10p), showing reduc-
tion in cold days and cold nights. Most of the detected trends indicate statistical-
ly significant warming for both meteorological stations, and the warming rates of 
TMAXmean are +0.3˚C/decade and TMINmean are +0.1˚C/decade. This stronger 
rise in maximum temperatures also increases the daily temperature range (DTR) 
with a magnitude of +0.2˚C/decade in ABOV and +0.1˚C/decade in STCZ 
(Table 3). The observed trends show an increase of +1.3% (+1.8%) in warm days 
a year per decade and +1.5% (+1.8%) in warm nights a year per decade in ABOV 
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(STCZ), and also a decrease of −1.2% (−0.6%) of cold days a year per decade and 
−0.7% (−0.6%) of cold nights a year per decade in ABOV (STCZ).  

When analyzing the anomalies of some warm extremes indices (Figure 4), it 
is noted that, despite presenting positive trends throughout the studied period, 
their values went from negative to positive from the 1990s onwards. As of the 
2000s, the frequency of warm days (TX90p) is already 10% above the climatolo-
gy in Rio de Janeiro (Figure 4(a)). The increase in the frequency of warm nights 
(TN90p) is also quite evident in the distribution of values over the years (Figure 
4(b)). It is also verified that the historical averages of the absolute extreme in-
dices have gotten higher; that is, the highest maximum (TXx) and minimum 
(TNx) temperatures keep rising in the city. TXx increased from an average of 
36.2˚C in ABOV in P1 to 37.0˚C in P3, while in STCZ, the values went from 
39.3˚C to 40.5˚C (Table 3). Figure 4(c) shows that TXx is already up to +3˚C 
above the historical average in the 2010s in ABOV and STCZ. TNx showed no 
trend in ABOV, but in STCZ it grew +0.3˚C/decade (Figure 4(d)). The average 
duration of heatwaves (WSDI) also increased from 1960s to 2010s (figure not 
shown).  

Specific studies should be conducted to attribute the leading causes of warm-
ing to the city of Rio de Janeiro. For instance, Peres et al. (2018) show through 
land use maps the effect of urbanization on the temperature of Rio de Janeiro,  
 

 
Figure 4. Time series and observed trends of the anomalies of indices associated with air temperature (a) TX90p, percentage of 
days when TX > 90th percentile (%days), (b) TN90p, percentage of days when TN > 90th percentile (%days), (c) TXx, annual 
maximum value of daily TX (˚C), and (d) TNx, annual maximum value of daily TN (˚C) in ABOV (blue line) and STCZ (red line) 
in the period 1964-2020. 
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including the significant increase during the 2010s compared to the 1990s. Be-
sides, warm days are often recorded under atmospheric blockings during the 
warmest seasons in the Southeastern Brazil, and such events have become more 
frequent over the last few years (Geirinhas et al., 2021). 

3.2. Precipitation Extremes 

Once again, the physiographic aspects of Rio de Janeiro (particularly the relief) 
demarcate considerable differences in the city’s climatology, this time in terms of 
accumulated rainfall (Figure 5). The Tijuca massif in association with the eva-
potranspiration of local vegetation favors high total precipitation in ABOV, es-
pecially in the windward of the mountains, which receives the sea breeze (De-
reczynski et al., 2013). The relief slopes facilitate the rise of air around ABOV, 
cloud formation, and rainfall, mainly during the passage of frontal systems. In 
STCZ, precipitation is also caused by frontal systems and local convection. The 
distribution of total annual rainfall from 1964 to 2020 shows that variability is 
somewhat greater in ABOV than in STCZ (Figure 5(a)). PRCPTOT values pre-
dominate from 500 to 1500 mm in STCZ and between 1500 and 3000 in ABOV. 
The frequency of R10mm (moderate or heavy precipitation) varies from 20 to 40 
days in STCZ and 40 to 60 days in ABOV (Figure 5(b)). Figure 5(c) shows that 
R99p of ABOV is nearly double that of STCZ and once again showing greater 
variability (slightly steeper curve). STCZ presents a slightly higher amount of 
CDD than ABOV (Figure 5(d)), because this last one presents several aspects 
promoting precipitation more frequently (even of low intensity), such as the re-
lief and proximity to the sea. 

