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Abstract
Estimating critical weather conditions for the generation of storms with heavy rainfall represents one of the main challenges 
in the scientific community, especially in the warm season. While the use of radiosonde data is a possible option, an impor-
tant limitation for achieving reliable forecasting of extreme rainfall events is undoubtedly low spatio-temporal resolution. 
As such, this research work endeavored to provide a special contribution by analyzing radiosonde data specifically collected 
for such evaluation applied to a tropical area, namely the city of Rio de Janeiro, Brazil. In that context, we applied a method 
recommended by previously reviewed literature consisting of replacing air temperature of a sounding probe launched in the 
morning (12 UTC) with forecasted values using data observed in the afternoon in order to gauge the method. Data points 
measured by radiosondes launched in the afternoon (between 12 and 7 pm local time) were used to evaluate the proposed 
method. The results showed that the atmosphere presented the highest heating rates in the atmospheric layer closest to the 
surface during the afternoon for diurnal clouds (DC) days. Similar behaviour was observed for the days of the South Atlantic 
Convergence Zone (SACZ). For days with frontal system (FS) presence, however, lower temperature values were observed 
in the afternoon in relation to the measured by morning soundings. Winds presented northeast and southwest components 
leading to the occurrence of warm and cold advection, respectively, in the analyzed region. Thermodynamic variables tended 
to be overestimated in relation to observed field results in most of the analyzed days.

1 Introduction

Rainfall events in the state of Rio de Janeiro are driven 
by diurnal convection, i.e., storms that occur without any 
clear synoptic-scale forcing mechanisms present (Teixeira 
and Satyamurty 2007), the presence of the South Atlantic 
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Convergence Zone (Ferreira et al. 2004; Seluchi and Chou 
2009) and frontal systems (Seluchi and Chou 2009; Derec-
zynski et al. 2009). The SACZ phenomenon is characterized 
by the persistence of a cloud band (NW–SE), which extends 
from the south central Amazon towards the southwest Atlan-
tic Ocean (Satyamurti and Rao 1988; Ferreira et al. 2004). 
Frontal systems connected to extratropical cyclones move 
(within the 20°S–35°S latitude range) to the northeast in the 
South America continent, while diurnal clouds are generally 
formed mainly by surface heating and moisture convergence. 
Especially during the warmer season, the presence of these 
meteorological systems creates atmospheric conditions 
favourable to the occurrence of storms, rainfall and, in some 
cases, natural hazards such as floods and landslides (Roe 
et al. 2003; Barros et al. 2004; Boers et al. 2015; Oakley 
et al. 2017).

Local severe storms are generally related to heavy rain-
fall rates, and their detection still remains a daily challenge 
to operational forecasting and research communities (Das 
et al. 2008; Li et al. 2017). Deep convective clouds develop 
on a rather small spatial and temporal scale (in the order of 
1–10 km and 1–12 pm), and consequently, their forecast 
requires adequate simulation of many processes acting on 
different spatio-temporal scales and their complex interac-
tions in numerical weather prediction (NWP) models. More-
over, deep moist convection represents an intrinsic source of 
predictability uncertainty, especially because they are often 
formed in environments in which mesoscale and storm-scale 
processes play critical roles and those processes, in turn, 
are very sensitive to the specificities of their local environ-
ments (Kunz 2007; Davolio et al. 2009; Miglietta et al. 2016; 
Schumacher and Petersa 2017). Also, the parameterizations 
of moist processes still relies on simplifying assumptions, 
either for the sake of computational efficiency or due to 
uncertainties about microphysics processes and cloud-scale 
transport (Davolio et al. 2009; Coleman et al. 2010; Wyszo-
grodzki et al. 2013).

Over the last decades, the ability to predict the weather 
and simulate the climate using numerical models has 
strongly benefited from strides in computer technology 
development and greatly increased understanding of the 
land–ocean–atmosphere system (Lopez 2007). Despite the 
remarkable improvements achieved by NWP models over 
the last decades, as well as increased horizontal and verti-
cal resolutions and shorter forecast times, prediction timing 
related to spatial location and precipitation intensity is usu-
ally not yet more timely NWP output with satisfactory accu-
racy (Davolio et al. 2009). Besides the expressive progress 
during the last years in the improvement of Earth system 
models (ESMs), most current models still present serious 
deficiencies in simulating and forecasting the convective 
activity, especially during the warm season, over the tropi-
cal regions of Southern Hemisphere. As a result, regarding 

deep moist convection, the reliability of numerical modeling 
is still below expectations for early warning periods required 
in operational environments (Jewell and Brimelow 2009; 
Onderlinde and Fuelberg 2014; Silvestro et al. 2015).

As we know, an important guideline for storm forecasting 
is the knowledge of critical weather conditions for determin-
ing the potential of their development and the corresponding 
damage to society (Brooks et al. 2006; Silva et al. 2017). 
Therefore, estimating the possibility of deep moist convec-
tion development based on tropospheric instability analyses 
represents a common forecast problem for operational mete-
orologists, notably so in the warm season (Marinaki et al. 
2006; Silva et al. 2017). Consequently, improving the knowl-
edge and prediction of diurnal clouds, especially severe ones 
(Cumulonimbus), still represents a challenging task that may 
help to prevent or mitigate damages (Huntrieser et al. 1996; 
Kunz 2007).

