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A B S T R A C T

Sixteen years of hourly atmospheric pollutant data (1996–2011) in the Metropolitan Area of S~ao Paulo (MASP),
and seven years (2005–2011) of data measured in the Metropolitan Area of Rio de Janeiro (MARJ), were analyzed
in order to study the extreme pollution events and their return period. In addition, the objective was to compare
the air quality between the two largest Brazilian urban areas and provide information for decision makers,
government agencies and civil society. Generalized Extreme Value (GEV) and Generalized Pareto Distribution
(GPD) were applied to investigate the behavior of pollutants in these two regions. Although GEV and GPD are
different approaches, they presented similar results. The probability of higher concentrations for CO, NO, NO2,

PM10 and PM2.5 was more frequent during the winter, and O3 episodes occur most frequently during summer in
the MASP. On the other hand, there is no seasonally defined behavior in MARJ for pollutants, with O3 presenting
the shortest return period for high concentrations. In general, Ibirapuera and Campos Elísios stations present the
highest probabilities of extreme events with high concentrations in MASP and MARJ, respectively. When the
regions are compared, MASP presented higher probabilities of extreme events for all analyzed pollutants, except
for NO; while O3 and PM2.5 are those with most frequent probabilities of presenting extreme episodes, in com-
parison other pollutants.
1. Introduction

Nowadays, over 50% of the world's population live in urban areas,
and for Brazil, this population represents approximately 87%. (UN,
2014). Actually, high air pollutant's concentrations may be observed in a
variety of places around the world as a result of substantial changes in
land use as a consequence of urbanization, industrialization, extraction of
natural resources, etc., and also due to energy demands. Therefore,
Megacities pose a great concern, since they concentrate large populations
and the air pollutants affect the health of those humans.

Atmospheric Particulate Matter (PM) and ozone (O3) are the air
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pollutants that have received the most attention, since they cause several
harmful effects on human health (WHO, 2013; Martins et al., 2009;
Loomis et al., 2013; Xing et al., 2016), even when below air quality
guidelines (WHO, 2013), and thus influencing the Earth's climate (Rav-
ishankara, 2005; IPCC, 2014; Magrin et al., 2014). Nevertheless, the
preparation and implementation of public policies is a challenge, mainly
because urban areas are very different in terms of economy, social, cul-
tural, and meteorological conditions within their respective regions.

The two largest urban areas in Brazil are the metropolitan areas of S~ao
Paulo and Rio de Janeiro and, according to the Study of Characterization
and Trends of Urban Network in Brazil, these metropolises are inserted
, 86036-370, Londrina, Brazil.
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whitin the global economy, presenting air quality issues http://www.
observatoriodasmetropoles.ufrj.br/relat0082009.pdf (Paulino et al.,
2010; Andrade et al., 2012, 2015; Mateus et al., 2013; Martins et al.,
2015; Dominutti et al., 2016; Pereira et al., 2017). Recent studies have
addressed the evolution of the pollutant concentrations and pointed to
scientific gaps concerning air quality and emission sources in both the
Metropolitan Area of S~ao Paulo (MASP) (Kumar et al., 2016; Andrade
et al., 2017) and also the Metropolitan Area of Rio de Janeiro (MARJ)
(Gioda et al., 2016). However, a comparison between these two large
Brazilian megacities, as well as the extreme value analysis, has never
been made. MASP is the most important economic region in South
America, with approximately 21 million people live; being the fifth most
populous urban region in the world and the first in Latin America (UN,
2016). The region’s urban area is located 700–900m above sea level with
ridges towering up to 1200 m. Its general topography is rather complex
and the airflow is strongly influenced by local thermal circulations. The
climate can be characterized by two predominant seasons: a wet one,
which normally comprises the period from October to April, and a dry
one, from May to September. The main source of pollutants in MASP is
vehicular activity, since it has approximately 7 million vehicles burning
gasohol (a mixture of 25–27% anhydrous ethanol and 75-73% gasoline),
hydrated ethanol and diesel. The vehicle fleet is responsible for
approximately 97% CO, 76% HC, 68% NOX, 17% SOx, and 40% PM10
emissions (CETESB, 2017). Nowadays, more than 80% of the cars pro-
duced in Brazil are flex fuel (burning both ethanol and gasohol), which
makes MASP atmosphere unique in terms of primary pollutants emissions
(Carvalho et al., 2015). Industrial processes, according to the official
inventory, are responsible for 3% CO, 24.2% HC (with 9.6% from liquid
fuel evaporation), 32.4% NOx, 83% SOx and 10% PM10 emissions. The
resuspension and secondary formation are equally responsible for the
remaining 50% of PM10 emissions (CETESB, 2017).