The climatology and trends of the climate extremes indices related to precipi-
tation (Table 1) in ABOV and STCZ are shown in Table 4. When comparing 
the climatologies of the three 20-year periods climatologies, it is observed that in 
ABOV most extreme precipitation indices show an increase in frequency and 
intensity. However, most of them are not considered statistically significant at  
 

 
Figure 5. Cumulative distribution function (CDF) diagrams of the indices related with precipitation 
(a) PRCPTOT, annual total precipitation (mm), (b) R10mm, annual count of days when PRCP ≥ 10 
mm (days), (c) R99p, annual total PRCP when daily PRCP > 99th percentile (mm), and (d) CDD, 
maximum number of consecutive days with PRCP < 1 mm (days) in ABOV (green line) and STCZ 
(orange line) in the period 1964-2020. 
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Table 4. P1, P2, and P3 climatologies and identified trends (Sen’s curvature for total period) in climate extremes of precipitation 
in ABOV and STCZ. Boldfaced values of trends were considered statistically significant at the 95% confidence level by the 
Mann-Kendall test. 

Index 
(Annual Mean) 

ABOV STCZ 
Observed Trend 

(per decade) 

P1: 
1964-1980 

P2: 
1981-2000 

P3: 
2001-2020 

P1: 
1964-1980 

P2: 
1981-2000 

P3: 
2001-2020 

ABOV STCZ 

PRCPTOT (mm) 2207 ± 426 2302 ± 529 2432 ± 543 1190 ± 290 885 ± 301 1239 ± 227 +69.0 +3.6 

R10mm (days) 60 ± 7 61 ± 10 60 ± 10 37 ± 9 26 ± 13 39 ± 8 −0.4 0.0 

R30mm (days) 23 ± 5 23 ± 6 24 ± 8 8 ± 4 5 ± 3 10 ± 3 +0.6 0.0 

R95p (mm) 524 ± 350 648 ± 348 808 ± 371 372 ± 216 173 ± 151 381 ± 147 +84.0 −2.2 

R99p (mm) 196 ± 217 185 ± 258 333 ± 292 135 ± 132 48 ± 73 130 ± 98 +13.1 0.0 

RX1day (mm) 130 ± 28 146 ± 64 178 ± 53 94 ± 36 63 ± 34 91 ± 29 +8.9 −1.7 

RX5day (mm) 228 ± 71 222 ± 88 274 ± 68 139 ± 57 107 ± 53 152 ± 43 +12.2 +1.3 

SDII (mm/day) 18.7 ± 2.4 18.5 ± 3.3 20.6 ± 3.6 12.2 ± 2.4 9.6 ± 2.8 12.6 ± 1.7 +0.6 0.0 

CDD (days) 22 ± 6 18 ± 5 21 ± 4 28 ± 15 30 ± 12 26 ± 6 0.0 0.0 

CWD (days) 8 ± 2 9 ± 2 8 ± 3 6 ± 1 7 ± 2 6 ± 2 −0.2 0.0 

 
the 95% confidence level, expect for R95p and RX5day. Despite the increase of 
+225 mm in PRCPTOT between P1 and P3 in ABOV, this growth is not consi-
dered statistically significant. On the other hand, in STCZ the total precipitation 
(PRCPTOT) and all the extreme precipitation indices decrease from P1 to P2 
and then rise from P2 to P3. Considering CDD, its behavior is the opposite, it 
increases from P1 to P2 and the decreases until P3. All these changes in the cli-
mate extreme trend’s signal suggest a wetter climate in the recent past (P3). 

The precipitation extremes represented by the RX1day and RX5day indices 
are usually recorded under favorable atmospheric conditions on the regional 
scale for heavy rainfall (mainly low-level moisture flux convergence centers) in a 
short period (Silva et al., 2019a) in association with the physiography of the city 
of Rio de Janeiro. RX1day went from 130 mm to 178 mm in ABOV, comparing 
the three climatologies examined in this study (Table 4). According to Costa et 
al. (2018), the city’s growth over the last years is marked by several landfills in 
lakes and coastal portions, changes in the drainage network, and the deforesta-
tion of slopes and their occupation, favoring floods and landslides in the face of 
such extreme precipitation episodes. Also, according to Table 4, RX5day in-
creased from 228 mm (139 mm) in P1 to 274 mm (152 mm) in P3 in ABOV 
(STCZ). The accumulated rainfall associated with heavy precipitation (R95p and 
R99p) is higher in the P3 climatology and highlight that ABOV records more 
intense rainfall episodes than STCZ (Table 4). In ABOV, R95p (R99p) decreased 
from 524 mm (196 mm) in P1 to 808 mm (333 mm) in P3.  