The evaluation of atmospheric convective activity is a 
particularly important process due to the role that it plays in 
the release of latent heat, cloud development, and the associ-
ated precipitation (Tuttle and Davis 2006; Trier et al. 2010). 
These characteristics can be addressed through atmospheric 
conditions calculated by thermodynamic, dynamic, and kin-
ematic parameters present in the atmosphere. These param-
eters are commonly called instability indices (or "severe 
weather parameters"), and their use for the diagnosis and 
prediction of storms can be performed in dichotomous or 
continuous manner (Haklander and Van Delden 2003). Thus, 
if the required atmospheric parameters are present at a given 
time of forecast, then the formation of storms and rain can 
be potentially expected. However, if such parameters are not 
present in the coming forecast hours, precipitation formation 
is unlikely to occur in the period (Wetzel and Matin 2001).

Severe weather parameters based on vertical temperature, 
humidity, and wind profiles are used to synthesize some 
thermodynamic and vertical shear characteristics of winds 
typical of convective situations. Among the latter, two cat-
egories are distinguished: (1) large accumulations of rainfall, 
without hail and with moderate wind; usually longer rains 
coming from stationary systems or from successive series 
of systems that have a similar trajectory; (2) great rainfall 
intensities, hailstorms, and strong winds. In general, convec-
tive cells discrete in nature have a well-defined path and do 
not produce large accumulations of rain; there is a possibility 
of downbursts, microbursts, and tornadoes, but each case has 
to be monitored closely (Silva Dias 1987; Silva Dias 2000).

Many authors (Jacovides and Yonetani 1990; Tajbakhsh 
et al. 2012) corroborate the conclusion that areas with high 
storm formation potential can be evaluated via techniques 
that combine temperature and moisture changes between the 
lower and middle atmospheric levels. Using the adiabatic 
parcel method, instability indices are designed to evaluate 
the likelihood with which an air parcel can rise through the 
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atmosphere. Thus, temperature differences between the 
parcel and its surrounding environment—a consequence of 
the initial parcel lifted along a pseudo-adiabatic process—
are used as a quantitative and qualitative measure of the 
development of convective clouds (Manzato and Morgan 
2003; DeRubertis 2006; Silva et al. 2017; Silva et al. 2018). 
According to the authors, some indices may be better at 
forecasting storms embedded in a large-scale system, while 
others may better characterize environmental conditions for 
isolated diurnal clouds. Nevertheless, it is always necessary 
to look the large-scale atmospheric conditions in the evalu-
ation of instability indices.

Nascimento (2005) reports on a possible operational 
strategy for the forecast of severe storms in Brazil involv-
ing the calculation of meteorological parameters that objec-
tively and accurately outline the favorable conditions for the 
development of severe convection, which can be obtained 
from observations of radiosonde, observational data, and 
mesoscale model results within a typical cycle of short-term 
forecasting operation (Westwater 2003; Mattioli et al. 2007; 
Kottayil et al. 2001). However, understanding this behavior 
over tropical regions is still a rather complex task to opera-
tional forecasters.

Under this framework, several thermodynamic param-
eters—like lifted index (LI), level of free convection (LFC), 
level of neutral buoyancy (LNB), convective available poten-
tial energy (CAPE), convective inhibition (CIN), K index 
(K), total totals (TT) index, Showalter index (S), maximum 
updraft speed (Wmax or just W), among others—are used to 
measure atmospheric stability (Ratnam et al. 2003; Silva 
et al. 2017). However, some of these parameters show great 
dependence on diurnal heating and moisture availability 
near the surface, such as LI, LFC, LNB CAPE, CIN, and W 
(Fig. 1), which will be briefly discussed in this research. Fur-
ther discussion of the thermodynamic and dynamic param-
eters can be found in Silva et al. (2018).

Convective available potential energy (CAPE) measures 
the difference between the virtual temperature of the par-
cel Tvp(z) lifted from the surface and the virtual tempera-
ture of the surrounding environment Tv(z) from the level of 
free convection (LFC) until the level of neutral buoyancy 
(LNB). The CAPE index is a measure of “positive area” (red 
region in Fig. 1) and also represents the energy and potential 
strength of updrafts within a thunderstorm (Bluestein 1993; 
Derubertis 2006). The atmosphere is potentially unstable 
when CAPE is greater than zero (typically above 1000 J/kg). 
In general, the higher the CAPE value, the more prone the 
atmosphere is to the development of storms in the presence 
of dynamic forcing (Blanchard 1998; Silva et al. 2016). The 
formal definition of the index is given by the following:

CAPE = g∫
LNB

LFC

Tvp(z) − Tv(z)

Tv(z)
dz.

On the opposite side of CAPE index, convective inhi-
bition (CIN) represents the amount of work necessary to 
raise an air parcel from the surface (SFC) through a warmer 
atmospheric layer and allow this parcel to ascend until 
arrival at the LFC. Graphically, it is a “negative area” (blue 
region in Fig. 1) in the Skew T log P diagram. CIN can be 
calculated in a manner similar to CAPE, and is given by the 
following:

It is necessary to attempt not only to obtain the absolute 
value of CAPE, but also the vertical distribution of this 
energy (Silva et al. 2016, 2017), a purpose for which other 
single-level indices associated with the concept of buoyancy 
could become quite useful. One such is the Lifted index (LI), 
which expresses the temperature difference between a lifted 
parcel 

(

Tvp500

)

 and environmental air 
(

Tv500

)

 at 500 hPa (Gal-
way 1956). Negative values are found for LI when the lifted 
parcel is warmer than its surrounding air. High-CAPE values 
accompanied by strongly negative LI (generally below 
– 5 °C) characterize a "broad positive area" in the thermo-
dynamic diagram, which characterizes an atmospheric envi-
ronment favorable to convective development and intense 
vertical accelerations (Foss 2011; Silva et al. 2017). LI is 
defined as follows:

CIN = g∫
LFC

SFC

Tvp(z) − Tv(z)

Tv(z)
dz.

