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Abstract Significant positive trends are found in the evolution of daily rainfall extremes in
the city of São Paulo (Brazil) from 1933 to 2010. Climatic indices including ENSO, PDO,
NAO and the sea surface temperature at the coast near São Paulo explain 85 % of the
increasing frequency of extremes during the dry season. During the wet season the climatic
indices and the local sea surface temperature explain a smaller fraction of the total variance
when compared to the dry season indicating that other factors such as the growth of the
urban heat island and the role of air pollution in cloud microphysics need to be taken into
account to explain the observed trends over the almost eight decades.

1 Introduction

Global and regional climate have evolved during the last century due to natural and
anthropogenic influences with associated changes in rainfall amounts and rainfall
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patterns (IPCC 2007). Haylock et al. (2006), among others, discuss the rainfall change
in South America from 1960 to 2000 relating the observed changes to sea surface
temperature (SST) anomalies like the ENSO cycles. Marengo et al. (2001) indicate
that the duration, onset and withdrawal of the rainy season in Brazil show consider-
able interannual variability and are also linked to Atlantic and Pacific SST patterns.
Berbery et al. (2006) indicate that in the southeastern region of South America there
has been a shift to the west of the maximum values of yearly rainfall totals over the
last four decades of the 20th Century.

The effect of large urban areas on rainfall is also a subject that has been extensively
studied. Perhaps the more comprehensive research was the one performed in the St Louis
area by the METROMEX (Chagnon 1979; Changnon et al. 1991) where rainfall was seen
to increase between 5 and 25 % downwind from the city area. More recently, Shepherd et
al. (2002) using the TRMM satellite precipitation radar data studied many cities in the
USA and confirmed the same tendency of rainfall augmentation in the urban area and
downwind from it, not only in accumulated values but also an increase in the maximum
rainfall rate.

Several authors have attempted to separate the effects of large scale climate variability
from regional and local effects in climate due to land use or land cover changes. In the case
of temperature, Kalnay and Cai (2003) estimate the impact of urbanization by comparing
trends measured in cities with those reconstructed from a reanalysis (Kalnay et al. 1996) that
is virtually insensitive to surface data. They suggest that half the reduction in daily
temperature range over cities in the United States and up to 1.4 °C of the increase in
temperature—over 40 years—are due to urbanization. The same approach in the case of
rainfall would be complicated by the fact that rainfall is a discrete variable not so well
reproduced as temperature by the reanalysis (Janowiak et al. 1998), mainly in regions of
complex topography where several non-linear interactions may lead to rainfall increase or
decrease. Rana et al. (2011) have used climatic indices to explain the changes in rainfall over
large cities in India, where rainfall has shown different trends over the seasons. They
conclude that most of the observed changes in daily rainfall over decades can be explained
by large scale climate variability.

This paper looks into a time series of daily rainfall for a climatological station in the
Metropolitan Area of São Paulo, MASP, in Brazil (Fig. 1). The MASP went from less than 2
million inhabitants in 1940 to almost 20 million by 2010 (Fig. 2a), a 10-fold increase in
population that places the city among the 5 largest urban conglomerates in the world.
According to the state of São Paulo Official site (http://www.emplasa.sp.gov.br) the urban
area of the MASP shown in Fig. 2a, increased from 200 km2 in 1930 to 2,407 km2 in 2002, a
factor of 12 in seven decades. The spatial evolution of the urban area has been reconstructed
by an historical survey by Villaça (1978) for the 1881 to 1972 period; for 1982 to 1995 the
area may be found in CESAD (http://www.cesadweb.fau.usp.br/index.php) and for 2002, the
LANDSAT-5 TM satellite mosaic using channels 3, 4 and 5 has been used. The resulting
area evolution may be seen in Fig. 2b. Before the 1960s, the several cities and small towns
that today form the metropolitan area were scattered and surrounded by rural environment
and did not constitute a contiguous urban area. The urban area gradually filled the rural gaps
after the early 1960s (Fig. 2b).

