
A study of the long-term variability of thunderstorm days
in southeast Brazil

O. Pinto Jr.,1 I. R. C. A. Pinto,1 and M. A. S. Ferro2

Received 30 August 2012; revised 23 January 2013; accepted 18 February 2013; published 10 June 2013.

[1] In this report thunderstorm day monthly records obtained in three cities of southeast
Brazil (São Paulo, Campinas, and Rio de Janeiro) since the 19th century are analyzed. The
analysis is complemented by the spatial distribution of lightning in the last decade. For São
Paulo and Campinas, data indicate a significant increase in thunderstorm activity during the
period from the end of the 19th century to the present, simultaneously to an increase in the
surface temperature well correlated to the population growth of the cities. This result did
not match anything expected from natural climate cycles and gives strong observational
evidence for the anthropogenic influence on the thunderstorm activity. For Rio de Janeiro,
data did not show a significant positive trend from the middle of the 19th century to the
present in spite of the increase in the surface temperature, suggesting that variations are
most probably a result of a complex combination of local and large-scale features. In
addition, a statistical analysis of the data after 1951 shows that a significant increase (by a
factor of 3.7) in the thunderstorm activity in Rio de Janeiro occurs for the simultaneous
occurrence of a positive anomaly of the South Atlantic sea surface temperature and La
Niña, compared to the simultaneous occurrence of a negative anomaly and El Niño, even
though no significant variation was found when each large-scale phenomena occurs
isolated. The same occurs for São Paulo and Campinas, although with a lower amplitude.
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1. Introduction

[2] Thunderstorms are part of a complex weather system
that varies on all time scales, from years to decades to
millennia to millions of years [Jones and Mann, 2004].
Thunderstorm climate variability can arise from a number
of factors. In consequence, our ability to predict future
climate changes in the thunderstorm activity depends on a
better understanding of the climate system as a whole and
the external factors that could be involved such as volcanic
eruptions and solar variations, and human-induced changes
in atmospheric composition. Such an understanding can
only be achieved through a greater ability to document and
explain observed past variations. The study of thunderstorm
occurrence changes offered the opportunity to gain a better
understanding of atmospheric electricity. Also, the possibil-
ity that, as global warming continues to evolve, increasing

evidence of thunderstorm changes are found, will help the
understanding of the climate system, because thunderstorms
as ice factories play a key role in the vertical redistributors of
the most important greenhouse substance—water vapor
[Price, 2009; Williams and Sátori, 2004].
[3] At the present time, no direct or even indirect evi-

dences of a global increase in the thunderstorm activity exist
in response to the mean global temperature increase,
although positive trends are observed in specific areas where
larger temperature increases than the global increase are ob-
served [Pinto and Pinto, 2008;Williams, 2009; Pinto, 2009].
In the tropics the current trend in global warming is less by a
factor of four (0.1�C per decade) than at higher latitudes
(0.4�C per decade), particularly in the Northern Hemisphere
[Trenberth et al., 2007]. This aspect tends to minimize any
kind of response of global thunderstorm activity to global
warming, because most thunderstorms on Earth occur in
the tropical region [Christian et al., 2003; Pinto, 2009].
[4] The goal of this article is to present and discuss the

past observations of thunderstorms or thunder days (TD) at
three different large cities in the southeast region of Brazil:
São Paulo, Campinas and Rio de Janeiro. Data for more than
100 years for these three cities were considered to better iden-
tify long (decadal) climate changes in opposition to short an-
nual changes. The data are complemented by network-based
lightning observations in the last decade in terms of the spatial
distribution of thunderstorms in this region.
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2. Basic Considerations

[5] Changes in the thunderstorm activity at decadal time
scales can only be identified in thunderstorm day records,
because other type of observations by satellite (infrared/
visible images or optical lightning sensors) and lightning
location systems [Pinto, 2009] are restricted to a few
decades, making the decadal variability unresolved in these
observations. Even most thunderstorm day records, mainly
in the tropics, are limited to less than 50 years [e.g., Nechet,
1994; Nathou and Hicks, 2006], restricting their capability
to conclusively identify long decadal climate changes.
A thunderstorm day is defined as a day during which thunder
is heard at least once at a given location. The practical range
of audibility of thunder is about 15 km, the maximum range
of audibility being typically about 25 km [Rakov and Uman,
2003]. The possible causes of decadal changes in thunder-
storms include: (a) natural (non–man-induced) variations,
(b) anthropogenic (man-induced) variations in the atmo-
sphere, and (c) observational limitations.

[6] Natural decadal variations in thunderstorm activity are
in general related to changes in the general circulation of the
atmosphere that it is ultimately responsible for temporal
variations in synoptic weather conditions that produce thun-
derstorms. In the southeastern part of Brazil, the prevailing
synoptic condition associated with thunderstorm activity is
the occurrence of cold fronts [Cavalcanti and Kousky,
2003]. Their frequency of occurrence is modulated by many
mechanisms, among them the so-called South Atlantic Con-
vergence Zone, a prominent band of cloudiness extending
from the Amazon region to the subtropical Atlantic Ocean,
passing over the southeastern region [Carvalho et al.,
2002], and by blocking anticyclones [Wiedenmann et al.,
2002], which in turn are influenced by large-scale phenom-
ena such as the El Niño Southern Oscillation (ENSO)
[Barros et al., 2002; Wiedenmann et al., 2002]. The circula-
tion of the atmosphere is a result of dynamical processes
controlled by many different aspects, in particular the
coupled ocean-atmosphere processes. Among them, the
most relevant to the atmospheric circulation and convection
in the southeast region of Brazil are ENSO, related to the sea
surface temperature (SST) of the equatorial Pacific Ocean,
and the SST of the tropical South Atlantic Ocean that can
be represented by the Tropical South Atlantic Index (TSA)
[Enfield et al., 1999]. The influence of ENSO on the precip-
itation/convection in southeastern Brazil has been discussed
by many authors [Grimm et al., 1998, 2000; Coelho et al.,
2002; Liebmann et al., 2001; Grimm, 2003, 2004; Vicente,
2005; Grimm and Natori, 2006; Sátori et al., 2009]. In turn,
the influence of the SST of the South Atlantic Ocean on the
precipitation/convection in southeastern Brazil has been stud-
ied only recently [Liebmann et al., 2001; Berri and Bertossa,
2004; Kayano et al., 2009]. These processes, in turn, may be
modulated by the Pacific Decadal Oscillation (PDO) of the
SST of the North Pacific Ocean [Mantua and Hare, 2002],
the Atlantic Multidecadal Oscillation (AMO) of the SST of
the North Atlantic Ocean [Kerr, 2000; Schlesinger and
Ramankutty, 1994; Chang et al., 1997; Delworth and Mann,
2000;Andreoli and Kayano, 2003;Knight et al., 2005; Rayner
et al., 2006; Chylek et al., 2011] and the tropical Atlantic
dipole [Servain, 1991; Enfield et al., 1999] and their interac-
tions with the Hadley and Walker circulations. At this time,