MARJ is the second largest urban area in Brazil, covering 5327 square
kilometers, and houses approximately 13 million people. It is also the
twentieth most populous urban area in the world (United Nations, 2014).
The region is composed of compact groups of mountains, deep valleys
and lines of hills that divide wider or narrower plains (http://portalgeo.
rio.rj.gov.br/bairroscariocas/texto_cidade.htm). It is located on the Bra-
zilian east coast, presenting disorderly occupation and large bodies of
water. The climate is characterized by a well-defined dry season, which
occurs during the winter months, and a rainy season in the summer.
MARJ has the second largest concentration of people, industries, vehicles
and pollutant emission sources in Brazil. These factors tend to create local
air pollution problems since the massifs of Tijuca and Pedra Branca,
which are parallel to the coastline, act as physical barriers for the pre-
dominant sea winds, a condition that may influence the dispersion of
pollutants (INEA, 2011). According to an inventory published by the
Fundaç~ao Estadual de Engenharia do Meio Ambiente (FEEMA) in 2014,
approximately 77% of atmospheric emissions in the region originate
from vehicular sources (light and heavy-duty vehicles). The remaining
23% are from stationary sources, such as petrochemical, chemical, food,
shipbuilding and energy transformation industries. Air pollution in urban
areas may be addressed by a variety of statistical models, including
Extreme Value Analysis (EVA). Such as many other phenomena covered
by EVA, air pollutants are susceptible to events with unusually high
concentrations in urban areas. The distribution of extreme values can
usually be classified in one of three types: Gumbel, Fr�echet and Weibull,
which are referred to as Type I, Type II, and Type III, respectively, within
the Generalized Extreme Value (GEV) distributions (Fisher and Tippett,
1928; Weibull, 1951; Jenkinson, 1955). GEV distributions use shape (ξ),
location (μ) and scale (σ) parameters to fit the tails of a distribution. This
modeling approach is used in environmental variables studies, such as
rainfall and temperature data (Sangisolo, 2008; Panagoulia et al., 2014)
and air pollutants concentrations (Smith, 1989; Küchenhoff and Tha-
merus, 1996; Lu, 2004; Ercelebi and Toros, 2009; Quintela-Del-Río and
Francisco-Fern�andez, 2011; Su et al., 2012). The extensive use of the
extreme value theory allows the prediction of the likelihood of the data
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studied within a given period, i.e., it assists in deciding if an extreme
event is likely to occur. Another approach used in the study of the
behavior of extreme values is the application of the Generalized Pareto
Distribution (GPD) introduced by Pickands (1975), which is widely
applied. This methodology involves the use of data that exceeds a certain
threshold value, which is advantageous since it allows the analysis of all
available data exceeding the threshold, without having to choose a group
of maximum or minimum values, such as in the GEV theory.

In this work, EVA was applied to sixteen years (1996 to 2011) of
hourly pollutant data measured in the MASP, and to seven years (2005 to
2011) of data measured in the MARJ. The probabilities of exceedance
and the return period of high concentration of pollutant were calculated
for carbon monoxide (CO), nitrogen oxides (NO and NO2), O3 and PM for
both regions. In addition, a comparison in terms of pollutant concen-
trations between the two regions was performed.

2. Methodology

2.1. Description of the studied areas and their datasets

Sixteen years (1996 to 2011) of hourly O3, NO, NO2, CO and PM10
concentrations from eighteen stations located in MASP were analyzed to
study the occurrence of O3 and PM10 extreme values. In order to analyze
PM2.5, in the dataset available on MASP from 2011 (when automatic
monitoring started) to 2014, two stations (Congonhas and IPEN-USP)
were used. Pollutant hourly concentration data were compiled from
the S~ao Paulo State Environmental Agency (CETESB). In MARJ, there are
several measuring stations, but only a few complete series are available.
Therefore, seven years (2005 to 2011) of hourly data from the State
Environmental Institute (INEA) measured at four stations were used in
order to study O3 and PM10 extreme values.

Fig. 1 shows the location of the stations in both MASP and MARJ.
Tables 1 and 2 identify the stations and the studied pollutants in each
mega-city, as well as provide a summary of basic statistics from the
pollutant concentrations measured in each station. Among the stations
analyzed in MASP, the highest average concentrations for PM10 and O3
were found in stations 17 and 14, respectively. Congonhas station (2)
presented the highest averages for NO, NO2 and CO, due to the station's
proximity to mobile sources. In MARJ, Campos Elísios (2) presented the
highest average concentrations for PM10 and O3.

Most stations in MASP (1–4; 8–9; 11–13 and 18) are highly impacted
by vehicular emissions, while other stations (6–7; 10; 14–17) are influ-
enced by both vehicular and industrial activities (CETESB, 2017). These
different characteristics implicated in the concentrations of pollutants
observed in each station. In MARJ, the Adalgisa Nery, Campos Elísios,
Itaguaí and Jardim Primavera stations are located in areas characterized
by urban and industrial expansion, and impacted by both vehicular and
industrial emissions. Campos Elísios and Jardim Primavera are located in
Duque de Caxias, a region that stands out due to its industrial production
and petrochemical pole (INEA, 2011).