Theoretical and modeling work have indicated that the increased sensible heat flux, heat
sources and roughness of the urban areas are mechanisms for the formation of the urban heat
island and the bifurcation of the flow upwind of the city area, which are important causes of
the rainfall increase in and around large urban areas (e.g. Bornstein and Lin 2000; Carrió et
al. 2010). Pollution effects may also play a significant role in controlling precipitation in
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large urban areas primarily through the radiation balance with a cooling effect at the surface
due to scattering of solar radiation by aerosols. This effect reduces the sensible heat flux at
the surface and thus has a potentially negative impact on precipitation. However, Carrió and
Cotton (2011) show a reversed effect in the Houston area (Texas, USA) where the aerosols
act as cloud condensation nuclei (CCN), augmenting the maximum rainfall rate of the storms
through cloud microphysical interactions except in the case of very high aerosol concen-
trations which lead to precipitation reduction in the numerical simulation.

The MASP is included in a region in Southern Brazil where Liebmann et al. (2001)
indicate an increase in rainfall beginning in the 1950s. Penalba and Robledo (2010)
showed that larger increases in rainfall in the La Plata Basin, in southeastern South
America in the last 50 years, have occurred in the summer, spring and fall, especially
for extreme events of daily rainfall. The MASP is located in the northeast border of the La
Plata Basin.

2 km

(a)

(b) (c)

Fig. 1 a Topography of the region, black circle indicates the location of the IAG//USP station; square
indicates the area used for averaging the SST index; b Google Earth view of the Parque do Estado with the
yellow pin indicating the location of the IAG/USP station. Dark areas indicate vegetation. Around the park,
the urban area. c Sea surface temperature (SST) evolution for the square indicated in Fig. 1a (from the NCEP
reanalysis—Kalnay et al. 1996) and a linear fit
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Another feature, peculiar to the MASP, is the proximity to the Atlantic Ocean coast line
located 45 km southeast of the station used in the present work (see Fig. 1a). The sea-breeze
coupled to the valley to mountain circulation penetrates towards the MASP plateau from the
southeast (Silva Dias et al. 1995; Freitas et al. 2007) and may interact with the urban heat
island, frequently triggering convective storms. Freitas et al. (2009) identified significant
sensitivity of the numerically modeled rainfall over MASP on the sea surface temperature
close to the coast: higher values of SST result in a weaker but moister circulation leading to
enhanced rainfall. Lower values of coastal SST lead to stronger and drier circulation, and
comparatively less rainfall. The coastal SST has been increasing in the last decades as may
be seen in Fig. 1c. The presence of the urban area is also a factor that induces rainfall
increase in the simulations.

With this background knowledge it is expected that as the urban area of the MASP
increased through the last several decades, as well as the air pollution concentration, a
corresponding change in rainfall should result. Attribution of causes of the observed changes
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Fig. 2 a Number of inhabitants and area of the São Paulo Metropolitan area. From http://www.ibge.gov.br); b
Evolution of Sao Paulo Metropolitan Area (Villaça 1978, CESAD, 1982 and 1995, and LANDSAT—5 TM,
for 2002). The background is filled with a mosaic of LANDSAT satellite pictures (Ch 3, 4 and 5) for 2007
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is, however, a complex task due to the evolving regional climate that has been seen to show
positive rainfall trends in the region.

The focus in this paper is in the extreme daily rainfall events and how their frequency
changes in the MASP from 1933 to 2010. Section 2 describes the data used in the study. The
trends in the frequency of daily rainfall extremes are presented in Section 3. Possible
explanations of the observed changes using climate variability, measured by large scale
climate indices, are explored in Section 4 while Section 5 summarizes the main results.

2 Data

The rainfall data from 1933 to 2010 were obtained from the climatological station located in
the center of a state park (Parque do Estado das Fontes do Ipiranga) at latitude 23°39′S,
longitude 46°37′W and altitude of 799 m above sea level. The station is operated by the
Institute of Astronomy, Geophysics and Atmospheric Sciences of the University of São
Paulo (IAG/USP). The park was originally in a rural environment where an Astronomy
Observatory was installed in 1933. Today the city surrounds the park in all directions as may
be seen in Fig. 1b. However streets and avenues are at least 1 km away from the station.
Terrain rises to about 950 m towards the coast and sharply drops to sea level 15 km southeast
from the station. To the north-northwest at about 20 km from the IAG/USP station there is
another mountain range (Serra da Cantareira), with altitude of the order of 1100 m so that
most of the MASP and the IAG/USP station are located in a wide plateau. The distance of
the station to the Atlantic Ocean coastline is 45 km.