the physical reasons responsible for these decadal variation
processes are incomplete [Wang and Picaut, 2004; Seager
et al., 2004]. The possible physical origin of PDO and AMO
has been discussed by many authors [Trenberth and Hurrell,
1994; Gershunov andBarnett, 1998; McPhaden and Zhang,
2002; Deser et al., 2004; Goldenberg et al., 2001; Sutton
and Hodson, 2005; Trenberth and Shea, 2006]. Also, the
interaction among these processes is a relatively recent topic
[Saravanan and Chang, 2000; Kucharski et al., 2011] and
there is no consensus if their variabilities are dynamically
independent or result from ocean-atmosphere feedback
mechanisms. Other relevant external natural aspects are volca-
nic eruptions and solar variations that may change the
radiation balance of the Earth [Trenberth et al., 2007] and,
in consequence, the global circulation, although no published
evidences of direct impact on the thunderstorm activity exist
so far.
[7] Anthropogenic decadal variations in thunderstorm

activity has been observed [Kai-Hing, 2003; Pinto and
Pinto, 2008] and are supported by changes in precipitation
[Huff and Changnon, 1973; Changnon, 1980] and lightning
[Westcott, 1995; Orville et al., 2001; Steiger et al., 2002;
Naccarato et al., 2003; Pinto et al., 2004;Kar et al., 2009] over
large urban areas. Most of these observations suggested that
the urban heat island effect, associated with many physical
differences between urban and rural areas, including absorption
of sunlight, increased heat storage of artificial surfaces, obstruc-
tion of reradiation by buildings, absence of plant transpiration,
differences in air circulation, and other phenomena [Oke, 1982;
Arnfield, 2003], and the pollution (as condensation nuclei)
affects the thunderstorm formation and its electrification
processes. Their existence is also supported by large spatial-
scale variations of the atmosphere conductivity [Cobb and
Wells, 1970], precipitation [Bell et al., 2008], lightning
activity [Bell et al., 2009; Farias et al., 2011], and thunder-
storm activity at regions subjected to large local warming
[Williams, 2009], although other thunderstorm time series
at high northern latitudes do not show the same behavior
[Gorbatenko and Dulzon, 2001].
[8] Limitations in long time series of observations of any

variable are subject to changes in the methods and/or
changes in the boundary conditions related to the observa-
tions. In the case of thunderstorm day records, because they
are man-made observations the main limitations are related
to the method of definition of a thunder day, changes in
the operational procedure adopted to make the observations
and, finally, changes in the ambient conditions around the
observational site that can influence the process or even the
site location. Regarding the method of definition, almost
all observations after 1897 consider a thunder day when
observers hear, at any time of the day, thunder. Even before
this year, such method was used, at least after the middle
of the 19th century. In Brazil, this definition was adopted
since the first continuous observations were made in the
middle of the 19th century in the city of Rio de Janeiro.
Earlier, short period observations made in this city in the
end of the 18th century used another definition that consid-
ered a thunder day when observers see, at any time of the
day, lightning, independently of heard thunder. For this rea-
son, such observations are not considered anymore in this
article. Changes in the operational procedure adopted to
make the observations include a limited period of day in
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which observations are made. In general, this limitation
results in no observations during the period from midnight
to about 0500. This brings to a false lowering of thunder
day frequency. The influence of this aspect is strongly
dependent on the daily distribution of thunderstorms in a
given region, which is related to the predominant type of
thunderstorm in this region. In the case of the southeast
region of Brazil, these systems are: isolated and frontal
system-related storms. In such type of systems thunder-
storms beginning during this period of the day are very rare,
what can be inferred from lightning occurrence in this period
(9%) with respect to the complete day in the last decade
[Naccarato, 2006]. For the last 20 years, satellite observa-
tions in South America (see http://www.cptec.inpe.br) did
not show any evidence of change in these types of systems
in the southeast region Brazil. Also, climatological data in
the last century suggest that this pattern did not change
[Neto, 2005]. Therefore, based on our present knowledge
there is no reason to expect that the number of flashes in
the morning hours have significantly changed along the
time. In turn, the main aspect related to changes in the
ambient conditions around the observational site that can
influence the process is the increase in the noise level in
observational site related to anthropogenic activity. This is
more pronounced in sites located inside cities that have a large
increase through the years. For the study reported in this re-
search, the three cities considered have grown considerably
during the period of the analysis. In consequence, this influ-
ence cannot be disregarded, mainly for the cities of São Paulo
and Campinas. For Rio de Janeiro, this aspect is minimized by
the fact that the observational site is located near the ocean.
The increase in the noise level tends to reduce the maximum
distance in which the observer heard thunder, reducing in
consequence the number of thunder days recorded. Therefore,
although it is difficult to estimate this effect quantitatively, it
would tend to produce a negative trend in the thunder days
records if no other effects were considered. This negative trend
would be more evident mainly after 1950 in Sao Paulo and
Campinas. Finally, changes in the site location even by a
few kilometers may affect the observations, because the noise
level may in a worst case be considerably different or the
elevation of the site may be different. For the cities considered
in this study, this aspect only applies to the city of São Paulo,
where during the period of study small changes occurred in the
location of the observation site. However, the comparison of
data for two different sites after 1950 indicated very well
correlated changes.
[9] Thunderstorms are extreme events very localized in