In order to perform the climatological characterization of MASP and
MARJ, two stations from the National Institute of Meteorology were
considered: S~ao Paulo (23.30� S; 46.37� W) and Rio de Janeiro (22.53� S;
43.11� W). The annual cycle of mean monthly rainfall, relative humidity,
air temperature, wind speed, nebulosity and sunshine duration for both
stations are presented in Fig. 2 from 1961 to 1990.

It can be observed that both regions have rainy summers (Dec. to
Mar.) and dry winters (Jun. to Sep.), with the highest precipitation values
being recorded in S~ao Paulo during the spring and summer (Fig. 2. B).
The average annual precipitation of 1441 mm and 1070 mm were
registered for S~ao Paulo and Rio de Janeiro, respectively. In addition,
relative humidity presented lower values during the winter months due
to less precipitation in that period in both regions (Fig. 2 A). The monthly
variability is not significant in other months in both regions, due to the
proximity to the ocean; and even in the MASP, located approximately
70 km from the coastline, moisture transportation from the ocean is quite
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Fig. 1. Localization of air quality stations in the MASP and in the MARJ regions. Tables 1 and 2 show the names of stations and basic statistics parameters for the pollutants available for
each station identified by number.
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significant (Freitas et al., 2007).
Both regions present very similar air temperature patterns, with

higher temperatures occurring from October/November to March (Fig. 2
C). Higher mean air temperature values are observed throughout the year
in Rio de Janeiro. The months of May, June and July were the ones
presenting the greatest differences in air temperature between the two
studied regions. On average, the differences were around 4.5 �C.
Therefore, the regions have different climate as observed in Fig. 2. S~ao
Paulo’s subtropical climate is characterized by dry winters, and warm
humid summers. Rio Janeiro’s tropical climate has its winter drier than
its summer, but with lower seasonal temperature variability than S~ao
Paulo (Alvares et al., 2014).

The Southeast of Brazil, where MASP and MARJ are located, is
affected by different weather systems (South Atlantic Convergence Zone -
SACZ, prefrontal instability lines, cold and warm fronts, high pressure
system and sea breeze), with the SACZ being the most important system
during the summer. In the winter, MASP is more greatly affected by cold
fronts than MARJ. However, the presence of high-pressure systems in
MASP may inhibit the entrance of cold fronts during winter, which in
association with air mass subsidence, inhibits cloud formation (Freitas
et al., 2007; Lima et al., 2010; Silva Dias et al., 2013).

2.2. Applied statistical analyses

This work used EVA as statistical treatment. EVA was used to estimate
the probability of unusual pollution peaks. Even short-term exposure to
air pollutant peaks can cause serious health diseases to the population.
Therefore, EVA can be seen as an important tool in order to assess the
incidence of pollution peaks to which a given population is exposed. Two
approaches were used: the first one is the Generalized Extreme Value
distribution (GEV), which was applied to the monthly maximum hourly
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concentration measures (Fisher and Tippett, 1928; Weibull, 1951; Jen-
kinson, 1955; Ercelebi and Toros, 2009); the second approach used
herein is the Generalized Pareto Distribution (GPD), often used to model
the tails of another distribution, composed of values above a threshold
(Pickands, 1975).

GEV is defined by three parameters related to the behavior of a dis-
tribution tail: shape (ξ), location (μ) and scale (σ). The value of the shape
(ξ) parameter defines three specific types of distribution: Gumbel (ξ→ 0),
Fr�echet (ξ > 0) or Weibull (ξ < 0) (Jenkinson, 1955). GPD uses the shape
(ε) and scale (σ) parameters to define the distribution, and the shape
parameter has an important impact on the character of the distribution. It
can be classified as Pareto type II distribution if ε < 0; usual Pareto dis-
tribution if ε > 0; and Exponential if ε → 0 (McNeil and Saladin, 1997;
Dominutti et al., 2016). The Pareto distribution can be used to model
several phenomena, such as size of cities, the highest one-day rainfall in
one year, number of hectares of forest affected by a fire, etc.

Many of the factors that influence atmospheric pollutant concentra-
tions are related to weather conditions, whose variations cannot be
captured by studying only the maxima over extensive periods (Piegorsch
et al., 1998). Therefore, the theory is applied to the daily maxima over a
threshold by using GPD, and monthly maxima data by using GEV. In
addition, one of the conditions for obtaining satisfactory statistical con-
clusions in the application of the extreme value theory is that the sample
data must be independent and identically distributed (i.i.d) (Roberts,
1979; Georgopoulos and Seinfeld, 1982). In the first case, the time series
is not stationary and has no autocorrelation, and the second case is
related to the probability density function that is constant in time
(Sharma et al., 1999).