In Figure 6, it is clear that R30mm, RX1day, and SDII increased in ABOV and 
STCZ from P2 to P3. Figure 6(a) shows that nearly 75% of the years analyzed 
detected at least 20 days with rainfall above 30 mm. Figure 6(b) highlights  
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Figure 6. Boxplots comparing the evolution of the climate extremes indices associated 
with precipitation (a) R30mm, annual count of days when PRCP ≥ 30 mm (days), (b) 
RX1day, annual maximum 1-day precipitation (mm), and (c) SDII, annual total precipi-
tation/wet days (mm/day) in ABOV and STCZ over the last few years: P1, P2, and P3. In 
the boxplots, the box denotes the interquartile range, where the base of the box marks the 
first quartile (Q1) and the top of the box marks the third quartile (Q3). The line inside the 
box depicts the median. Whiskers symbolize the lower (Q1 − 1.5 * (Q3 − Q1)) and upper 
(Q3 + 1.5 * (Q3 − Q1)) limits of the distribution. Dots beyond these limits are considered 
outliers. 
 
the increase of RX1day in ABOV mainly from the 2000s onwards. There is al-
so an increase in precipitation intensity (SDII) in the city of Rio de Janeiro, 
from 18.7 mm/day to 20.6 mm/day in ABOV and from 12.2 mm/day to 12.6 
mm/day in STCZ when comparing historical averages for P1 and P3 (Table 4 
and Figure 6(c)). The consecutive dry (CDD) and wet (CWD) days did not 
show any significant trend during the last few years. According to the most 
recent climatology (P3), CDD lasts about 21 days in ABOV and 26 days in 
STCZ. In turn, CWD lasts around 8 days in ABOV and 6 days in STCZ (Table 
4). 

Figure 7 presents the time series of the PRCPTOT, R30mm, R95p, and 
RX5day anomalies in ABOV and STCZ. First, there is the marked interannual 
variability of precipitation caused by lower frequency phenomena, such as El 
Niño-Southern Oscillation (Timmermann et al., 2018) and South Atlantic Di-
pole (Bombardi et al., 2014), which modulate the frequency and intensity of sys-
tems such as fronts and cyclones in the Southeastern region of Brazil. In ABOV, 
despite the statistically non-significant trends, PRCTOT increased by +69 
mm/decade (Figure 7(a)) and R30mm increased by +0.6 day/decade (Figure 
7(b)). The R95p time series highlights the significant increase in severe precipi-
tation in ABOV of +85 mm/decade (Figure 7(c)). Dereczynski et al. (2013) had 
already identified in a shorter dataset in ABOV that R95p was significantly in-
creasing. The RX5day growth was also statistically significant for ABOV (Figure 
7(d)), with a +12.2 mm/decade rise rate (Table 4). In STCZ, there is a decrease 
in the precipitation (PRCPTOT) and its extremes (R30mm, R95p, RX5day) until 
the 1990s, and from there, there is an increase in the values, showing a wetter 
climate in the most recent years. 

According to O’Gorman (2015) changes in extreme precipitation are attributed 
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Figure 7. Time series and observed trends of the anomalies of indices related with precipitation (a) PRCPTOT, annual total preci-
pitation (mm), (b) R30mm, annual count of days when PRCP ≥ 30 mm (days), (c) R95p, annual total PRCP when daily PRCP > 
95th percentile (mm), and (d) RX5day, annual maximum consecutive 5-day precipitation (mm) in ABOV (green line) and STCZ 
(orange line) in the period 1964-2020. 

 
to the atmospheric thermodynamic and dynamic drivers. As stated early, the 
thermodynamic process is regulated by the CC Equation, which states that an 
increase in the global mean air temperature by 1˚C leads to an increase of the 
atmospheric moisture by 7%, approximately (Trenberth et al., 2003; Held & So-
den, 2006; Allan et al., 2020). However, besides the thermodynamic, also various 
dynamic factors influence the relationship between extreme rainfall and atmos-
pheric temperature (Westra et al., 2013). As seen previously, for Rio de Janeiro 
we found an increase in precipitation extremes at the ABOV station, being sta-
tistically significant for R95p and RX5 day. 