space and associated with a complex chain of physical and
even chemical processes occurring in the atmosphere at
different time and space scales, so that the thunderstorm
day records in a given location may not necessarily reflect
the variations in a large region around this location or even
the globe. In consequence, observations at multiple locations
are in general required to obtain more significant results.
[10] The most comprehensive study about long-term

historical data on thunderstorm-day frequencies was done
by Changnon and Hsu [1984] using data obtained from
1901 to 1980 collected from 90 weather stations throughout
North America, and 131 other stations scattered around the
world. The goal of the study was to describe the statistical
properties and the climatological rationale of their seasonal

and annual fluctuations, with emphasis given to data in
North America. The results of the study indicated that in
North America the number of thunderstorm days increased
by 15% from 1901 to 1930s and then decrease by 10%
from 1940 to 1980, with a sharp increase in the 1970s.
All stations above 50�N (including those outside North
America) showed a positive trend in the period after
1970. In the study, the only stations in the tropics were
located in Australia and Zambia and have data restricted
to short periods (less than four decades in Australia and less
than two decades in Zambia). No stations in Brazil were
considered in the study.

3. Thunderstorm Day Observations in Southeast
Brazil

3.1. Background Data

[11] From the careful analysis of thunderstorm day data
obtained from several cities in southeastern Brazil, we found
that only the three cities have reliable data before 1951, the
year when TD started to be collected by the airports. Figure 1
shows the location of the three cities that have the following
approximate geographic coordinates: Sao Paulo (23�34’S,
46�39’W), Campinas (22�50’S, 47�00’W), and Rio de
Janeiro (22�57’S, 43º11’W) with respect to the tropic of
Capricorn, the boundary for the tropical region or tropics,
and the urban spot associated with them. Also shown in
Figure 1 is the time evolution of the urban area of the city
of São Paulo along the last century. The city started to grow
at the end of the 19th century and the increase in the urban
area is more pronounced at the middle of the 20th century.
The increase in the urban areas of Campinas is discussed
by Bernardo [2002]. The increase of the urban area of
Campinas also started at the end of the 19th century and is
more pronounced at the middle of the 20th century. For
instance, the urban area of Campinas increased from
12.3 km2 in 1940 to 197.1 km2 in 1990. In contrast, the city
of Rio de Janeiro started to grow in the middle of the 19th
century and the increase of urban area is more pronounced
in the beginning of the 20th century, being less significant
after the middle of the 20th century [Marenga, 2009; Lucena
et al., 2011]. This difference can be seen by the population
of cities in the beginning of the 20th century, because the
urban area of a given city is linked to the size of its population,
as suggested by Oke [1982]. For instance, the population of
Rio de Janeiro in 1900 was already 820,000 inhabitants, while
the population of São Paulo and Campinas were only 300,000
and 70,000 inhabitants, respectively.
[12] The urban area of a given city is directly related the

intensity of the heat island and in consequence on the thun-
derstorm activity. However, this relationship in tropical
countries could be different from temperate climates
[Marques Filho et al., 2009]. Lucena et al. [2012] have also
emphasized that metropolitan areas of tropical cities of the
Southern Hemisphere may have distinct particularities and
singularities when compared to other regions of the globe.
[13] Figure 2 shows the lightning activity (in flashes�km–2�

yr–1) observed from 1999 to 2009 in the southeast region
of Brazil for a spatial resolution of 10 km � 10 km, as
observed by the Brazilian lightning detection network
(RINDAT) [Pinto et al., 2003, 2006, 2009; Pinto, 2009].
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A comprehensive review on the physical principles of
operation of lightning location systems can be found in
Cummins et al. [1998] and Rakov and Uman [2003]. It can
be seen that in most of the region the lightning activity is very
high. Average values for São Paulo, Campinas, and Rio de
Janeiro for this spatial resolution are 8 flashes�km–2�yr–1,
7 flashes�km–2�yr–1, and 3 flashes�km–2�yr–1, respectively.
Peaks in the lightning activity are seen over São Paulo,
Campinas, and in the southern part of the state of Rio de
Janeiro. While the first two peaks are coincident with urban
areas, suggesting that the peaks may be related to urban heat
island effect [Lombardo, 1984] and have been discussed pre-
viously [Naccarato et al., 2003; Pinto and Pinto, 2008], the
last peak (in the southern part of the state of Rio de Janeiro)
has probably an orographic origin related to the local elevated
topography [Campos et al., 2011]. No significant peak is evi-
dent over the city of Rio de Janeiro.
[14] Figure 3 shows for the city of São Paulo a comparison

of thunderstorm days observed routinely from thunder
and estimated from RINDAT lightning data, assuming a

practical range of audibility of thunder of 7.5 and 10 km
(these values are lower than the typical value of 15 km,
but reasonable for a large urban area like São Paulo) from
1999 to 2006. The correlation of the data in Figure 3 is very
good, indicating that the methodology of recording thunder-
storm days is accurate.