Fig. 1  Theoretical sounding and thermodynamic parameters obtained
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In high-CAPE scenarios, intense vertical acceleration 
(Wmax) values could be expected during convective activity. 
It is possible to estimate the maximum updraft speed Wmax 
that an air parcel may reach in a thunderstorm by calculating 
the square root of CAPE results (Weisman and Klemp 1982; 
Kirkpatrick et al. 2009). In general, the formula is given by 
the following:

For example, a CAPE range of 1000–2500 J/kg leads to 
a Wmax range of approximately 45–70 m/s. However, these 
results are not observed in nature (Holton et al. 2002). Wmax 
generally presents lower values due to the negative contribu-
tions to convective movement which can result from mass 
loading to condensate in updrafts and entrainment of envi-
ronmental air (Kirkpatrick et al. 2009). The combination of 
these factors can significantly reduce rising vertical veloci-
ties (Holton et al. 2002).

The main advantages of radiosonde data are the excellent 
vertical resolution and good quality and simultaneous pres-
ence of temperature, wind, humidity, and pressure measure-
ments, which are quite useful for nowcasting, and critical to 
determine the internal structure of severe storms and predict 
convection as interpreted in combination with other trigger-
ing and/or lifting mechanisms, especially in tropical regions 
(Silva Dias 2000; Gottlieb 2009). The greatest advantage 
of radiosonde data is the capability of characterizing local 
instability and the preconvective environment. However, one 
of its main limitations is their low temporal resolution in 
Brazil, with stations making observations only at 0000 UTC 
and 1200 UTC, and in some cases only once per day (Nas-
cimento 2005; Silva et al. 2017).

As described by Silva et al. (2017), the Water Resources 
and Environmental Studies Laboratory (LABH2O) of the 
Civil Engineering Program at the Alberto Luiz Coimbra 
Institute for Graduate Studies and Research in Engineer-
ing—COPPE/Federal University of Rio de Janeiro (UFRJ), 
aiming to evaluate the preconvective and unstable atmos-
pheric environment associated with storms and rainfall 
development, acquired a set of Vaisala (https ://www.vaisa 
la.com) radiosondes to address unexplored issues envisaging 
to consolidate tools and useful information for meteorolo-
gists working in an operational weather forecasting system, 
especially for predicting precipitation events originated by 
storms from diurnal convection. This line of investigation 
has been carried out mainly with the purpose of charac-
terizing locally dominant mesoscale and synoptic environ-
mental conditions favoring the formation of these storms 
using radiosonde data (Fawbush et al. 1953; Miller 1972; 
Tajbakhsh et al. 2012).

LI = Tv500 − Tvp500
.

Wmax =
2
√

2 × CAPE.

2  Methodology and data set

The primary data source for this study consisted of the 
measurements acquired by means of daily radiosondes 
launched at Galeão airport and made available by the 
Wyoming University database (https ://weath er.uwyo.edu/
upper air/sound ing.html). Since there were only two avail-
able soundings with a 12-h temporal resolution (00 UTC 
and 12 UTC) from which to acquire observations, opera-
tional forecasters do not have information to evaluate the 
thermodynamic profile in the warmer period of the day, 
around 13–15 h (UTC-3) local time, and it is not possible 
to investigate the evolution of preconvective atmospheric 
instability (Wagner et al. 2008; WMO 2018). Thus, when 
a rainfall forecast is issued for the metropolitan area of 
Rio de Janeiro (MARJ), additional radiosondes were 
launched during the afternoon to evaluate local instabil-
ity (Silva et al. 2017). Figure 2 shows the sites from which 
the radiosondes were launched: one from Galeão airport 
(Ilha do Governador neighborhood) and another from the 
UFRJ campus in Ilha do Fundão (the two launch sites are 
4.85 km apart).

As discussed by many authors, the NWP model fore-
casts are inherently affected by imperfect initial and 
boundary conditions, especially over tropical regions, 
numerical approximations of the dynamical equations 
(e.g., truncation errors), and simplifications of the complex 
storm-scale processes and parameters that are not easily 
observed (Coleman et al. 2010; Jones and Carvalho 2013; 
Wyszogrodzki et al. 2013; Gulizia and Camilloni 2014; 
Figueroa et al. 2016). As a result, investigating the atmos-
pheric vertical profile using simple techniques, as pro-
posed by Hart et al. (1998), can be used as an alternative 
to characterize the atmospheric potential to develop deep 
moist convection. Hart et al. (1998) propose to replace 
the temperature of a sounding launched in the morning 
with the values forecasted or observed in the afternoon 
to estimate thermodynamic potential. Its major use would 
be in morning soundings, namely by replacing the tem-
perature of the air with another one, derived from surface 
observations, subjective prediction, or a numerical model 
forecasting, for instance (Fig. 3).