There are no missing data in the daily rainfall series. The station has had a human
observer since the beginning of operations in 1933 for a direct reading of the raingage
and has a paper registry, the pluviograph, run by a mechanical clock. Sugahara et al.
(2011) examined the daily rainfall series of this particular station and conclude that
there is no inhomogeneity. Hourly rainfall data is also available as well as rainfall
duration in minutes within the hour. Although there are other meteorological stations in
the city area, none has such a complete record and the length of the IAG/USP station.
The location is also particularly interesting when considering that it is surrounded by a
park, close to the coast line and to the edge of the plateau where the city is located.
This makes this station very special and justifies its use for the purpose of the present
work.

Time series for climate indices have been obtained from http://www.esrl.noaa.gov/.
The indices used are:

– PDO—Pacific Decadal Oscillation Index (Hurrell 1995; Zhang et al. 1997; Mantua et
al. 1997)

– NAO—North Atlantic Oscillation (Chen and van den Dool 2003)
– AMC—Atlantic Meridional Circulation Index (Chiang and Vimont 2004)
– ENSO—Multivariate ENSO Index (Wolter and Timlin 1993)

Other climate indices used are:

– LISAM—The Large-scale Index for South America Monsoon obtained from Silva and
Carvalho (2007). The original LISAM index has been normalized by removing the long
term average and dividing by the standard deviation.
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– SST—The sea surface temperature –, close to the coast line has been obtained from the
NCEP reanalysis (Kalnay et al. 1996) and averaged over the area delimited by 24° S,
25° S and 45° W, 46° W and shown in Fig. 1c.

The annual average of each of the above climatic indices has been obtained and a five
year running average performed.

3 Results

The average annual cycle of rainfall and its standard deviation for the 1933–2010 period at
the IAG/USP station are shown in Fig. 3a. The wet season is from October through March.

Fig. 3 a Average annual rainfall at IAG/USP station in black and standard deviation in grey, for the whole
period from 1933 to 2010. b Solid line is the rainfall yearly total; dashed line represents a linear fit with r20
0.27. The Mann-Kendall test rejects the hypothesis of no trend at the level of 95 % with p<0.01. Slope0
5.518 mm/year
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During the dry season, corresponding to the Southern Hemisphere winter, variability is quite
high with standard deviations of about the same magnitude as the longtime average. Rainfall
in the dry season is primarily due to frontal activity (Satyamurty et al. 1998). Figure 3b
shows the evolution of the annual rainfall total for the same period. The increase in annual
total rainfall has been noted for some time (e.g. Pereira Filho et al. 2007; Dufek and
Ambrizzi 2008). From a linear fit the increase in yearly rainfall accumulation is 425 mm
in 77 years or 5.5 mm/year. The linear trend explains 27 % of the total variance of the series.

The probability density function (PDF) for the daily rainfall has changed somewhat from
the beginning of the series to the end. Using the first and last 20 years of the daily rainfall
series and removing the days with zero rainfall, the PDF of daily rainfall intervals of 4 mm/
day is shown in Figure S1 (supplemental material). There is a general increase in the
frequency of daily rainfall events, except for events with daily rainfall less than 4 mm where
a reduction is observed. Xavier et al. (1994) had already detected a negative trend in the
number of days with rainfall less than 5 mm and a positive trend in the number of days with
rainfall in excess of 30 mm for selected months using data from the same station up to 1990.
Sugahara et al. (2009) also detected that that high quantiles of daily rainfall in the city of São
Paulo have been increasing in magnitude and frequency over time.

The percent difference between the PDF frequencies of the first 20 years and the latter
may also be seen in Fig. S1 (supplemental material). The difference reaches 150 % for daily
rainfall between 40 and 44 mm and then increases sharply with some oscillation indicating
an unstable relationship due to very low frequency of extreme events for the earlier period of
1933–1952.