Future work may more directly associate the relationship between the fre-
quency and intensity of synoptic-scale meteorological systems with precipitation 
trends in the city of Rio de Janeiro. For instance, Zilli et al. (2019) show evidence 
of increasing average daily precipitation along the poleward margin of the cli-
matological SACZ, likely related to a poleward shift of the convergence zone. 
This is more noticeable over the coastal and oceanic portions of the SACZ, along 
the Southeastern Brazil. 

3.3. Climatology and Trends in Upper-Air Observations 

The mean tropospheric profiles and the respective trends of air temperature and 
relative humidity over the period 1973-2020 in SBGL are presented in Figure 8.  
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Figure 8. Annual climatology (along the graphs lines) and recorded trends (right side of the 
graphs) of air temperature, TEMP (˚C) and relative humidity, RH (%) by pressure levels in 
the atmosphere based on the upper-air observations from SBGL in the period 1973-2020. 
Red color of the trends means statistically significant increase and blue color represents 
statistically significant decrease. 
 
As expected, it is noted that temperature and relative humidity decrease with al-
titude. The climatological data shows temperatures below the freezing point 
starting in 700 hPa (Figure 8(a)). Relative humidity reduces from 80% to 50% 
(30% to 20%) from mean sea level to 700 hPa (from 500 to 100 hPa) (Figure 
8(b)).  

The right side of the graphs in Figure 8 shows the magnitudes of the trends 
detected over the last few decades in the troposphere around the city of Rio de 
Janeiro (SBGL). It is verified that there is a statistically significant increase in 
air temperature at almost all levels in the middle troposphere between 700 hPa 
and 300 hPa (Figure 8(a)). This fact may be associated with enhanced latent 
heating relative to more frequent deep moist convection over the region, but it 
needs deeper investigation. In contrast, the air temperature is decreasing at 
high levels (200 and 100 hPa). As is known, the air temperature at low and 
medium levels has been rising due to the increase in the emission of green-
house gases by anthropogenic forcings (IPCC, 2021), such as carbon dioxide 
and methane. These gases absorb the infrared radiation emitted by the surface 
and cause additional atmospheric warming. On the other hand, as greenhouse 
gases trap more heat in the lower atmosphere, less heat reaches the upper tro-
posphere and stratosphere, causing cooling of this part of the atmosphere 
(Mears & Wentz, 2009; Randel et al., 2017). Furthermore, other studies indi-
cate that the decrease in ozone in the lower stratosphere at the end of the 20th 
century also reduced the air temperature in this portion of the atmosphere 
(Steiner et al., 2020). The trends in the lower levels of the troposphere (such as 
1000 hPa), using 12 UTC soundings temperature data, is not so remarkable as if 
we were using minimum or maximum temperature at 2 meters high, as found by 
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Gulev et al. (2021). 
Concerning atmospheric relative humidity in SBGL, there is a significant in-

crease in the 850 hPa level, against a decrease in 200 and 100 hPa, at the highest 
levels (Figure 8(b)). As the air temperature rises near the surface, there is more 
evapotranspiration from forest and ocean and moisture offer in the troposphere 
and, consequently, an increase in relative humidity, as observed at lower levels. 
Leyba et al. (2019) show an increase of sea surface temperature (SST) in the 
South Atlantic Ocean and therefore an intensification of heat fluxes, which can 
contribute to the moistening of the lower troposphere surrounding. It is worth 
emphasizing the uncertainties inherent to air humidity in situ measures in the 
upper troposphere and stratosphere, regions characterized by a small fraction of 
the total water vapor in the atmosphere (Miloshevich et al., 2009). Sapucci et al. 
(2005) evaluated five of the major commercial radiosonde manufacturers. The 
results show that the humidity measurements achieved by the different sensors 
were quite similar in the lower atmospheric levels (with a bias median of about 
1.8%) and they were quite dispersed in the higher atmospheric layers (root mean 
square around 14.9%). It could call into question the identified trends here, and 
these preliminary results should be considered with caution, since we do not 
know if and how the sensor has changed over the analyzed period. Some works 
at a global level demonstrate a moistening of the upper troposphere over the last 
few years and that this cannot be explained solely by natural causes but mainly 
by atmospheric warming induced by anthropogenic influence (Soden et al., 
2005; Chung et al., 2014). 