Assuming that the middle and high troposphere will 
not undergo significant changes, i.e., there will be no pas-
sage of a cold front or presence of other phenomena at a 
synoptic or larger scale, it is possible to estimate CAPE in 
the afternoon, when heating is higher. Thus, atmospheric 
environment related to the formation of diurnal clouds can 
be evaluated using the sounding values modified to accom-
modate surface condition data (Azevedo 2009). Comple-
menting the method proposed by Hart et al. (1998), in 
addition to replacing the air temperature (T), replacements 

https://www.vaisala.com
https://www.vaisala.com
https://weather.uwyo.edu/upperair/sounding.html
https://weather.uwyo.edu/upperair/sounding.html
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are carried out using dew point temperature (Td) for meas-
ured or forecasted temperatures at the same instant of T. 
This additional replacement could result in a smaller error 
merging and values closer to real ones, since initial parcel 

moisture has significant influence in the value of CAPE 
(Weisman and Klemp 1986).

The lift parcel to be used for thermodynamic pro-
file evaluation can be chosen using three alternatives: (1) 

Fig. 2  Aerial view of the area of interest in the city of Rio de Janeiro, encompassing the two launch sites at Galeão airport and at the UFRJ cam-
pus located in Ilha do Fundão (Fundão Island)

Fig. 3  Evaluation of the thermodynamic profile per the methodology proposed by Hart et al. (1998). As we modify surface data, it is possible to 
see an increase in CAPE (red area) and a decrease of CIN (blue area) in response to daytime heating
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surface-based (SB); (2) most unstable (MU) in the lower 
atmosphere; and (3) a mixed-layer (ML) of some predeter-
mined atmospheric depth (McCaul and Cohen 2002). The 
SB parcel alternative uses surface air and dewpoint tempera-
tures to characterize the parcel’s ascent path. The MU par-
cel will generally produce the largest buoyancy estimations 
among the three lifted parcel alternatives (Schumacher and 
Peters 2017). The ML parcel choice is used lifting a parcel 
constituting a well-mixed layer of constant potential tem-
perature and mixing ratio (Pardo 2009; Púcik et al. 2015). 
In this research, we have chosen the SB parcel method for 
the computation of thermodynamic indices due to the limita-
tions of the Hart et al. (1998) methodology, i.e., variations 
in air and dewpoint surface temperature after the morning 
soundings for the forecasted (or later observation) values. 
Therefore, if this initial surface-based (SB) parcel has a large 
error margin, it would then be propagated to other param-
eters analyzed (Manzato 2008). On the other hand, it can 
offer a better representation of thermodynamic instability, 
cumulus cloud base, and severe storms (Wilde et al. 1985; 
Markowski et al. 2002; Gensini et al. 2014).

In light of the above, this study endeavored to inter-
compare the behavior of thermodynamic variables (such 
as CAPE, CIN, LFC, LNB, LI, and Wmax) obtained from 
the results with radiosondes launched in the afternoon and 
the results using the methodology proposed by Hart et al. 
(1998). The main objective of this research is not to spe-
cifically evaluate the behavior of thermodynamic conditions 
which favored the formation of thunderstorms and rainfall, 
but rather to evaluate the performance of the estimated ther-
modynamic variable results using the method proposed by 
Dowsell III (1987), i.e., estimated variables were compared 
with those actually observed using the surface-based (SB) 
lift. Finally, this work also endeavored to evaluate and cre-
ate a relationship between estimated and observed variables 
to support systematic methods to diagnose and forecast the 
atmospheric potential to produce deep moist convection 
phenomena that can be of great aid to forecasters, warning 
systems, and civil defense personnel (Tajbakhsh et al. 2012; 
Silva et al. 2016, 2017).

3  Results

When there was a rain forecast for the Metropolitan Area 
of Rio de Janeiro (MARJ), radiosondes were launched in 
the afternoon with a focus on characterizing atmospheric 
conditions during the warm and rainy season (comprising 
the months from October to March) over the state of Rio 
de Janeiro. This radiosonde experiment occurred between 
November 2016 and March 2018. Pursuing the established 
objective, 30 days of experiment were conducted with 

radiosonde launches outside the default times (00 UTC and 
12 UTC).

After the experiments were carried out, the meteorologi-
cal systems were characterized using meteorological weather 
charts prepared and provided by Brazilian Institute for Space 
Research (https ://www.inpe.br/), the Brazilian Navy Meteor-
ological Center (https ://www.marin ha.mil.br/dhn/), national 
weather and climate centers in Brazil, and radar imagery 
from the Alerta Rio system (https ://alert ario.rio.rj.gov.br/). 
Through this survey, it was found that the occurrence of 
diurnal clouds (DC—Fig. 1S) favored 80% of the events, 
13% were related to Frontal Systems (FS—Fig. 2S), and 7% 
to the South Atlantic Convergence Zone (SACZ—Fig. 3S). 
For the initial discussion, we choose three days in which 
each individual class of meteorological systems (DC, FS and 
SACZ) was found over Rio de Janeiro (Table 1S) to conduct 
the intercomparative analysis. The chosen days were January 
03, 2018 (FS), February 22, 2018 (SACZ), and March 02, 
2018 (DC). These 3 days were chosen for having had the 
same amount of radiosondes launched during the afternoon 
(four) and the same time of launch, namely 12 pm, 2 pm, 
4 pm, and 6 pm (four radiosondes) local time. The number 
of radiosondes launched was not the same in all days of the 
experiments due to local atmospheric characteristics, such 
as rainfall occurrence, strong winds, and lightning.