In view of the change in the shape of the PDF from the earlier part of the record to the
last, it is apparent that the frequency of occurrence of extreme daily values has increased.
One way to identify long term changes in the precipitation extremes is to determine the daily
precipitation value associated to a given frequency of occurrence for successive periods of
time. For example, the 95 % percentile of the PDF indicates the daily rainfall value that is
not exceeded in 95 % of the cases—or is exceeded in 5 % of the cases.

Figure 4 has been constructed using the daily rainfall value as a reference, hereafter called
threshold, defining the 80, 95 and 99 % percentiles. A running window of 20 years starting
in 1933 has been used and the PDF determined for each successive 20 years, starting at each
successive year. The label indicates the year in the middle of the corresponding 20 year
period. The plots include whole year as well as the wet and dry halves of the year (ONDJFM
and AMJJAS, respectively) daily rainfall thresholds. Two features stand out upon examina-
tion of Fig. 4: an overall increase in the daily rainfall threshold value for the percentiles and a
long term modulation of a few decades. For the 80 % threshold it is seen in Fig. 4a that the
value increases up to the middle 1950s, shows a gentle decrease up to the early 1980s
increasing sharply for about 10 years afterwards and leveling off thereafter. For the drier half
of the year, the 95 % threshold (Fig. 4b) shows similar tendencies, except for the last couple of
decades when an oscillation of shorter period is detected. In the dry season the threshold
decreases in the last two decades. The 99% threshold (Fig. 4c) has the same general behavior as
the 95 % threshold but noisier due to the lower frequency of the most extreme events.

Extreme values are used by various authors in analyzing the changing climate in the past
or in future climate projections (e.g. Kharin et al. 2007; Towler et al. 2010; Min et al. 2011).
The procedure is based on the fitting of the generalized extreme value (GEV) distribution to
the maximum values (Cooley 2009; Zhang et al. 2004). Using the five largest values of daily
rainfall, the parameters of the GEV have been obtained here for each successive group of
20 years starting in 1933 and moving the sample by 1 year to obtain the evolution of the
extremes. The supplemental material discusses further the GEV analysis and presents more
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Fig. 4 Evolution of the daily
rainfall values defining the
percentiles of 80, 95 and 99 %
for 20 year intervals for the
whole year (dotted line), wet
season (ONDJFM—full line),
and dry season
(AMJJAS—dashed line)
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details of its application to the extreme rainfall data. Figure 5 shows the GEV parameters k,
σ and μ, respectively the shape parameter, the scale parameter and the location parameter of
the distribution, for the wet and dry halves of the year. Of these, the location parameter μ,
which indicates the peak in the GEV distribution and thus the most probable value of the
extreme daily rainfall, shows a behavior similar to the percentiles, with a long term increase
and decadal modulation. The scale parameter σ shows a sharp change in the early 1970s in
the wet season, while in the dry season higher values may be found around the 1980s with a
decrease in the last 3 decades to values observed in the 1940s. The shape parameter k in the
wet season has maximum values between the 1960s and early 1970s while in the dry season
the increase of k is after the middle 1980s.

To further quantify the changes in the percentile thresholds, the statistical method
discussed in Rodionov (2004) has been employed to detect shifts (i.e., change-points) in
the percentile thresholds shown in Fig. 4. The method is based on a sequential data
processing technique to test differences in the mean between two data segments of length
L. Different values of L (from 7 to 12 years) were used to test the sensitivity of the method in
finding robust change-points. Using L010 at the 5 % significance level, three change-points
in extreme precipitation were detected: early 1950s, mid 1970s and early 1990s. They may
be seen as different phases of the multiple decadal oscillation seen in the time series of the
percentile thresholds. Change-points in the characteristics of the South American Monsoon
System (SAMS) such as the onset, duration and amplitude were also detected in the early
1970s (1971–72) (Carvalho et al. 2010).

A linear fit to the time series of the percentile thresholds and of the location parameter μ has
been obtained and is shown in Table S1 (supplemental material) with the associated confidence
intervals. The p-value has been computed (e.g. Wilks 2006) to determine the statistical
significance at a given test level α. When p<α, the correlation is significant at the α-level.
All trends have p-values less than 10−5, thus p << α with α00.01 %. The largest detected trend
is for the dry season for the 99 % threshold, with 2.5 mm/(day.decade) increase. The 95 %
threshold and the location parameterμ show trends close to 1 mm/(day.decade) for both dry and
wet seasons. For the wet and dry seasons the trend for the lower percentile thresholds is less than
for the higher thresholds indicating that there is a larger increase in frequency for the most
extreme cases of daily rainfall. Hourly data has been examined and positive trends in the
extreme percentiles for rainfall rate have also been found (not shown).