The monthly maxima values were gathered in to two clusters for the
entire MASP data period, which presented a well-defined seasonal
behavior for all pollutant concentrations in the 18 analyzed stations.



Table 1
Air quality stations in MASP, measured pollutants concentrations and basic statistic pa-
rameters from the 1996 to 2011 dataset.

ID Station Pollutantsa Average S. D. Max. Min.

1 Cerqueira C�esar NO 72.43 85.54 1028.44 0.02
NO2 63.36 34.16 492.24 0
CO 1.48 1.18 15.16 0.01

2 Congonhas NO 157.86 145.41 1807.73 0.07
NO2 74.40 40.60 499.75 0.13
CO 2.27 1.65 24.3 0.01
PM2.5 21.49 14.31 160.42 0.05

3 Diadema O3 34.04 31.03 314.26 0.18
PM10 44.67 34.49 1084.98 0.02

4 Ibirapuera NO 21.20 56.24 1107.03 0
NO2 42.81 27.78 486.98 0
CO 0.91 0.86 18.51 0
O3 36.87 37.56 402.84 0.03
PM10 40.95 34.73 961.40 0.07

5 IPEN-USP PM2.5 16.62 15.33 152 0.15
6 Lapa NO 162.11 188.92 1332.78 0

NO2 53.11 37.01 334.97 0.02
CO 1.87 1.50 12.1 0.02

7 Mau�a NO 10.06 25.07 578.10 0
NO2 30.37 21.07 327.12 0.74
O3 38.53 34.17 380.57 0.05
PM10 38.19 31.58 769.94 0.01

8 Mooca O3 30.12 32.15 342.33 0.01
PM10 39.34 32.99 831.50 0.01

9 Nossa Senhora do �O O3 28.62 32.93 279.37 0
PM10 40.82 31.81 478.71 0.06

10 Osasco NO 105.83 89.79 895.50 0
NO2 62.45 30.19 461.23 0.01
CO 2.06 1.26 16.91 0.01

11 Parque D. Pedro II NO 54.30 80.33 1129.06 0.02
NO2 55.33 31.65 390.78 0
CO 1.27 1.10 18.46 0
O3 25.29 28.23 290.77 0.01
PM10 43.74 37.43 632.47 0.01

12 Pinheiros NO 57.25 111.94 1268.96 0.06
NO2 42.72 29.61 464.37 0.01
CO 1.09 1.04 14.38 0.0
O3 24.73 27.05 383.89 0.01
PM10 46.83 36.62 469.62 0.05

13 Santana O3 36.93 35.08 412.28 0.09
PM10 47.44 34.73 377.04 0.01

14 Santo Amaro CO 0.92 0.84 13.11 0.04
O3 40.05 34.60 390.04 0.01
PM10 46.71 38.40 472.77 0.02

15 Santo Andr�e -
Capuava

O3 35.00 30.99 311.58 0.01
PM10 38.06 28.66 443.28 0.01

16 S~ao Caetano do Sul NO 43.05 70.09 1167.80 0
NO2 50.50 29.35 437.24 0.14
CO 1.24 1.25 26.34 0.01
O3 37.88 32.95 381.24 0.02
PM10 41.40 32.60 557.32 0.01

17 S~ao Miguel Paulista O3 36.22 30.37 279.00 0.02
PM10 51.60 41.16 589.74 0.01

18 Tabo~ao da Serra NO 62.15 98.84 953.16 0.01
NO2 45.14 23.46 287.79 0.01
CO 1.39 1.25 13.84 0.05

a O3, NO, NO2, PM10 and PM2.5 in μg m�3; CO in ppm; PM2.5 from 2011 to 2014.

Table 2
Air quality stations in MARJ, measured pollutants concentrations and basic statistic pa-
rameters from the 2005 to 2011 dataset.

ID Station Pollutantsa Average S. D. Max. Min.

1 Adalgisa Nery O3 37.01 26.71 185.01 0.005
PM10 29.85 20.14 344.41 0.3

2 Campos Elísios O3 41.04 41.40 431.49 0.005
PM10 46.94 34.64 426.92 0.58

3 Itaguaí – Monte
Serrat

O3 34.91 24.18 178.91 0.005
PM10 31.71 21.43 304.63 0.63

4 Jardim Primavera NO 39.45 43.30 613.66 0.58
NO2 35.31 24.22 313.84 0.92
CO 0.60 0.30 12.11 0.05
O3 35.46 37.61 511.13 0.05
PM10 36.09 29.51 469.81 0.04

a O3, NO, NO2 and PM10 in μg m�3, CO in ppm.
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Cluster 1 (C1) ranges from May to August (winter), while cluster 2 (C2)
goes from September to April (summer). Therefore, the dataset was split
in to two seasons and fit two different extreme values models to satisfy
the i. i.d. condition. This approach was also performed, for instance, by
Küchenhoff and Thamerus (1996). The data analyzed fromMARJ did not
show a very pronounced seasonal pattern for all pollutant concentrations
as seen at MASP, and therefore they were not grouped. These different
patterns between the regions are mainly due to the aforementioned cli-
matic differences.