Following the methodology proposed by Hart et al. (1998) 
to compare the thermodynamic variation of the atmosphere 
between morning and afternoon soundings, we plotted on a 
single diagram the results of the morning sounding (12 UTC 
at Galeão) and afternoon soundings (launched at Fundão 
Island). The SkewT/LogP diagrams were built using the 
SkewT 1.1.0 Python software package (https ://pypi.pytho 
n.org/pypi/SkewT ). For morning (afternoon) soundings, 
air temperature data are represented by a black (red) line 
and dewpoint temperature is represented by a blue (green) 
line. The CAPE values obtained using the radiosonde profile 
observed in the morning, modified according to surface con-
ditions in the afternoon (CAPE_est), is represented by the 
area in gray. The CAPE values obtained using the afternoon 
radiosondes (CAPE_real) are in pink for the DC day, green 
for the SACZ day, and cyan for the FS day. CIN is repre-
sented in yellow for the morning radiosonde (CIN_est) and 
in orange for the afternoon sounding (CIN_real).

3.1  Intercomparative assessment

For the 3 days chosen with each class of meteorological sys-
tems (Figs. 4, 5, and 6), it is possible to observe a small rate 
of temperature variation (decrease) throughout the atmos-
phere, a behavior resulting from the proximity of the case 
study region to the Atlantic Ocean. In general, the soundings 
on these regions tend to exhibit less temperature variations in 
comparison with regions further inside the continent (Holton 

https://www.inpe.br/
https://www.marinha.mil.br/dhn/
https://alertario.rio.rj.gov.br/
https://pypi.python.org/pypi/SkewT
https://pypi.python.org/pypi/SkewT
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Fig. 4  Composite SkewT/LogP diagram using Galeão/RJ data (black 
line for air temperature and blue line for dewpoint temperature) and 
UFRJ/RJ data (red line for air temperature and green line for dew-
point temperature) on March 02, 2018. The Galeão/RJ sounding was 
measured at 12 UTC (9 am local time). The method proposed by Hart 
et al. (1998) was used for each sounding launched at UFRJ: a 12 pm 

local time (3 pm UTC); b 2 pm local time (5 pm UTC); c 4 pm local 
time (7 pm UTC); and d 6 pm local time (9 pm UTC). The result for 
estimated CAPE (CAPE_est) corresponds to the gray area and actual 
CAPE (CAPE_real) corresponds to the pink area. Actual CIN (CIN_
real) corresponds to the yellow area and estimated CIN (CIN_est) 
corresponds to the orange area
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Fig. 5  Composite SkewT/LogP diagram using Galeão/RJ data (black 
line for air temperature and blue line for dewpoint temperature) and 
UFRJ/RJ data (red line for air temperature and green for dewpoint 
temperature) on February 22, 2018. The Galeão/RJ soundings were 
measured at 12 UTC (9 am local time). The method proposed by Hart 
et al. (1998) was used for each sounding launched at UFRJ: a 12 pm 

local time (15 UTC); b 3 pm local time (17 UTC); c 16 h local time 
(19 UTC); and d 6 pm local time (21 UTC). The result for estimated 
CAPE (CAPE_est) corresponds to the gray area and actual CAPE 
(CAPE_real) corresponds to the green area. Real CIN (CIN_real) 
corresponds to the yellow area and estimated CIN (CIN_est) corre-
sponds to the orange area
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Fig. 6  Composite SkewT/LogP diagram using Galeão/RJ data (black 
line for air temperature and blue line for dewpoint temperature) and 
UFRJ/RJ data (red line for air temperature and green for dewpoint 
temperature) on January 03, 2018. The Galeão/RJ sounding was 
measured at 12 UTC (9 am local time). The method proposed by Hart 
et al. (1998) was used for each sounding launched at UFRJ: a 12 pm 

local time (15 UTC); b 2 pm local time (17 UTC); c 4 pm local time 
(19 UTC); and d 6 pm local time (21 UTC). The result for estimated 
CAPE (CAPE_est) corresponds to the gray area and actual CAPE 
(CAPE_real) corresponds to the cyan area. Real CIN (CIN_real) cor-
responds to the yellow area and estimated CIN (CIN_est) corresponds 
to the orange area
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et al. 2002). Small changes in the temperature profile were 
observed between the afternoon and morning soundings for 
the DC day (Fig. 4). It is also possible that the atmosphere 
was warmer in relation to the morning sounding, as seen 
by the small shift of the red line (afternoon profiles) to the 
right as compared to the black line (morning profile) on the 
diagrams (Seidel et al. 2005; Balling and Cerveny 2003). 
Thus, there was a smaller area of energy [difference between 
observed CAPE (pink) and estimated CAPE (gray)] for an 
air parcel rising in the atmosphere with the same values of 
air temperature and dewpoint temperature. Similar behaviors 
can be found for the other parameters.

For the FS day (Fig.  5), however, unlike what was 
observed on the DC diagrams, it was not possible to observe 
a similar tendency of changes between actual CAPE (cyan) 
and estimated CAPE (gray) and the other thermodynamic 
parameters. For example, along the 2 pm and 4 pm local 
time soundings (Fig. 5b and c), it was found that CAPE_est 
had lower values in comparison with CAPE_real, while 
the other soundings (Fig. 5a and d) presented the opposite 
behavior. The lower CAPE values observed in the FS day 
indicate the results of cooling and drying of the atmospheric 
layer associated with the cold front passage (Dourado and 
Oliveira 2001). For this case, we did not observe a consistent 
relationship between estimated CIN (CIN_est) and observed 
CIN (CIN_real).