3.2. Thunderstorm Data and Local Features

[15] Monthly observations of thunderstorm days in three
cities in the southeast region of Brazil were studied: São
Paulo, Campinas, and Rio de Janeiro. For São Paulo, data
are available since 1887, for Campinas since 1889, and for
Rio de Janeiro since 1851, although there are some gaps in
the data and, for some periods, only averages for a group
of years are available without standard deviations. These
facts put some limitations on the statistical analysis. For this
reason, the analysis will be divided in two parts. In the first
part, only the period from 1951 to 2009 is considered, for
which data are available with a few and short gaps. In the
second part, the analysis is extended to the beginning of

(b)

(a)

Figure 1. (a) Location of the three cities (São Paulo, Campinas, and Rio de Janeiro) of southeast Brazil
with respect to the Tropic of Capricorn, the boundary for the tropical region or tropics, for which thunder-
storm day records were studied; (b) location of the urban spots (in white color) associated with the cities.
For São Paulo, a circle with radius of 30 km is also indicated; and (c) the time evolution of the urban area
of the city of São Paulo along the last century.
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the records at the end of the 19th century. In this case, how-
ever, it was necessary to consider the large gaps in the data
and the other limitations mentioned previously.
3.2.1. São Paulo
3.2.1.1. Period From 1951 to 2009
[16] Monthly thunderstorm days for the city of São Paulo

after 1951 are available with a few gaps between 1965 and
1979 and are shown in Figure 4. The data were collected
in the Guarulhos International Airport. The figure shows that
TD values have (as expected) a strong intra-annual variation
and a positive trend through the period. The positive trend
is more evident and statistically significant (p< 0.01)
in the summer season (in the South Hemisphere from
22 December to 21 March) as shown in Figure 5, which
shows annual thunderstorm days for the period. It is worth
mentioning that despite the increased urban noisiness in
São Paulo, the TD annual summer values shows a positive
trend, that is, they are not suppressed but still increase,
suggesting that the real trend could be even stronger.
[17] To investigate the cause of the positive trend in

Figure 5, we need to look for how the city changes during
this period. At present, São Paulo is the largest city of the
state of São Paulo and of Brazil with a population of about

10 million people. In contrast, at the end of the 19th century
it was a very small city with a population of lower than
100,000 people (Geographic and Cartographic Institute of
São Paulo (IGC); http://smdu.prefeitura.sp.gov.br/historico_
demografico/1900.php). The city began to grow very rapidly
at the beginning of the 20th century. The growth of the city
gave rise to a strong urban heat island effect [Lombardo,
1984], with an increase of approximately 2�C degrees in
the surface temperature. Figure 6 shows that the linear
regression between average annual surface temperature
versus the average population (only for the years when the
population is available) and average annual number of thun-
derstorm days versus average annual surface temperature.
Annual surface temperature data corresponds to average of
hourly values along all days of the year from the same sta-
tion where thunderstorm day data were recorded. The linear
correlation in both cases is significant at the 1% significance
level, confirming the close relation between the variations of
these parameters and suggesting that the increase in urban
activity in São Paulo in terms of the increase of the area
affecting sensible heat flux is related to the increase in the
thunderstorm activity. A contribution of the increase of pol-
lution in the city of São Paulo cannot be disregarded as well.

(c)

Figure 1. (Continued)
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[18] Figure 7 shows the correlation between the monthly
values of thunderstorm days for two different stations in
São Paulo (Congonhas and Guarulhos) 15 km apart for the
period from 1951 to 2009. The linear correlation is signifi-
cant at the 1% significance level, indicating the representa-
tiveness of this variable for the region.
3.2.1.2. The Entire Period Since the 19th Century
[19] Monthly thunderstorm days for the city of São Paulo

are available since 1887 with a gap in 1922 to 1950 from a
station located in the “Patio do Colégio” station in

Figure 2. Annual average lightning flash density for 10 km spatial resolution observed by the RINDAT
network in the southeast region of Brazil from 1999 to 2009.

Figure 3. Thunderstorm days in the city of São Paulo
observed and estimated by RINDAT from 1999 to 2006
for three different distances around the observation site:
5, 10, and 15 km.

Figure 4. Time series of monthly thunderstorm day for
São Paulo after 1951.

Figure 5. Time series of annual thunderstorm days in the
summer for São Paulo after 1951, indicating a significant
positive trend.
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downtown São Paulo. However, from 1887 to 1921 data are
available only as monthly averages for a group of years,
without standard deviations. To compare these data with
more recent data, recent data were grouped in periods to
reduce random variations and keep similar significance for
each data point in a time series. The series is shown in
Figure 8, where average monthly thunderstorm day data
are shown for four specific periods. The monthly average
number of thunderstorm days shows a significant positive
trend in the summer (January to March), with a maximum
variation from the second to the third periods, which coin-
cide with the maximum growth of the city as evident in the
variation of the area of the city in Figure 1c and the variation
of the population in Table 1. The difference in the thunder-
storm days in the summer between the second and the third
periods is significant at the 5% significance level and be-
tween the second and fourth periods at the 1% significance
level. No statistically significant variations at the 5% signif-
icance level were found in other seasons, although an in-
crease has been observed in the spring (from 22 September
to 21 December) in the last period compared to the previous
periods. It is difficult to say if this fact has a physical inter-
pretation or it is a result of a statistical limitation related to
the lower occurrence of thunderstorms in other seasons than
summer.
[20] Table 1 shows the time evolution of the average sur-

face temperature measured in the same station where thun-
derstorm day data were collected, average population during
the period computed fitting the available data to a polyno-
mial curve and average annual number of thunderstorm
days, for the same periods indicated in Figure 8. The periods
were chosen takning into account the limitations in the
data before 1951 and dividing the period after 1951 in a min-

(b)

(a)

Figure 6. Linear regression between (a) the average annual
surface temperature versus annual population for some spe-
cific years (see text for details) and (b) average annual number
of thunderstorm days versus average annual surface tempera-
ture for São Paulo after 1951.

Figure 7. Correlation between the monthly values of thun-
derstorm days in two different stations in São Paulo
(Congonhas and Guarulhos airports) for the period from
1951 to 2009 showing a very significant linear correlation.
The dashed line indicates the line with slope equal to 1.

Figure 8. Average monthly thunderstorm day data for four
specific periods for the city of São Paulo.