3.4. Instability and Moisture Parameters Features 

As seen previously, instability indices are traditionally derived from radiosonde 
profiles. These indices combine measurements of thermal and moisture proper-
ties in a vertical profile of the atmosphere. Changes in these thermodynamic 
patterns are directly associated with modifications in the frequency and intensity 
of extreme weather events (Table 3 and Table 4), especially those related to pre-
cipitation. Figure 9 shows the anomalies of K, TT, PW, and CAPE (Table 2) in 
SBGL between 1973 and 2020. A clear growing trend is noted in the K, TT, and 
PW indices, indicating an increasingly unstable atmosphere over the last few 
years. Perhaps the absolute moistening of the lower troposphere enhances K and 
TT. However, there is a decreasing trend in the CAPE index pointing simulta-
neously to a reduction in the atmospheric environment favorable to convective 
development. According to the Mann-Kendall statistical test, all these growth 
trends were considered significant at the 95% confidence level. The magnitude 
of the K, TT, PW, and CAPE trends were +0.9˚C/decade, +0.2˚C/decade, +1.1 
mm/decade, and −40.3 J/kg.decade, respectively. 

The increase in air temperature in the midtroposphere and humidity in the 
lower troposphere (Figure 8) contributes to the increase in the K index 
(Figure 9(a)), which naturally exhibits higher values in tropical regions, such as  
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Figure 9. Time series of the instability indices anomalies (a) K (˚C), (b) TT (˚C), (c) PW (mm/day), and (d) CAPE (J/kg) meas-
ured on the upper-air observations from SBGL in the period 1973-2020. 

 
Rio de Janeiro. In the 1970s, K had a mean value of 24.1˚C, and in the 2010s, 
this average reached 27.4˚C (+1.2˚C above average). The growth of the TT 
index is more modest (Figure 9(b)), because it does not incorporate the 700 
hPa level in its calculation, which also showed a significant increase in air 
temperature.  

The PW increasing trend (Figure 9(c)) reflects the addition of water vapor in 
the troposphere, maybe as a function of the growth in evapotranspiration from 
the forest and ocean induced by the increase in surface air temperature, con-
cerning the mean and the extremes (Table 3). The enhanced moisture conver-
gence by the SACZ (Zilli et al., 2019) or the higher SSTs from the surrounding 
ocean (Leyba et al., 2019) also could favor this feature, so it needs further inves-
tigation. TMAXmean has grown around +1.0˚C over the past five decades in the 
city. The mean PW values increased from about 39.2 mm to 42.3 mm (+8% or 
+1.1 mm above average). It may have contributed to the increase in PRCPTOT 
in ABOV (+9%) and STCZ (+15%) over the years, even without statistical signi-
ficance (Table 4). According to Kunkel et al. (2020), PW clearly plays a crucial 
role in the amount of precipitation observed in the upper tail of the precipitation 
distribution. 

Regarding the decreasing trends detected in the CAPE index (Figure 9(d)), 
considering the air parcel theory and its strong dependence on diurnal heating, 
we believe that the measurements collected and analyzed here do not represent 
the buoyancy conditions since they correspond to the time of 12 UTC (morn-
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ing in Brazil). In general, the highest air temperature variation rates through-
out the daytime occur mainly near the surface (Seidel et al., 2005), as in the 
city of Rio de Janeiro (Silva et al., 2020). Above the 850 hPa level, the air tem-
perature change rates between morning and afternoon are minimal, which do 
not affect, for example, the results of the K and TT indices examined early. The 
most recommendable is to apply the maximum surface temperature method 
(Doswell III, 2001) for future studies. This method aims to replace the temper-
ature data closest to the surface, collected by a radiosonde launched in the 
morning, by the temperature values observed in the afternoon, in order to es-
timate the thermodynamic potential at that time. In this way, the possibly 
identified trends in the CAPE index could be more realistic concerning the 
recorded. 