For the SACZ soundings (Fig. 6), it is possible to find 
a similar profile of vertical variations to that observed on 
the DC day (Fig. 4) and FS day (Fig. 5) diagrams. A simi-
lar vertical profile is depicted for the FS day (Fig. 5), with 
afternoon temperatures (red line) showing a small shift to 
the left (cooling) compared to morning temperatures (black 
line) under 700 hPa. Above this level, temperature changes 
presented a similar trend to that observed in the DC sound-
ings (Fig. 4). Similar to FS soundings, no similar trend was 
observed between actual CAPE (green) and estimated CAPE 
(gray) or with respect to the other variables for the SACZ 
day. For example, the estimated parameters for the 12 pm 
(Fig. 6a), 2 pm (Fig. 6b), and 8 pm (Fig. 6d) soundings 
presented more energy into the atmosphere, which was not 
observed for the 4 pm sounding (Fig. 6c).

3.2  Vertical temperature and mixing ratio changes

In the previous intercomparison section, we analyzed only 3 
days to provide qualitative knowledge on atmospheric verti-
cal profiles related to each meteorological class situation. In 
this section, all 30 days will be studied to draw quantitative 
conclusions regarding estimated vs. observed parameters. 
Figure 7 shows the vertical profile of temperature (left) 
and mixing ratio (right) differences between soundings 
released in the afternoon at Fundão Island and the soundings 
released in the morning at Galeão airport for DC (Fig. 7a), 

FS (Fig. 7b), and SACZ (Fig. 7c) days (Table 1S). In general, 
the diurnal variations observed in upper air temperature for 
all events are mainly the result of atmospheric absorption of 
long-wave solar radiation, sensible and latent heat fluxes on 
the surface, latent heat releases within the atmosphere and 
temperature advection, all of which can present a variety 
on diurnal and semidiurnal scales (Sherwood 2000; Seidel 
et al. 2005).

Figure 7a (left) shows the results for all DC days ana-
lyzed. The most significant temperature and mixing ratio 
differences were observed in the layers closest to the sur-
face (with positive variations up to 6 °C), which aligns with 
the results found by Seidel et al. (2005) and Balling and 
Cerveny (2003). Analyzing upper air sounding data, the 
authors found that the temperature changes observed were 
most significant in the layers closest to the surface and taper 
off at the upper troposphere. This is due mainly to the lower 
troposphere being strongly influenced by the daily cycle of 
surface heating and evapotranspiration due to contact with 
the heated ground warmed by conduction (Arya 2001; Hol-
ton et al. 2002). This behavior could also be associated with 
warm temperature advection by the northwest and northeast 
winds over the region, contributing to atmospheric desta-
bilization in DC days (Moore et al. 1995; Schumacher and 
Johnson 2005). Figure 8a, in turn, reveals that the highest 
frequency winds during DC days present a northwestern 
component in the low levels of the atmosphere. A similar 
trend is observed in the middle (Fig. 8d) and upper (Fig. 8g) 
atmospheric levels. According to Teixeira and Satyamurti 
(2007), the northerly component winds bring moisture 
and warm air into southern Brazil, favoring the increased 
mixing ratio observed (Fig. 7a, right). This contributes to 
even greater enhancement of instability conditions, which, 
together with local topographic conditions, favors convective 
development over the metropolitan area of Rio de Janeiro 
(MARJ) (Silva et al. 2017, 2018).

For FS days (Fig. 7b, left), primarily negative tempera-
ture changes are observed in the layers between the surface 
and 850 hPa, while above these layers, positive and negative 
changes are concomitantly observed. This behavior could be 
a net result of daytime heating from the strong solar radia-
tion observed during the warm season and also due to cold 
air advection produced by the frontal passage (Doswell 
and Haugland 2007; Nallapareddy et al. 2011; Silva et al. 
2017). The opposite behavior is observed for the varia-
tions in the mixing ratio (Fig. 7b, right). Positive variations 
(and more expressive in relation to DC days) are observed 
between the surface and 850 hPa. This would be mainly the 
result of cooling temperatures and reduced volume of this 
atmospheric layer. Similar to DC days, minor mixing ratio 
variations are observed at high levels of the atmosphere. 
Figure 8b shows the presence of higher frequencies of the 
southwest wind component and lower frequencies in the 
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west/northwest quadrant at the low levels of the atmosphere. 
In the state of Rio de Janeiro, the presence of the southwest 
component is one of the main characteristics of FS over the 
region. This component is responsible for cold advection 

over the MARJ, i.e., it brings cooler air from the South 
(Andrade 2005). In the middle (Fig. 8e) and upper levels 
(Fig. 8h) of the atmosphere, northwest and west components 
are present, bringing air from the interior of the continent 

Fig. 7  Vertical temperature and 
mixing ratio changes between 
afternoon soundings (Fundão 
Island) and morning soundings 
(Galeão) for a DC, b FS, and c 
SACZ
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(warmer) towards the MARJ and favoring the heating of 
the atmosphere at these levels, as could be observed in the 
soundings diagram (Fig. 5).

For SACZ days (Fig. 7c, left), a vertical temperature vari-
ation profile similar to that observed in DC (Fig. 7a) and 
FS (Fig. 7b) days was observed. However, lower rates of 

variation are observed for this profile in relation to the one 
observed for DC and FS profiles. More expressive positive 
changes in the mixing ratio (Fig. 7c, right) are observed for 
SACZ days, which could be related to the presence of higher 
frequencies of the northwest component over the troposphere 
(Fig. 8c), a classic characteristic of the SACZ configuration 

Fig. 8  Wind rose for DC, FS, and SACZ events between surface level and 850 hPa (a, b, c), 850–500 hPa (d, e, f), and 500–200 hPa (g, h, i)
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[i.e., it brings moisture form the Amazon region to Rio de 
Janeiro state (Satyamurti and Rao 1988; Ferreira et al. 2004; 
Quadro et al. 2012)]. However, a small southwest compo-
nent is observed at the lower atmospheric levels in response 
to the general large-scale atmospheric circulation changes, 
which is also present in the SACZ regime over the MARJ 
(Andrade 2005; Nynomia 2007). The combined action of 
these components suggests that this phenomenon is simulta-
neously influenced by the presence of warm advection at low 
levels (from the northwest component) and cold advection 
above the boundary layer (from the southwest component) 
favoring the temperature and moisture variations observed 
over the region.