In order to perform an analysis using the GPD, an important practical
issue is the selection of the threshold. In this case, a 95% quantile was
used for choosing the threshold, which was obtained from the daily
maxima. Since the two regions have different concentration values, the
47
threshold value is different for each pollutant at each station.
2.3. Probability and return period

The probability of concentrations occurring above thresholds and of
presenting return period was calculated using the National Air Quality
Standard as a reference, and the limits recommended by the World
Health Organization (WHO). The return period is the estimated time of
occurrence of peak levels above thresholds for O3, PM10 and PM2.5,
which was calculated for all stations analyzed in MASP and MARJ in
order to find the stations with the highest probability of extreme values.
Although distribution shape parameter may help identify the places with
greater chance of extreme concentrations, the probability is also influ-
enced by other distribution parameters. In this work, the probability and
return period were only calculated for the GEV approach, since it fitted
two seasons in MASP. The following equation (1) was used (Bau-
tista, 2002):

p ¼ 1� exp
�
�
�
1þ ξ

�
x� μ

σ

���1
ξ
�

(1)

where (x) is the threshold value when ξ ≠ 0; (μ) and (σ) are the location
and scale parameters; (p) is theprobability (t ¼ 1

p), and (t) is the re-

turn period.

3. Results and discussion

3.1. Extreme value analysis

Figs. 3 and 4 show examples of plots obtained from the application of
the GEV approach for Ibirapuera (4) and Congonhas (2) stations, located
in MASP, and Jardim Primavera (4) station located in MARJ. The plots
are for PM10, PM2.5 and O3 in both clusters C1 (winter) and C2 (summer)
in the case of MASP. The discussion focus on PM10, PM2.5 and O3, since
they are the regular pollutants of the greatest concern in both regions
(Martins et al., 2015; Kumar et al., 2016; Gioda et al., 2016; Andrade
et al., 2017).

The probability plots show the empirical probabilities in the x axis,
with themodel probabilities observed in the y axis. A goodmodel that fits
the graphics should have a linear behavior as observed in Figs. 3 and 4.
The empirical data presented good fitting for both approaches - GEV and
GPD. The Figures also show the return periods (in years) for several
concentrations. PM10 concentrations of 150–300 μg m�3 are frequent in
C1, while in C2 the concentrations are in the range of 100–200 μg m�3.
PM2.5 concentrations follow the same behavior as PM10 in relation to
winter and summer. On the other hand, O3 presented an opposite
behavior, with O3 concentrations in the range of 100–150 μg m�3 in C1,
and 150–250 μg m�3 in C2. These behaviors are associated with the
different meteorological conditions observed during summer and winter,



Fig. 2. Annual cycle of monthly mean precipitation (A), relative humidity (B), average temperature (C), wind speed (D), nebulosity (E) and insolation (F) for Rio de Janeiro and S~ao Paulo.
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as already mentioned. The probabilities and the return periods for these
pollutants are discussed in a specific topic presented below.

Table 3 shows scale (σ), shape (ξ) and number (N) parameters
exceeding the GPD distribution threshold (95% quantile) fitted for MASP
stations for PM10, PM2.5, and O3.. The location, scale and shape param-
eters of the GEV distribution fitted for MASP in both groups (C1 and C2),
and for MARJ for all pollutants analyzed are presented as supplementary
material (Tables S1-S5). In the GPD approach, the shape (ε) parameter
demonstrates the tail model of the curve where if ε < 0, the model can be
considered as having a light (mild) tail; if ε > 0, the model is considered
as having a heavy tail, which indicates greater likelihood of extreme
values (Pickands, 1975).

In MASP, by analyzing the GPD results, it could be observed that, for
PM10, most of the stations showed a heavy tail model with ε > 0, with
station 4 (Ibirapuera) presenting the highest number of exceedances (N)
followed by station 11 (Parque Dom Pedro II). For O3, half of the stations
presented a light tail model and the other half presented heavy tails, with
the highest number of exceedances to the threshold occurring in station
4. The results from GEV (please refer to the supplementary material) and
GPD agree, indicating that station 4 presented the highest shape value for
O3, and therefore, it is the station that may present extreme concentra-
tions for that pollutant. For PM10, from GEV results, the higher shape
parameter values were found in station 9 (Fr�echet type, ξ ¼ 0.37) in C1
and station 4 in C2 (Fr�echet type, ξ ¼ 0.34), which also agree with the
GPD results. For PM2.5, station 2 showed a light tail model, since the ε
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value is less than 0. Station 5 presented a heavy tail model, with ε > 0.
However, station 2 presented the highest number of exceedances (N) to
the threshold. In addition, based in GEV results (see Table S1), the
location parameter (μ) is higher in station 2 (μ ¼ 107.01 in C1 and
μ ¼ 62.48 in C2) when compared with station 5 (μ ¼ 90.55 in C1 and
μ ¼ 51.55 in C2), as well as in relation to C1 (winter) and C2 (summer).