Table 1. Time Evolution of the Average Surface Temperature,
Average Population, and Average Annual Number of Thunderstorm
Days for the City of São Paulo, for the Same Periods Indicated in
Figure 4

Period Temperature (C) Population (in Million) Annual TD

1887–1921 17.8 0.3 60
1951–1964 18.5 2.5 63
1980–1996 19.7 8.6 76
1997–2009 20.3 10 84
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imum number of periods to fit the data to a linear regression,
as shown in Figure 9. While during the whole period the
temperature increased by approximately 2.5 degrees, the
average annual number of thunderstorm days increased by
approximately 40%.
[21] In Table 1, it is evident that all variables show a pos-

itive trend, with a maximum variation from the second to the
third period. This fact gives strong support to a close rela-
tionship among them. Figure 9 shows the linear regression
between average temperature versus the average population

and average annual number of thunderstorm days versus
average temperature using values in Table 1. In spite of the
low number of data points, the linear correlation in both
cases is very high (r = 0.99 and p = 0.01), confirming the
results obtained after 1951 shown in the previous section.
As a whole, the results give strong support to the conclusion
that the increase in the thunderstorm activity in the city of
São Paulo is due to the increase in urban activity in the city.
3.2.2. Campinas
3.2.2.1. Period From 1951 to 2009
[22] Monthly thunderstorm days for the city of Campinas

after 1951 are available without any gap and are shown in
Figure 10. Data were collected in the Campinas International
Airport near downtown Campinas. The figure shows that TD
values have also a strong intra-annual variation. Figure 11
shows the time series of annual thunderstorm days in Campinas
for the summer season. A positive trend is also evident. The
linear correlation, however, is lower than in São Paulo, but
still statistically significant at the 1% significance level.
[23] Campinas is the second largest city in the state of São

Paulo. The city grew very rapidly at the beginning of the
20th century like São Paulo and at the present time the pop-
ulation is around 1 million people. Figure 12 shows the lin-
ear regression between average annual surface temperature
(obtained in the same station were thunderstorm day data
were collected) versus the average population (only for the
years when the population is available), and average annual
number of thunderstorm days versus average annual surface

(a)

(b)

Figure 9. Linear regression between (a) the average tem-
perature versus average annual population and (b) the aver-
age annual number of thunderstorm days versus average
temperature for the values in Table 1.

Figure 10. Time series of monthly thunderstorm day for Campinas after 1951.

Figure 11. Time series of thunderstorm days in the sum-
mer for Campinas after 1951, indicating a significant posi-
tive trend.
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temperature. The linear correlation is lower than in São
Paulo, but still significant at the 3% and the 1% significance
level, respectively, as would be expected considering that
the urban heat island effect in Campinas [Tarifa and Armani,
2001] is also lower than in São Paulo. The increase in the
surface temperature during the period is approximately
0.8�C instead of the approximately 2�C degrees observed
in São Paulo during the same period. The results support
again a close relation between the variations of these param-
eters and suggest that the increase in urban activity in
Campinas is also responsible for the increase in the thunder-
storm activity. However, the low correlation in Figure 12b
seems also to suggest the influence of another(s) factor(s)
than the urban activity. This fact can also be seen in Figure 11
that shows a decrease in the thunderstorm activity in the
period from 1976 to 1981 and a small decrease in the period
2003–2005. The reason for these decreases is presently
unknown and further analysis is necessary in the future.
3.2.2.2. The Entire Period Since the 19th Century
[24] Monthly thunderstorm days for the city of Campinas

are available since 1889 with a gap from 1922 to 1950 from
a station located very close to the present location of the
Campinas International Airport. However, from 1889 to
1921 data are available only as monthly averages for a group
of years, without standard deviations. Figure 13 shows the

average monthly data for almost the same four specific pe-
riods in Figure 8. The monthly average number of thunder-
storm days shows the same significant positive trend for
the summer months (in this case including December) iden-
tified in the data for São Paulo in Figure 8. The difference in
the thunderstorm days in the summer and spring between the
first and the third (or fourth) periods is significant at the 1%
significance level. No statistically significant variations at
the 5% significance level were found in other seasons.
[25] Table 2 shows the time evolution of the average

surface temperature measured in the same station where
thunderstorm day data were collected, average population
(calculated following the same procedure described in the
description of Table 1) and average annual number of thun-
derstorm days, for the same periods indicated in Figure 13.
While during the whole period the temperature increased
by 2�, the average annual number of thunderstorm days
increased by approximately 68%, a value larger than that for
São Paulo. However, it is worth noting that although the pe-
riods in Tables 1 and 2 are almost the same, they correspond
to different periods in terms of the growth of the cities.
[26] Figure 14 shows the linear regression between aver-

age temperature versus average population and average
annual number of thunderstorm days versus average temper-
ature using values in Table 2. The linear correlation in both
cases is high, although lower than in São Paulo, confirming
the close relation between the variations of these parameters
evident in the analysis in the previous section and suggesting
again that the increase in urban activity in Campinas is
responsible for the increase in the thunderstorm activity.
3.2.3. Rio de Janeiro
3.2.3.1. Period From 1951 to Present
[27] Monthly thunderstorm days for the city of Rio de

Janeiro after 1951 are available with a gap only in 2007
and 2008 from a station located in the Santos Dumont

(a)

(b)

Figure 12. Linear regression between (a) the average an-
nual surface temperature versus annual population for some
specific years (see text for details) and (b) average annual
number of thunderstorm days versus average annual surface
temperature for Campinas.

Figure 13. Average monthly thunderstorm day data for
four specific periods for Campinas.

Table 2. Time Evolution of the Average Annual Values of Surface
Temperature, Population, and Annual Number of ThunderstormDays
for the City of Campinas, for the Same Periods Indicated in Figure 6

Period Temperature (C) Population (in Million) Annual TD

1889–1921 20.4 0.05 57
1951–1964 21.6 0.3 78
1980–1996 22 0.8 93
1997–2009 22.4 1 96
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Airport and are shown in Figure 15. The figure shows that
TD values also have a strong intra-annual variation, and no
clear positive trend. Figure 16 shows the time series of
annual thunderstorm days in Rio de Janeiro for the summer
season, indicating no positive trend.
[28] Figure 17 shows the linear regression between aver-

age annual surface temperature (obtained in the same station
were thunderstorm day data were collected) versus the aver-
age population (only for the years when the population is
available) and average annual number of thunderstorm days
versus average annual surface temperature. Although there is
a significant linear correlation between surface temperature
and population, at the 1% significance level, there is a low
correlation between average annual number of thunderstorm

days and average temperature ( p= 0.03), in contrast with
São Paulo and Campinas (in both cases p< 0.01).
[29] Rio de Janeiro is the second largest city of Brazil.