In addition, it was possible to identify high dependence 
on wind direction and speed on daytime thermal variation 
profiles in all the scenarios analyzed. In addition to heat 
transfer by the convective thermals, this analysis outlines 
the important role of cold and warm advections in vertical 
variations of atmospheric temperature profiles (Acevedo 
et al. 2017). It is also possible to observe larger temperature 
changes in the tropopause for the three systems analyzed 
(Fig. 7). A second hypothesis could be the one proposed 
by Reid and Gage (1981), according to which the tropo-
pause diurnal cycle appears to respond directly to surface 
heating deriving from solar radiation (Revathy et al. 2001). 
Physically, the link between surface heating and tropopause 
temperature variations is provided by convection of the 
cumulonimbus clouds of tropical regions, under which an 
air parcel can obtain maximum heating via release of latent 
heat, especially if the region is close to the shoreline, like 
the MARJ (Reid and Gage 1981). Despite the smaller sam-
ple for FS and SACZ days, it was verified that the trend for 
variations observed in these events was not similar to that 
observed in the DC days, highlighting the local variability 
of the atmosphere in the presence of these synoptic-scale 
meteorological systems.

3.3  Regression approach

In this section, we will describe the results of the regression 
approach. However, before these are introduced, we would 
like to emphasize that the application of this methodology 
and the regression adjustments found are more reliable for 
those days when there is no large-scale synoptic systems, 
such as FS and SACZ, because in the absence of these, the 
atmospheric profile tends not to show large changes with 
time above the planetary boundary layer (Azevedo 2009). 
We would also like to emphasize that, due to the short data 
set analyzed, the quantitative results might present some 
bias. As such, these should be interpreted carefully, as the 
results were obtained merely to use the observation data to 
understand the capacity of this methodology. On the other 
hand, we believe that the results can be very useful for the 

monitoring of atmospheric instability (and also for forecasts 
that take into account the bias between observed and fore-
casted air and dewpoint surface temperatures) associated 
with daytime heating and moisture availability, especially 
during the warm season over the metropolitan area of Rio 
de Janeiro (MARJ).

Figure 9 shows the scatter plot for all the thermodynamic 
variables analyzed: CAPE, CIN, LFC, LNB, LI, and Wmax. 
CAPE (Fig. 9a) and Wmax (Fig. 9f) were the ones which 
presented the higher linear trend in relation to the other 
parameters analyzed. This result shows that the recommen-
dation made by Hart et al. (1998) presented greater correla-
tion coefficients between estimated and observed behavior 
for these variables, with values of approximately 0.95. LFC 
(Fig. 9c), LNB (Fig. 9d), and LI (Fig. 9e) presented inter-
mediary correlation coefficient values (0.79, 0.82, and 0.84, 
respectively). The worst discrepancies between estimated 
and observed results were found for the CIN parameter 
(Fig. 9b). This is mainly a result of a possible deficiency of 
the method used (Hart et al. 1998) to evaluate this variable. 
This behavior could be generally explained by the planetary 
boundary layer (PBL) warming up during the afternoon 
(estimated soundings using only afternoon surface tem-
perature data could have retained the cooler PBL from the 
morning sounding).

The boxplot for the ratio between estimated and observed 
results is also showed in Fig. 9a–f. For all variables except 
LFC (Fig. 9c), it has been found that the average ratio is 
above 1.0, which characterizes that the method proposed 
by Dowsell III (2001) tended to overestimate the results of 
thermodynamic variables using morning soundings as an 
indicative of atmospheric instability during the afternoon. 
For CAPE (Fig. 9a), we have found an overestimation of 
CAPE_real in relation to CAPE_estim due to daytime heat-
ing of the vertical profile of the atmosphere. This heating 
likely causes a decrease in the area between the saturated 
adiabatic and the air line in the afternoon (red line) com-
pared to morning air temperature. Consequently, the area for 
CAPE_real was smaller than that for CAPE_estim, causing 
the overestimation.

CIN (Fig. 9b) presented a greater trend for underestima-
tion of observed CIN (CIN_real) vs. estimated CIN (CIN_
estim) in comparison to the other variables. This poorer 
result is mainly due to the high warming observed in the 
PBL during the afternoon and also because the physical 
traits of the parameter: small changes in PBL temperature 
profile will yield relatively large changes in CIN. In other 
words, a temperature increase (decrease) of 1 °C in the 
PBL could yield a decrease (increase) of 50 J/kg in CIN 
(CAPE) results. However, 50 J/kg is more than an order of 
magnitude smaller than a typical afternoon CAPE value, 
whereas it is on the same order of magnitude for a typi-
cal CIN value (Manzato 2008). Especially on DC days with 
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vertical temperature changes, the vertical morning profile for 
PBL was colder compared to what was observed during the 
afternoon. Then, CIN values of zero or lower were obtained 
after afternoon surface conditions were applied to the morn-
ing sounding values.