In MARJ, only four stations were analyzed due to the lack of available
data, consideringthe criterion of 80% valid data. Table 4 shows the GPD
parameters for MARJ stations. For PM10, there are positive and negative
values of ε for the same number of stations (2 stations) and therefore,
there is no predominant distribution for this pollutant. However, for O3,
only station 4 presented a heavy tail model, indicating the highest
number of exceedances (N) to the threshold in this station. For O3, ac-
cording to the results obtained from the GEV approach, both stations 4
and 2 presented similar distribution parameters, indicating that bothmay
have high probabilities to extreme events.

3.2. Probability and return period

The probabilities of having concentrations above thresholds (in μg
m�3) and the return periods (in years) for the extreme values were
calculated for O3, PM10 and PM2.5, and are shown in Tables 5 and 6, for
MASP and MARJ, respectively. The highest probabilities for O3, PM10
and PM2.5 among stations are highlighted. As previously mentioned, O3
and PM are the pollutants of main concern in urban areas, and therefore,



Fig. 3. Model adjustment and return periods graphics. Ibirapuera station for PM10 in cluster 1 (A1) and cluster 2 (A2); and for O3 in cluster 1 (B1) and cluster 2 (B2). . Congonhas station
for PM2.5 in cluster 1 (C1) and cluster 2 (C2).

Fig. 4. Model adjustment and return periods graphics for Jardim Primavera station, in MARJ, for PM10 (A) and O3 (B).
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the analysis was focused on them.
The probability of the occurence of extreme concentrations signifi-

cantly differs between winter and summer, as expected, in MASP. For
PM10 and PM2.5, the highest probabilities appear during winter (C1) for
stations 17 (S~ao Miguel Paulista) and 2 (Congonhas), respectively. The
return periods of concentrations above 250 μg m�3 and 100 μg m�3 are of
1.2 and 1.4 years, for PM10 and PM2.5, respectively. For example, in 2015,
many days (24-h average) registered values above 50 μg m�3 for PM2.5,
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which is twice the level recommended by WHO.
For ozone, differently from the particles, the highest probabilities

occur during summer (C2) for stations 4 (Ibirapuera) and 14 (Santo
Amaro) followed by station 7 (Mau�a), in MASP. Additionally, hourly
concentrations above 200 μg m�3 could occur, with a return period of
1.6 years at both stations 4 and 14. High concentrations were evidenced
in 2015, such as 199 μg m�3 for 8 h average, and 268 μg m�3 for 1 h
average at station 4.



Table 3
GPD parameters of scale (σ) and shape (ε) estimated for PM10, O3 and PM2.5 concentrations at MASP stations.

ID PM10 O3 PM2.5

σ ε aN σ ε N σ ε N

1 – – – – – – – – –

2 – – – – – – 27.72 �0.46 70
3 47.06 0.12 253 30.99 �0.02 224 – – –

4 64.03 0.13 273 35.70 0.03 277 – – –

5 – – – – – – 12.50 0.05 51
6 – – – – – – – – –

7 73.22 0.14 203 33.57 �0.08 258 – – –

8 49.06 0.12 164 45.46 �0.13 259 – – –

9 51.48 �0.04 226 24.88 0.04 132 – – –

10 – – – – – – – – –

11 52.30 0.17 269 34.14 �0.10 240 – – –

12 35.41 0.11 165 22.98 0.22 204 – – –

13 32.64 0.09 203 33.90 0.04 217 – – –

14 44.49 0.02 234 35.52 �0.06 129 – – –

15 37.17 0.11 263 27.38 0.03 190 – – –

16 57.20 �0.02 251 27.43 0.06 255 – – –

17 75.05 �0.20 130 43.76 �0.24 146 – – –

18 – – – – – – – – –

a N ¼ number of exceedances above threshold.

Table 4
GPD parameters of scale (σ) and shape (ε) estimated for PM10 and O3 concentrations at
MARJ stations.