Differently of São Paulo and Campinas, the city started to
grow very rapidly at the middle of the 19th century and at
the beginning of the 20th century it was already a large city
with 800,000 inhabitants. At the present time the population
is around 6 million people. In consequence, an urban heat

(a)

(b)

Figure 14. Linear regression between the average tempera-
ture versus (a) average annual population and (b) average an-
nual number of thunderstorm days for the values in Table 2.

Figure 15. Time series of monthly thunderstorm day data
in Rio de Janeiro after 1951.

Figure 16. Time series of thunderstorm days in the summer
for Rio de Janeiro after 1951, indicating no positive trend.

(a)

(b)

Figure 17. Linear regression between (a) the average an-
nual surface temperature versus annual population for some
specific years (see text for details) and (b) average annual
number of thunderstorm days versus average annual surface
temperature for Rio de Janeiro.
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island effect is also observed [Tarifa and Armani, 2001] and
it is confirmed by the significant correlation at 1% signifi-
cance level between the surface temperature and population
as shown in Figure 17. The increase in the surface tempera-
ture during the period is of approximately 0.6�C, a value
lower than the observed in São Paulo and Campinas for
the same period, reflecting probably the lower increase in
the urban area in the 20th century as discussed previously.
In addition, the correlation between the thunderstorm days
and the surface temperature is lower than in São Paulo and
Campinas, as can be seen comparing Figure 17 with
Figures 6 and 12. These facts are in general agreement with
the idea that in Rio de Janeiro the lower increase in the urban
area (and, in consequence, in the area of enhanced sensible
heat flux to facilitate the occurrence of thunderstorms) in
the second part of the 20th century, as compared to São
Paulo and Campinas, made the influence of the urban effect
on the thunderstorm activity in this period less significant.
3.2.3.2. The Entire Period Since the 19th Century
[30] Monthly thunderstorm days for the city of Rio de

Janeiro are available since 1850 with a gap from 1922 to
1950 from a station located in the same place where now is
located the Santos Dumont Airport. However, from 1889 to
1921 data are available only as monthly averages for a group
of years, without standard deviations. Figure 18 shows the
average monthly data for five specific periods after 1850.
[31] Table 3 shows the time evolution of the average

surface temperature measured in the same station where
thunderstorm day data were collected, average population
(calculated following the same procedure described in the

description of Table 1), and average annual number of thun-
derstorm days, for the same periods indicated in Figure 18.
[32] Figure 19 shows the linear regression between average

surface temperature versus average population and average
annual number of thunderstorm days versus average surface
temperature using values in Table 3. The same results obtained
in the previous section are found. Although there is a linear
correlation between average temperature and average popula-
tion (the statistical significance, however, is lower than in São
Paulo and similar to that in Campinas), there is no correlation
between average thunderstorm days and average temperature
for the different periods. Considering that the urban heat island
effect is also evident in Rio de Janeiro, the lack of correlation
between thunderstorm days and surface temperature suggests
that other aspects should be more relevant. Differently of
São Paulo and Campinas, Rio de Janeiro is a coastal city
adjacent to the Atlantic Ocean and, in consequence, its climate
is strongly influenced by the changes in the sea surface
temperature of the Atlantic Ocean; second, again in contrast
with the situation for São Paulo and Campinas, Rio de Janeiro
is located in a mountain terrain.
[33] In addition to the expected lower effect of the urban

activity on the thunderstorm occurrence in the 20th century,
as discussed previously, other aspects (the proximity of the
ocean and topography) could be relevant to explain the anom-
alous thunderstorm behavior of Rio de Janeiro compared with

Figure 18. Average monthly thunderstorm day data for
five specific periods for the city of Rio de Janeiro.

Table 3. Time Evolution of the Average Annual Values of Surface
Temperature, Population, and Annual Number of Thunderstorm
Days for the City of Rio de Janeiro, for the Same Periods Indicated
in Figure 18

Period Temperature (C) Population (in Million) Annual TD

1851–1900 23.1 0.4 32
1900–1941 22.7 1.2 35
1951–1964 23.7 3.2 30
1980–1996 23.9 5.3 38
1997–2009 24.1 5.9 31

(a)

(b)

Figure 19. Linear regression between (a) the average tem-
perature versus average annual population and (b) average
annual number of thunderstorm days versus average temper-
ature for the values in Table 3.
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São Paulo and Campinas. The larger proximity of the ocean of
Rio de Janeiro compared to São Paulo and Campinas (see
Figure 1) change the influence of the “continentality”, that
is, the set of physical processes that makes the convection
larger over the continents than over the oceans. This can be
seen comparing Figures 5, 11, and 16, which show that TD
in Rio is lower than São Paulo and Campinas. In addition,
the larger proximity of Rio de Janeiro of the ocean makes
the influence of changes in SST in TD larger in Rio compared
to the other cities. The possible role of topography is
supported by physical basis, in the sense that mountains act
as forcing mechanism to convection. The topography is shown
in Figure 20, which shows an altitude map in meters with 2 km
spatial resolution in the region of the study. For this spatial
resolution, it can be seen that altitude changes around the cities
of São Paulo and Campinas are lower than 150 m, while
around the city of Rio de Janeiro they reach values above
400 m. Also shown in Figure 20 is a more detailed altitude
map for the region of the city of Rio de Janeiro.
[34] Regarding the other aspect, differently of São Paulo

and Campinas, Rio de Janeiro is a coastal city. The proxim-
ity of the Atlantic Ocean tends to minimize the urban island
effect, as well as to intensify the influence of the ocean in the
deep convection development and thunderstorm activity.
This aspect will be discussed in the next section.