The behavior of the number of days when rainfall exceeds 40, 60 and 80 mm/day for each
season—spring, summer, fall and winter, are shown in Fig. 6. In this case, besides the
decadal modulation, it is interesting that for JJA (corresponding to winter period during the
dry season) there were no cases of daily precipitation exceeding 60 mm/day up to the middle
1970s. For the 80 mm/day threshold case there was only one case per decade in the first
decades. After the early 1970s the number of cases increases, reaching 9 cases in the last
decade (2000–2009).

Dry days, defined as those with zero daily rainfall, have also been examined for a 20 years
running period and their time evolution for the whole year and for the wet and dry seasons
separately and are shown in Figure S1 (supplemental material). Long term modulation with
approximate period of 5 decades and no linear trend are observed in this case.

4 Possible causes

To examine possible relationships between the extreme daily precipitation thresholds and
climatic indices, the Pearson linear correlation (Wilks 2006) between different pairs has been
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determined The location parameter μ indicative of the most frequent extreme values is also
used in Table 1. Only values significant at the 5 % level are included in Table 1 and the

Fig. 5 Evolution of the GEV parameters; a shape k; b scale σ; location μ. For the wet season (ONDJFM—
full line) and dry season (AMJJAS dashed line)
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Fig. 6 Evolution of the
number of days per decade
that the rainfall exceeds
a 40 mm b 60 mm and
c 80 mm in 10 years for
the seasons Spring,
September–October–
November in green,
Winter: June–July–August
in blue, Fall: March–April–
May in orange and
Summer: December–
January–February
in red
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shaded cells are significant at the 1 % level. Correlations between climatic indices and
between climatic indices and the 95 and 99 % thresholds of the daily precipitation for the
whole year and for the wet and dry seasons are shown in Table 1. The correlation between
the climatic indices and the GEV parameters k, σ and μ, for the wet and dry seasons are also
included. The correlation with SST coastal anomalies (Fig. 1c) are also considered, due to
their possible influence in the local circulation, as discussed in the introduction (Freitas et al.
2007, 2009) for the area defined by the square close to the coast in Fig. 1b. A linear fit has
been included in Fig. 1c which indicates a 0.11 °C/decade trend. Subtraction of the linear fit
from the original SST series yields the residual, hereafter named resSST and also included as
an index in Table 1.

The first row of Table 1 shows that the PDO is significantly correlated with all climatic
indices except resSST. The PDO column shows the largest correlation coefficients of 0.855
with the 95 % threshold, 0.839 with the 99 % threshold and 0.823 with the location
parameter μ in the dry season, significant with p<0.01. LISAM and SST also correlate well
with all daily rainfall thresholds. For the wet season the highest correlations of the 95, 99 %
threshold and of location parameter μ, are with the coastal SST. The scale parameter σ and
the shape parameter k do not correlate so well with the climatic indices. Their behavior
seems to depend on other causes and will not be investigated further here.

Table 1 Pearson correlation coefficient between variables

Only correlation coefficients with p<0.05 are included. Shaded cells have p<0.01
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Focusing in the dry and wet season differences and choosing only the cases with p-value
significant at the 1 % level, the following variables are listed in decreasing order of the
correlation coefficient:

Wet season, 95 %: SST, PDO, LISAM, NAO
Wet Season, 99 %: SST, PDO, LISAM, NAO
Wet season μ: SST, PDO, LISAM
Dry season, 95 %: PDO, NAO, LISAM, ENSO, AMC, resSST
Dry season, 99 %: PDO, NAO, LISAM, SST, ENSO.
Dry season μ: PDO, NAO, LISAM, AMC, resSST

To assure that the correlations found above are representative of the relationship between
the two variables, the non-parametric Spearman rank correlation (Table S2—supplemental
material) has been calculated (Wilks 2006). The climatic indices with rank correlation
significant at the 1 % level with the percentile thresholds and with the GEV location
parameter μ are listed below in decreasing order of the Spearman correlation coefficient:

Wet season, 95 %: PDO, SST, LISAM, NAO
Wet season, 99 %: NAO, PDO, LISAM
Wet season μ: PDO, LISAM, SST, NAO
Dry season, 95 %: PDO, NAO, LISAM, AMC, resSST
Dry season, 99 %: PDO, NAO, LISAM, SST, ENSO
Dry season μ: PDO, NAO, LISAM, resSST, AMC

The PDO shows larger correlation than the local SST to the wet season 95 % threshold
and for location parameter μ. The SST however does not have significant correlation with
the 99 % threshold. For the dry season, the three climatic indices with higher correlations
with the percentiles thresholds and for μ are the same from the Spearman and Pearson
correlation calculations: PDO, NAO and LISAM.

A straightforward and simple method to quantify the combined role of the climatic
indices with respect to the percentile thresholds and to parameter μ is the use of the multiple
linear regression fit. Climatic indices are used as predictors and the percentile threshold and
μ are the variables to be predicted. The corresponding squared correlation coefficient r2 is a
measure of the variance accounted for by the set of predictors. Table 2 shows the value of r2

where each successive column represents the explained variance with the addition of each
climatic index from the previous column (from left to right). Figure 7 shows the evolution of
r2 with the introduction of each predictor as described in Table 2.

The main result depicted in Fig. 7 is the difference in the dry and wet seasons. The total
explained variance after inclusion of the several indices for the dry season for both 95 and
99 % and μ thresholds reaches 85 %. This indicates that most of the increase and variability
of the daily precipitation threshold in the dry season is explained by global climatic
oscillations represented by the PDO and NAO and of the large scale regional circulation
associated with the monsoon index amplitude represented by LISAM, a measure of intensity
and length of the wet season of the South American monsoon circulation. The PDO is an
index that is associated to large scale SST changes in the Pacific Ocean. The South Pacific
Convergence Zone (SPCZ) long term variability is associated to the PDO index. Changes in
the position and intensity of the SPCZ have an impact on the structure of the South Atlantic
Convergence Zone (SACZ) as shown by Grimm and Silva Dias (1995). The SACZ is
associated with the wet season rainfall over most of Southeast Brazil (e.g. Carvalho et al.
2004). The NAO, according to Robertson and Mechoso (1998), is associated to the
position and intensity of the subtropical high pressure in the Northern Atlantic, which
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Table 2 Variance (r2) explained by multiple regression with the successive inclusion of climatic indices

r2 I II III IV V VI

95 % WET SST SST,PDO SST, PDO,
LISAM

SST, PDO,
LISAM, NAO

0.431 0.522 0.592 0.671

99 % WET SST SST,PDO SST, PDO,
LISAM

SST, PDO,
LISAM, NAO

0.213 0.274 0.312 0.369

95 % DRY PDO PDO,NAO PDO,
NAO,
LISAM

PDO, NAO,
LISAM,
resSST

PDO, NAO,
LISAM, resSST,
AMC

PDO, NAO,
LISAM,
resSST,
AMC, ENSO

0.732 0.804 0.806 0.846 0.847 0.851

99 % DRY PDO PDO,
NAO

PDO,
NAO,
LISAM

PDO, NAO,
LISAM, SST

PDO, NAO, LISAM,
SST, ENSO

0.705 0.755 0.767 0.797 0.850

μ SST SST,PDO SST, PDO,
LISAM

SST, PDO,
LISAM, NAO

WET 0.462 0.512 0.567 0.572

μ PDO PDO,NAO PDO,
NAO,
LISAM

PDO, NAO,
LISAM,
resSST

PDO, NAO, LISAM,
resSST, AMC

DRY 0.677 0.733 0.751 0.825 0.832

0

25

50

75

100

I II III IV V VI

%
 e

xp
la

in
ed

 v
ar

ia
nv

e
 

µ wet

95% wet

99% wet

µ dry

95% dry

99% dry

Fig. 7 Percent explained variance by the linear multiple regression for each combination of large scale
climatic indices defined in Table 2
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affects the low level moisture flux entering the northern portion of the South
American continent, ultimately influencing the SACZ precipitation in Southeast Brazil.