For LFC (Fig. 9c), a behavior similar to CAPE and CIN 
is observed, although values smaller than 1.0 were found. 
With the drift of the red lines to the left due to daytime 
heating, the dry adiabatic line crossed the air temperature 
line at higher levels of the atmosphere compared to the 

colder morning soundings, favoring an underestimation of 
LFC between afternoon and morning profiles. A similar 
pattern was observed for LNB (Fig. 9d). Our concomitant 
analysis of these three variables suggests that the method 
of Hart et al. (1998) tended to overestimate CAPE, because 
it considered greater vertical extension of the atmospheric 
layer with energy for convection, i.e., lower values of 
LFCs and higher ones for LNB. Similar behaviors and 
results are observed for LI (Fig. 9e) and W (Fig. 9f).

Fig. 9  Scatter plot between the 
estimated and observed values 
of a CAPE, b CIN, c LFC, d 
LNB, e (LI), and f Wmax for 
DC (circles filled in pink), FS 
(blue), and SACZ (green) days. 
The black line represents the 
linear regression curve. The 
boxplot represents the ratio 
between estimated and observed 
results for each thermodynamic 
variable
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To find relationships between the thermodynamic results 
obtained from the afternoon soundings and the morning 
soundings using the method proposed by Hart et al. (1998) 
and aiming to corroborate the use of this methodology by 
weather forecasting and monitoring systems, we conducted 
a linear regression analysis of observed and estimated vari-
ables. The results can also be seen in Fig. 9a–f (black line). 
For example, for CAPE estimations, it was found that the 
estimated values can approximate real values using a sim-
ple linear relationship CAPE_real = 0.927*CAPE_estim 
with regression coefficient (R2) of approximately 0.91. 
Thus, for the MARJ, meteorologists using the method 
proposed by Hart et  al. (1998) could correct estimated 
values for CAPE toward observed CAPE in case a radio-
sonde was launched for the estimated time. For example, 
for a CAPE estimated at 4000 J/kg, the proposed regres-
sion equation would yield approximately 3708  J/kg for 
observed CAPE at the estimated time. The same procedures 
can also be repeated for the other thermodynamic variables, 
considering CIN_real = 0.462*CIN_est (R2 = 0.14), LI_
real = 0.927*LI_est (R2 = 0.72), Wmax_real = 0.961*Wmax_
est  (I2 = 0.89), LFC_real = 1.001*LFC_est (R2 = 0.58), and 
LNB_real = 0.975*LNB_est (R2 = 0.64), respectively.

4  Conclusions

This study reviewed the characterization of estimated atmos-
pheric thermodynamic diurnal variability through radio-
sonde data for the 30 experiments conducted in the metro-
politan area of Rio de Janeiro (MARJ). It was also possible 
to categorize the predominant meteorological systems in the 
period of the field experiment. It was found that the diurnal 
clouds (DC) accounted for 80% of the events, while fron-
tal systems (FS) accounted for 13% and the South Atlantic 
Convergence Zone (SACZ) to 7% of events. However, we 
would also like to emphasize that, given the small size of 
the temporal sample (thirty days), the analyses and quantita-
tive measurements carried out could present some bias and 
should be interpreted carefully. SkewT-LogP diagrams were 
generated for only one day for each of the three meteorologi-
cal situations, i.e., March 2 (DC), February 22 (SACZ), and 
January 1 (FS) 2018. Through an intercomparative analy-
sis, we found greater atmospheric instability in DC days, 
intermediate values for SACZ days, and the lowest values 
for FS days, characterizing local atmospheric variability in 
the presence of synoptic systems such as the SACZ and FS.

Based on the morning soundings, it was possible to use 
the methodology to estimate the thermodynamic variables 
for the warmest period of the day (afternoon) by adjust-
ing the air temperature and dewpoint temperature surface 
data measured in the morning soundings. On average, we 
observed an increase of temperature and moisture for DC 

days throughout the thermodynamic profile in relation to the 
morning. For FS and SACZ days, however, a different trend 
for vertical changes was observed throughout the atmos-
phere, with more expressive changes between the surface 
and the 850 hPa atmospheric level. These results show that 
the atmosphere in the presence of synoptic systems presents 
greater variability in relation to diurnal convection days. In 
the lower layers, a cooling of the troposphere was observed 
in comparison with morning data. Winds showed higher 
frequency of the northwest component during DC days and 
southwest and northwest components on FS days, reveal-
ing the importance of wind direction and speed on daytime 
thermal profile variations through warm/cold advections and 
moisture transport towards the Rio de Janeiro state.

Using simple linear regression, we were also able to find 
relationships between observed and estimated results. In 
most of the thermodynamic variables analyzed, it was pos-
sible to confirm that the estimated values can approximate 
real values using linear equations of high reliability, espe-
cially for the CAPE parameter. Thus, forecasters could easily 
correct the estimated values for the thermodynamic vari-
ables estimated for the afternoon period using the real data 
observed or forecasted by numerical models. However, the 
application of this methodology and the regression adjust-
ments found that such approach is more reliable for the days 
when there are no large-scale synoptic systems, because in 
the absence of these, the atmospheric profile tends not to 
show large changes with time during the course of the day. 
We believe that the results could be very useful for the moni-
toring of atmospheric instability associated with daytime 
heating and moisture availability, especially during the warm 
season over the metropolitan area of Rio de Janeiro. As a 
possibility for future exploration, we intend to analyze the 
results of soundings and the predictions of numerical models 
to better inform decision-making by operational forecasters.
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