3.3. Monthly Thunderstorm Data and Large Scale
Phenomena

[35] Some recent studies [Liebmann et al., 2001; Vicente,
2005] have suggested that the climatology and interannual
variability of heavy precipitation events related to deep con-
vection in southeastern Brazil, defined at each station when
daily rainfall exceeds a certain percent of its seasonal or an-
nual mean, are correlated with SST anomalies in the equato-
rial Pacific Ocean and tropical South Atlantic Ocean.
[36] In turn, the correlation of thunderstorm days and large-

scale phenomena has been addressed only by a few authors, in
general with respect to the solar activity [Kleymenova, 1967]
and using annual data for short time periods. This aspect puts
clear limitations in the results obtained, both in physical terms
because it does not take into account the marked seasonal
variation in the thunderstorm activity as in statistical terms,
due to the limited data sample to address decadal or
multidecadal variations.
[37] In this section, we will investigate if variations of the

thunderstorm days in São Paulo, Campinas, and Rio de
Janeiro in the three cities studied are correlated with SST
of the equatorial Pacific Ocean and tropical Atlantic Ocean,
because as described earlier these phenomena area are
believed to be the most significant large-scale phenomena
to influence thunderstorm activity in South America. The
analysis considered approximately 60 years of data, with
monthly time resolution (see text below). No previous anal-
ysis of this type has been published in the literature. The
ENSO was characterized by the Southern Oscillation Index
(SOI) and the sea surface temperature of South Atlantic
Ocean was characterized by the TSA index. In the context
of this article, besides to investigate a possible correlation
between thunderstorm activity and ENSO or TSA, this anal-
ysis is useful to verify if the positive trends observed in the
cities of São Paulo and Campinas and well correlated with
the anthropogenic urban activity (urban heat island effect)

could be alternatively explained by a correlation with these
large-scale phenomena.
[38] Due to the limitations in TD values before 1951 de-

scribed earlier and considering that TSA values are available
only after 1951, the analysis in this section is limited to this
period. Figure 21 shows the time series of monthly values of
SOI and TSA (both provided by the Earth System Research
Laboratory, NOAA: http://www.esrl.noaa.gov/psd/data/
climateindices/list/) since 1951.
[39] To verify a possible relation of thunderstorm days

with SOI and TSA, a linear regression analysis was done

(a)

(b)

Figure 20. (a) Altitude map (in meters) in the region of the
interest. Black curves represent the limit among the different
states, the border with respect to the Atlantic Ocean (purple
color) and the Dutra interstate highway that connects São
Paulo and Rio de Janeiro. (b) Altitude map (in meters) for
the region of the city of Rio de Janeiro.
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between these indices and thunderstorm days for the period
after 1951. The results of this analysis indicate that there is
no significant correlation between SOI and TSA and thun-
derstorm days. On the other hand, while ENSO phenomena
exhibit alternately periods of El Niño and La Niña almost
randomly, TSA has presented a significant positive trend
of 0.6� comparing the average values for the 1997–2009
and 1951–1964 periods, as indicated in Figure 22. The trend
is coincident with the positive trend in thunderstorm days in
São Paulo and Campinas. However, the absence of a positive
trend in the thunderstorm days in Rio de Janeiro after 1950
make this coincidence probably fortuitous or, at least, indicate
that the influence of TSA on the thunderstorm days in the three
cities is less relevant than the influence of other aspects, at
least if it is considered independently of other aspects.
[40] To investigate a possible relation of SOI and TSA

with the thunderstorm days in São Paulo, Campinas, and
Rio de Janeiro, and considering that TD has a strong
interannual variation with very low values outside the

summer periods, the average of monthly values of thunder-
storm days were calculated during the summer season corre-
sponding to two combinations of monthly values of SOI and
TSA: months with SOI> 2 and TSA> 0.4, which corre-
sponds to intense La Niña–like months with a significant
positive TSA anomaly; and months with SOI<�2 and TSA
�0.4, which corresponds to intense El Niño–like months
with a significant negative TSA anomaly. The choice of
these two combinations follows the assumption that we
might expect an intensification of the thunderstorm activity
in the southeast region of Brazil for the first and a decrease
for the second combination. Such an assumption is based
on the following physical arguments, which take into
account the response of the Hadley and Walker circulation
cells to SOI as discussed by Wang and Picaut [2004]. In
the first combination of indices (SOI> 2 and TSA> 0.4), a
large SOI corresponds to a weakening of the Hadley cell
(with a consequent increase of the cold fronts reaching the
southeast region), while a large TSA corresponds to an
intensification of local humidity convection facilitating the
local convection. Both situations tend to increase the thun-
derstorm activity in the tropical region. The opposite combi-
nation (SOI<�2 and TSA<�0.4) tends to produce the
contrary effect, that is, a decrease in the local convection.
For other combinations of large values of SOI and TSA,
the effects of SOI and TSA act in the opposite direction.
Table 4 shows the average of monthly thunderstorm days
for summer months (from 1 December—instead of 22
December—to 21 March to improve statistics) correspond-
ing to the two combinations mentioned above for the
three cities studied. There is a significant difference at the
1% confidence level in the values for the two combinations
for all cities.
[41] On the other hand, if the average of the monthly

values of thunderstorm days during the summer were calcu-
lated for the same different intervals of positive and negative
values of SOI and TSA in Table 4, but if they are considered
separately, that is, months with SOI >2 against months with
SOI<�2 and months with TSA> 0.4 against months with
TSA<�0.4, the differences are not significant even at the
5% significance level. The above results suggest that values
of SOI and TSA have a combined influence on the thunder-
storm days in the southeast region of Brazil. The same
significant variation occurs for São Paulo and Campinas, al-
though with a lower amplitude. Considering that the ENSO
phenomena has alternated periods of El Niño and La Niña
almost randomly, while the TSA has presented a significant
positive trend of 0.6� in temperature, the findings above
indicate that the thunderstorm activity in southeast Brazil
tends to increase in the incoming years.
[42] Finally, an investigation was carried out to identify

any correlation between TD values and other large-scale

Figure 21. Times series of (a) SOI and (b) TSA monthly
values for the period from 1951 to 2009.