The annual climatology of instability indices in the city of Rio de Janeiro con-
cerning some rainfall thresholds is presented in the boxplots in Figure 10. Here 
the instability indices are divided into 3 (three) distinct classes according to the 
recorded daily precipitation at the ABOV station, the one closest to the up-
per-air soundings in SBGL: P75 (PRCP ≥ 75th percentile = 20.2 mm/day); P90 
(PRCP ≥ 90th percentile = 43.6 mm/day); and P95 (PRCP ≥ 95th percentile = 64.7 
mm/day). We seek an initial analysis of the relationship between instability  
 

 
Figure 10. Boxplots with the climatology of instability indices (a) K (˚C), (b) TT (˚C), 
and (c) PW (mm) measured on the upper-air observations from SBGL in the period 
1973-2020 according to the 3 (three) classes of precipitation intensity in ABOV: P75 
(PRCP ≥ 75th percentile = 20.2 mm/day); P90 (PRCP ≥ 90th percentile = 43.6 mm/day); 
and P95 (PRCP ≥ 95th percentile = 64.7 mm/day). In the boxplots, the box denotes the 
interquartile range, where the base of the box marks the first quartile (Q1) and the top of 
the box marks the third quartile (Q3). The line inside the box depicts the median. Whisk-
ers symbolize the lower (Q1 − 1.5 * (Q3 − Q1)) and upper (Q3 + 1.5 * (Q3 − Q1)) limits 
of the distribution. Dots beyond these limits are considered outliers. 
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indices and precipitation intensity, especially the daily precipitation totals that 
make up the climate extreme indices R95p and R99p. As seen previously, R95p 
shows a statistically significant increasing trend in ABOV (Table 4). In Figure 
10, it is noted that as the precipitation thresholds grow (P75 to P95), the mean 
values of the K and PW indices also increase. On the other hand, there is a re-
duction in the TT and CAPE indices as the precipitation intensity rises.  

Commonly, K index presents higher values in austral summer, as it is essen-
tially composed of the air temperature, which is higher in this season. PW index 
is also higher in austral summer due to higher air temperatures that cause great-
er evaporation and moisture supply to the troposphere. It can be seen that the 
highest values of K (about 35˚C) and PW (around 49 mm) indices are associated 
with more severe rainfall, which allows them to be probably related to the values 
of extreme precipitation indices such as R30mm (Figure 10(a) and Figure 
10(c)). The proximity of the city of Rio de Janeiro to the sea also makes the effi-
cient precipitation production due to a wetter boundary layer and high values of 
liquid water content (Schumacher & Houze Jr., 2003; Mitovski et al., 2010; 
Duarte et al., 2018). In austral summer, the thermodynamics of convective 
movements due to warm air promotes the development of clouds and precipita-
tion showers in the city of Rio de Janeiro (Silva et al., 2019a). In austral winter, a 
stronger dynamic forcing is needed with sufficient humidity for more expressive 
rainfall, particularly during the passage of cold fronts or post-frontal rain (Bon-
net et al., 2018).  

The slightly lower values of the TT (about 42˚C) and CAPE (around 300 J/kg) 
indices for the highest precipitation thresholds suggest that the air temperature 
at 850 hPa and the parcel’s surface temperature would be a little lower in con-
ditions of more accentuated rainfall accumulation (Figure 10(b) and Figure 
10(d)). Probably this can be associated with the type of precipitation that pre-
dominates in the austral summer and winter in the city of Rio de Janeiro. 
During the austral summer, convective storms due to warm and moisture con-
ditions concentrate the greatest rainfall volumes. In contrast, the total precipi-
tation in austral winter and part of the austral autumn and spring is primarily 
due to stratiform rain with lower air temperatures, as in several areas of Brazil 
(Tremblay, 2005). Therefore, the expressive amounts of rainfall associated with 
extreme events can be caused by intermittent precipitation from warm (shal-
low) clouds for consecutive hours. The highest frequency of daily precipitation 
above the 95th percentile in ABOV occurred in the austral autumn (March to 
May). 

Figure 11 shows the trends and magnitudes of instability indices for each 
precipitation class in ABOV over the period 1973-2020. Note that the K and 
PW indices showed statistically significant elevating trends at the 95% confi-
dence level by the Mann-Kendall test for the P75 and P90 classes. The most 
significant growth trend in K index (Figure 11(a)) is related to rainfall in P90 
(+1.0˚C/decade). Concerning TT index (Figure 11(b)), there are not significant 
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Figure 11. Time series of the annual mean instability indices (a) K (˚C), (b) TT (˚C), and (c) PW 
(mm) measured on the upper-air observations from SBGL in the period 1973-2020 according to the 
3 (three) classes of precipitation intensity in ABOV: P75 (PRCP ≥ 75th percentile = 20.2 mm/day); 
P90 (PRCP ≥ 90th percentile = 43.6 mm/day); and P95 (PRCP ≥ 95th percentile = 64.7 mm/day). The 
right side of the figure shows the magnitude of trends (per decade). Red bars denote statistically sig-
nificant trends at the 95% confidence level. 

 
trends. Regarding the PW index (Figure 11(c)), the most significant trend is 
also associated with P90 (+1.7 mm/decade). It indicates that the atmospheric 
thermodynamic conditions for heavy precipitation have become considerably 
even more favorable for severity over the past few decades. However, signifi-
cant decreasing trends were found to CAPE index (Figure 11(d)) concerning 
P75 (−68.8 J/kg.decade). 