ID PM10 O3

σ ε aN σ ε N

1 31.56 0.23 52 21.34 �0.10 52
2 53.50 �0.03 88 49.59 �0.08 85
3 58.56 �0.19 51 22.84 �0.26 53
4 37.84 0.16 113 38.64 0.08 103

a N ¼ number of exceedances above threshold.
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In MARJ, the highest probability of extreme values for O3 is observed
in stations 2 and 4, while for PM10, it was only observed in station 2.
These two stations are the ones presenting the lowest return period for
the occurrence of extreme concentrations for O3 and PM10. For instance,
the return period for an O3 concentration episode above 200 μg m�3 is of
1.4 years at station 2. In addition, it is the pollutant with the highest
Table 5
Probability of concentrations occurring above thresholds and the return period (years) for extre

Stations O3 (μg m�3) PM10 (μg m�3)

Pa (100) P (140) tb (200) P (50)

cC1 dC2 C1 C2 C2 C1 C2

1 – – – – – – –

2 – – – – – – –

3 0.871 0.998 0.518 0.923 2.3 1 0.999
4 0.977 1 0.667 0.981 1.6 1 1
5 – – – – – – –

6 – – – – – – –

7 0.964 1 0.680 0.971 1.9 1 1
8 0.863 0.990 0.477 0.878 2.2 0.998 1
9 0.824 0.988 0.263 0.807 4.0 1 1
10 – – – – – – –

11 0.781 0.934 0.428 0.734 3.7 0.999 0.998
12 0.720 0.972 0.291 0.729 3.9 1 0.995
13 0.936 0.998 0.571 0.929 2.0 1 1
14 0.876 1 0.538 0.981 1.6 1 0.994
15 0.876 0.980 0.491 0.824 3.0 1 1
16 0.874 0.999 0.574 0.936 2.2 1 1
17 0.930 0.968 0.548 0.841 2.5 1 1
18 – – – – – - -

a P ¼ Probability of concentrations occurring above threshold value.
b t ¼ return period in years for cluster with the highest probability of extreme values.
c C1 ¼ winter.
d C2 ¼ summer.
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frequency of extreme events among those analyzed in MARJ.
3.3. Comparison between the megacities

In order to evaluate the seasonal behavior of pollutants and compare
the magnitude of concentrations between the two metropolitan areas,
monthly average concentrations were calculated in two stations which
had more than 80% of valid data through the 2005 to 2011 period. MASP
presented the highest concentrations for CO and NO2 in relation to
MARJ. NO and PM10 (except for Jul. and Sep.) presented the highest
concentrations in MARJ, probably due to stationary sources, such as
petrochemicals, that are located close to that station. O3 presented spe-
cific behavior, with higher concentrations from January to June in MARJ
and from August to December in MASP. In addition, for O3 the proba-
bilities and return periods were similar for both S~ao Paulo and Rio
de Janeiro.

MASP presented a well-defined seasonal behavior, with higher
me value for MASP.

PM2.5 (μg m�3)

P (150) t (250) P (25) P (60) t (100)

C1 C2 C1 C1 C2 C1 C2 C1

– – – - - - - -
– – – 0.999 1 0.971 0.703 1.4
0.808 0.561 4.3 – – – – –

0.885 0.594 2.2 – – – – –

– – – 1 1 0.961 0.434 2.1
– – – – – – – –

0.934 0.644 2.5 – – – –

0.826 0.536 2.9 – – – –

0.731 0.471 6.3 – – – – –

– – – – – – – –

0.891 0.627 2.0 – – – – –

0.944 0.639 2.7 – – – – –

0.834 0.458 6.8 – – – – –

0.956 0.722 2.4 – – – – –

0.818 0.569 5.9 – – – – –

0.913 0.477 2.9 – – – – –

0.997 0.730 1.2 – – – – –

- - - – – – – –



Table 6
Probability of concentrations occurring above thresholds and the return period (years) for
extreme value for MARJ.

Stations O3 (μg m�3) PM10 (μg m�3)

Pa (100) P (140) tb (200) P (50) P (150) t (250)

1 0.803 0.260 76.5 0.997 0.364 14.1
2 0.991 0.941 1.4 1 0.694 5.9
3 0.726 0.241 ∞ 0.978 0.321 14.6
4 0.983 0.910 1.6 0.951 0.511 7.5

a P ¼ Probability of concentrations occurring above threshold value.
b t¼ return period in years for cluster with the highest probability of extreme values; (∞)

high return period.
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concentrations of CO, NO, NO2 and PM10 during winter, and O3 in spring
and summer, as presented in Fig. 5. During the winter months (June, July
and August), the entrance of cold fronts is inhibited and causes thermal
inversion at low levels of the troposphere, generating a high concentra-
tion of pollutants in MASP. Thermal inversions occur near the surface
with a higher frequency, and the pollutants stagnate close to the ground.
All these features make pollution dispersion more difficult. This is
different for O3, with many studies reporting that high O3 concentrations
at the surface are related with high pressure systems (i.e. ASAS), clear sky
conditions and high temperatures (Comrie and Yarnal, 1992; Jenkin
Fig. 5. Monthly mean concentrations of PM10 (A), O3 (B), NO (C), NO2 (D) an
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et al., 2002; Cooper et al., 2015). Summer provides higher temperatures
and higher incidence of solar radiation, but the presence of clouds can
change the solar radiation flux, thus reducing the photochemical re-
actions responsible for the ozone formation in MASP (S�anchez-Ccoyllo
et al., 2006; Martins and Andrade, 2008; Carvalho et al., 2015).