Figure 22. Time series of TSA after 1951 indicating a posi-
tive trend as suggested by the 5-running average best fit curve.

Table 4. Averages and Error Bars (for 1% Significance Level) of Monthly Values of Thunderstorm Days for Summer (From 01 December to
21 March to Improve Statistics) Months Corresponding to Two Different Combinations of SOI and TSA Values From 1951 to 2009 for São
Paulo, Campinas and Rio de Janeiro, and the Ratio (Factor of Increase) Between the Values for the Two Different Conditions

Summer Months With São Paulo Campinas Rio de Janeiro

SOI> 2 and TSA> 0.4(28 cases) 15.1 +/� 2.1 15.1 +/� 4.5 6.3 +/� 2.9
SOI<�2 and TSA<�0.4(20 cases) 7.4 +/� 3.1 6.3 +/� 3.3 1.7 +/� 1.4
Factor of Increase 2.0 2.3 3.7
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phenomena. The investigation is limited by the availability
of data: while AMO data are available since 1860, POD data
are restricted to the period after 1951. The positive trend in
the TD values in São Paulo and Campinas cannot be
explained by decadal variations of AMO or POD. Also,
changes in the TD values in Rio de Janeiro are not correlated
with these phenomena. These results put additional support
that the positive trends observed in São Paulo and Campinas
and discussed previously are due to local effects related to
urban aspects, in particular the urban heat island effect.

4. Conclusions

[43] Monthly thunderstorm days for three cities (São
Paulo, Campinas, and Rio de Janeiro) in southeastern Brazil
since the 19th century were investigated in terms of the main
phenomena related to their changes. The analysis was
complemented by the spatial distribution of lightning in the
last decade in the southeast region.
[44] In southeast Brazil, the variability of the thunderstorm

activity may be related to many processes that can be di-
vided in two types: changes associated with enhanced urban
activity at a local or small scale and changes associated with
variations in the atmospheric circulation that modulate the
convective activity at a large scale. The urban activity is be-
lieved to influence the thunderstorm formation and evolution
by two different mechanisms: pollution and heat island.
Such influence is expected to be more significant in regions
where small cities have grown to become large urban areas.
Large-scale variations in the convective activity in southeast
Brazil are driven mainly by variations in the ENSO and the
surface temperature of the tropical South Atlantic Ocean
(which can be represented by the TSA Index). Such influence
may be related to decadal variations of these phenomena that
result from natural cycles such as the POD and the AMO or,
more recently, from global warming.
[45] For São Paulo and Campinas, the TD data indicate

that the thunderstorm activity showed a significant increase
during the period of study simultaneously with an increase
of approximately two degrees in the surface temperature
well correlated with the population growth of the cities in
terms of population, while the lightning data indicate that
the two cities can be considered as thunderstorm spots with
respect to their surrounding areas. Both results did not match
anything expected from natural climate cycles and give
strong observational evidence for the anthropogenic influ-
ence related to the urban activity on thunderstorm activity.
The increase occurs mainly in the summer, with smaller
amplitude in the spring. This fact seems to suggest that the
impact of the urban activity on thunderstorm activity is
dependent on the prevailing meteorological conditions.
[46] For Rio de Janeiro, TD data did not show a positive

trend in spite of the increase in the surface temperature,
suggesting that variations are most probably a result of a
complex combination of different features. Besides the
lower increase in the urban area of Rio de Janeiro along
the second part of the 20th century, two other aspects may
be relevant to the occurrence of thunderstorms in Rio de
Janeiro and not in the other two cities: the presence of large
mountains and the proximity of the Atlantic Ocean.
[47] In addition, the statistical analysis of TD data after

1951 in the three cities studied regarding large-scale

phenomena shows a novel result. A significant variation of
thunderstorm activity in Rio de Janeiro (by a factor of 3.7)
occurs when comparing TD values for summer months char-
acterized for the simultaneous occurrence of a positive
anomaly of TSA and La Niña with TD values for summer
months characterized for the simultaneous occurrence of a
negative anomaly of TSA and El Niño, even though no sig-
nificant variation was found when each large-scale phenom-
ena occurs isolated. The same significant variation occurs
for São Paulo and Campinas, although with lower amplitude
(by a factor of 2 and 2.3, respectively), suggesting that the
proximity of Rio de Janeiro to the Atlantic Ocean tends to
intensify the influence of these two large-scale phenomena.
Although the significant change in the thunderstorm activity
in response to the different combinations of TSA and SOI is
in general agreement with basic physical ideas, at the present
time no complete physical interpretation for this change is
available, because the influence of the behavior of the
SST of the oceans and their interactions on the convection
activity over Brazil are poorly known. In addition, consider-
ing that the ENSO phenomena has alternating periods of
El Niño and La Niña almost randomly, while the TSA has
presented a significant positive trend of 0.6� in temperature,
the findings above suggest that the number of periods satis-
fying the condition “positive anomaly of TSA and La Niña”
tends to become gradually higher than the condition “nega-
tive anomaly of TSA and El Niño”, which implies that the
thunderstorm activity in southeast Brazil tends to increase
in the coming years. This conclusion suggests that the ocean
behavior tends to drive the land thunderstorm behavior in
the future, at least in this region of Brazil.
[48] Following the same rationale above, considering that

at the present time there is no consensus about the tropical
Pacific’s response to global warming in the sense that it is
not clear if the structure of changes in the ocean surface tem-
perature will more closely resemble an El Niño or a La Niña
[Vecchi et al., 2008; McPhaden et al., 2011], and if the
El Niño or La Niña will be more intense [Watanabe et al.,
2012], while it is believed that TSA will maintain a positive
trend that it is partially related to global warming [Trenbert
and Shea, 2006], the results also suggest that the thunder-
storm activity in southeast Brazil tends to increase in
response to global warming.
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