In the wet season, the 95 % daily precipitation accumulation threshold is mostly related to
the coastal SST and to the PDO, NAO and LISAM and the combined explanation of the
variance of the threshold reaches 67 %. For the very extreme cases, corresponding to the
99 % threshold in the wet season, the main conclusion is that the combined indices and local
SST explain a much smaller portion of the variance, only 37 %, thus leaving a considerable
part of the variance to be explained by other causes.

Considering that the climatic indices include the effects of climate variability and climate
change, apart from the increasing temperature of the local SST as well as the large scale
circulation associated to the South America Monsoon, the other possible mechanism influ-
encing extreme rainfall in the MASP is the presence of the urban area including the heat
island and pollution effects. In the particular case of the MASP, the proximity to the coast
and the topography of the plateau (Fig. 1a) need to be considered. As shown in several
papers (e.g. Silva Dias et al. 1995; Freitas et al. 2007, 2009) rainfall in the MASP bears a
close relationship with the sea breeze coupled with the valley/mountain circulation to the
southeast of the city (c.f. Fig. 2a). Freitas et al. (2009) performed several numerical experi-
ments of a severe storm case during the wet season in the MASP. They accounted for the
contribution of the local SST anomalies at the coast (approximate location of the box in
Fig. 2a) and the presence or absence of the heat island effect in the model simulations. The
interaction of the sea breeze with the urban heat island was seen to trigger an enhancement in
rainfall in the numerical experiments. Their main conclusion was that the presence of the
urban area always contributed to rainfall increase. However, with higher values of local SST
they found augmented precipitation in the simulated severe storm, due to higher moisture
content brought by the sea breeze. This effect was particularly strong on the eastern side of
the city where the sea breeze front first interacts with the urban heat island effect. The
location of the IAG station on the southeastern side of the MASP is particularly prone to
detect the enhanced rainfall.

From these numerical experiments performed specifically for the MASP and from those
performed for other cities (e.g. Carrió et al. 2010) it is plausible to assume that part of the
trend and of the variability in daily extreme rainfall may be due to local effects. A more
complete investigation of the effect of an evolving urban area through seven decades is
under way, following the work of Freitas et al. (2007, 2009).

5 Summary and conclusions

The evolution of extreme daily rainfall in Sao Paulo, Brazil, in the 1933–2010 period has been
examined by generating a time series of the frequency of occurrence of daily rainfall thresholds
based on the observed PDF for every 20 years starting in successive years. The generalized
extreme value distribution parameters have also been obtained using the five larger values of
daily rainfall for each year and season as input. The daily rainfall thresholds associated with the
80, 90 and 95 % percentiles of the PDF, and the location parameter μ of the GEV show
significant positive linear trends and a multidecadal modulation throughout the period. This is
seen for the whole year and for the dry and wet seasons separately. Through a change-point
analysis, where changes in averages are tested, a significant change is detected in the early
1970s which is consistent with a change detected in LISAM, the index of the duration of the
South American Monsoon system defined by Carvalho et al. (2010).
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Climatic indices such as the PDO and NAO play a significant role in explaining the
observed trend and variability of the extreme daily rainfall as also does the LISAM index,
related to the monsoon circulation in South America. As shown by Carvalho et al. (2010),
the LISAM is very well correlated with the intensity and length of the rainy season in central
and southeast Brazil. This may explain part of the increase in the frequency of extreme daily
precipitation. The SST close to the Atlantic Ocean coast line near the MASP shows a
significant linear trend during the same period of the precipitation data (1933–2010) with
a multidecadal modulation. The local SST is also related to the trend in the daily rainfall
thresholds, especially in the wet season.

More importantly, the climatic indices explain 85 % of the observed variance of the
extreme thresholds in the dry season while a smaller portion of this variance is described in
the wet season, especially for the most extreme cases of the 99 % percentile of daily
precipitation accumulation. This analysis suggests that urban effects can be particularly
important to explain the daily rainfall extremes in the wet season. Further investigation is
necessary to account for the remaining variance that has been found without explanation
based on the large scale climatic indices, especially in the wet season. In order to address this
issue, work in progress is focusing on the role of the evolving urban area and the impacts of
aerosol from air pollution in cloud microphysics.
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