The pollutant concentrations do not reflect a well-defined seasonal
pattern in MARJ as observed in MASP. For example, the monthly average
CO concentrations in Jardim Primavera did not change significantly
throughout the year, and O3 presented its peak in February. It can be
observed that the highest values of O3 concentration occur in the spring
months in MASP (from September to December) and in the summer
months in MARJ (between January and March), as shown in Fig. 5. This
is probably due to the decrease in the cloud cover in MARJ in the months
of January and February, increasing the ozone formation; while in MASP
the nebulosity increases in summer afternoons and is lower during spring
months. These different patterns are consistent with the climatology of
the regions.

In addition, frequency distribution charts for the hourly concentra-
tions (2005 to 2011) were made for both regions, in order to compare the
frequency distribution of concentration, which are shown in Fig. 6. The
O3 and NO2 distribution profiles are very similar in both regions, with the
highest frequency observed in the range of low concentrations in Jardim
Primavera station (Fig. 6 B and D). That particular behavior can be
d CO (E) in Ibirapuera and Jardim Primavera stations from 2005 to 2011.



Fig. 6. Frequency distribution of PM10 (A), O3 (B), NO (C), NO2 (D) and CO (E) concentrations in Ibirapuera and Jardim Primavera stations from 2005 to 2011.
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observed for O3 in the range above the value of 140 μg m�3, in which
Jardim Primavera station still presented a high frequency of occurrences.
For PM10 (Fig. 6 A), the frequency distribution profile is also similar, but
with slightly higher frequency in the intermediate/high range concen-
tration values of up to 180 μg m�3 in Jardim Primavera station.

The profile with the most difference were registered for the pollutants
NO and CO (Fig. 6 C and E). For the first one, Ibirapuera is the station
with the highest value in the low range of concentrations, while Jardim
Primavera exceeds Ibirapuera in the concentration of 20 μg m�3 to
become the station with the highest frequency of occurrence in other
concentration ranges. For CO, Jardim Primavera station presented a
different behavior with a significant drop followed by various highs and
lows in the frequency of occurrence. However, Ibirapuera presented a
profile that showed an increase and then a soft decrease in the frequency
from the 1.5-ppm concentration, becoming the station with the highest
values in the intermediate/high range of concentrations, thus indicating
a great influence of vehicular emissions.

Fig. 7 shows the typical daily profile (Fig. 7A and B) and frequency for
hourly PM2.5 concentrations in two S~ao Paulo stations from 2011 to 2014
(Fig. 7 C). The station profiles are different, but present higher concen-
trations in the evening and around midnight due to (a) higher humidity
at that time, promoting the growth of particles; and (b) the lower height
of the boundary layer. A preeminent peak is observed around
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10:00–11:00 a.m. only at IPEN-USP station, which may be associated
with the transport of particles emitted earlier mainly by heavy-duty ve-
hicles burning diesel. There are important highways relatively close to
that station, crossing MASP from West to East, with an intense flow
of vehicles.

The frequency of PM2.5 concentrations is higher for lower concen-
trations, but concentrations from 50 to 60 μg m�3 are very common in
both stations, with almost half of the data in that range. The frequency of
extreme concentrations is higher at the Congonhas station than at the
IPEN-USP, with values of up to 130 μg m�3.

4. Concluding remarks

The extreme value analysis allows modeling data through mathe-
matical functions, and allows the use of these equations to estimate, even
for short periods, the values that can be expected in the coming years. In
this way, some converging results were found even from two different
approaches in extreme values.

In MASP, the probabilities of occurring concentration above thresh-
olds for CO, NO, NO2, PM10 and PM2.5 are more frequent during the
winter (C1), while for O3, these are more frequent in the summer (C2).
Ibirapuera station in general presented the highest probabilities of
extreme events in MASP. In MARJ, although only a few stations could be



Fig. 7. Hourly PM2.5 concentrations and their concentration-frequency distributions for 2011 to 2014 at (A) Congonhas and (B) IPEN-USP stations.
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analyzed due to the availability and quality of dataset, the pollutant
concentrations did not present a well-defined seasonal behavior, with O3
presenting the highest return period for extreme concentrations among
the analyzed pollutants. Comparing both megacities, MASP has higher
concentrations for all pollutants analyzed, except for NO and PM10 dur-
ing the summer. In addition, MASP shows higher probabilities for
extreme events, when compared with MARJ, which means a shorter re-
turn period of high concentrations, being O3 and PM2.5 the ones of
greatest concern.

The EVA approach can be used as a management tool, and the results
obtained may be used to support management actions. Finally, it is also
important to draw attention to the values recorded throughout the year
in the regions, which are higher than those recommended by WHO, and
therefore, can endanger the health of the population.
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