These results possibly explain the increasing trends of almost all extreme cli-
mate temperature indices in the city of Rio de Janeiro, besides precipitation in-
dices R95p and RX5day in ABOV (Table 3 and Table 4). As previously men-
tioned, studies demonstrate that the observed extreme rainfall rises with the air 
temperature approximately by the CC rate. So, the elevation in air temperature 
can be related to the growth in precipitation water, increasing the frequency and 
intensity of extreme rainfall events. However, some researches indicate that at-
mospheric water vapor content may rise at a higher rate than that mentioned by 
CC (Fujita & Sato, 2017). 
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4. Conclusion and Final Remarks 

This research aimed to make an initial relationship between climate extremes 
and the environmental conditions of the atmosphere in the city of Rio de Janeiro 
over the last few decades. It is essential to understand the evolution of the ex-
treme precipitation characteristics associated with thermodynamics patterns in 
the city of Rio de Janeiro to improve the knowledge about atmospheric behavior. 
The climate change already detected in different parts of the globe is mainly re-
lated to the increase in the frequency and intensity of extreme temperature and 
precipitation events, ratifying this type of study. 

Concerning climate extremes associated with air temperature, it was found 
that the frequency of warm (cold) days and nights are increasing (decreasing) in 
the city of Rio de Janeiro. There was expressive warming from P1 to P2, then 
continuing by P3. Cold (Warm) extremes are changing with greater magnitude 
in ABOV (STCZ) than in STCZ (ABOV). Global warming and urbanization 
contribute to this rise in temperature. Besides, physical and social features sup-
port the manifestation of urban heat islands in the town. In terms of rainfall, 
there is a significant growth of total precipitation associated with heavy rainfall 
(+84 mm/decade) in ABOV. More floods and landslides can happen due to this 
trend in extreme precipitation episodes coadunate to the physiographic aspects 
of Rio de Janeiro. Regarding upper-level soundings trends, it is verified that 
there is a statistically significant elevation in air temperature at the middle tro-
posphere and a reduction at high levels. This fact is linked to anthropic activities 
and their growth in the emission of greenhouse gases. There is a significant rise 
in the 850 hPa level for air relative humidity and a reduction in 200 and 100 hPa. 
There is more available evapotranspiration and moisture from the forest and 
ocean in the lower troposphere due to increased air temperature near the sur-
face. 

Alterations in the frequency and intensity of extreme meteorological episodes, 
mainly those associated with rainfall, are related to modifications in the ther-
modynamic panorama. There is an evident growing trend of the K, TT, and PW 
indices over the last few years in the city of Rio de Janeiro, besides a reduction in 
the CAPE index. The rise in the K index is supplied by the elevation in air 
temperature and humidity in the lower and medium troposphere. Moreover, 
the higher values of the K and PW indices are related with expressive total 
precipitation. The rising trends of some extreme precipitation indices in the 
city of Rio de Janeiro are probably related to the increasing trend of PW over 
the years. Thus, a more emphatic detection of areas susceptible to heavy preci-
pitation events is possible with the concurrent evaluation of these indices, 
whether in the short-term (weather forecasting), medium-term (climatology), 
or long-term (climate change). The relationship between climate extremes and 
thermodynamic patterns can help improve nowcasting methods that have been 
structured through artificial intelligence. In addition, climate change trends can 
ratify the need for policy measures aimed at the city’s resilience to extreme 
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events. 
Therefore, this study is essential for professionals who need to deal with ac-

tions to prepare and prevent the population in the face of extreme rainfall epi-
sodes in the city of Rio de Janeiro and other places. Besides, a management plan 
is necessary and must include the mitigation of greenhouse gas emissions gener-
ated by large urban agglomerations, adaptation to the impacts of climate change 
on natural resources and urban infrastructure, and its effects on public health 
and economic productivity. 
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