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GRAPHICAL ABSTRACT

ABSTRACT

We present a comprehensive review of published results from the last 30 years regarding the sources and
atmospheric characteristics of particles and ozone in the Metropolitan Area of Sao Paulo (MASP). During
the last 30 years, many efforts have been made to describe the emissions sources and to analyse the
primary and secondary formation of pollutants under a process of increasing urbanisation in the
metropolitan area. From the occurrence of frequent violations of air quality standards in the 1970s and
1980s (due to the uncontrolled air pollution sources) to a substantial decrease in the concentrations of
the primary pollutants, many regulations have been imposed and enforced, although those concentra-
tions do not yet conform to the World Health Organization guidelines. The greatest challenge currently
faced by the Sao Paulo State Environmental Protection Agency and the local community is controlling
secondary pollutants such as ozone and fine particles. Understanding the formation of these secondary
pollutants, by experimental or modelling approaches, requires the description of the atmospheric
chemical processes driven by biofuel, ethanol and biodiesel emissions. Exposure to air pollution is the
cause of many injuries to human health, according to many studies performed not only in the region but
also worldwide, and affects susceptible populations such as children and the elderly. The MASP is the
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biggest megacity in the Southern Hemisphere, and its specifics are important for other urban areas that
are facing the challenge of intensive growth that puts pressure on natural resources and worsens the
living conditions in urban areas. This text discusses how imposing regulations on air quality and emission
sources, mainly related to the transportation sector, has affected the evolution of pollutant concentra-

tions in the MASP.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The Metropolitan Area of Sao Paulo (MASP) is a megacity with a
population of 21 million (UN, 2014; City Population, 2016; IBGE,
2016), corresponding to more than 11% of the total population of
Brazil. It covers an area of 7947 km? and has a demographic density
of 2653.9 inhabitants km~2. The current share of people using
underground transportation in the MASP is 4.2 million, compared
with approximately 3.6 million passengers per day in London. The
first studies of air quality in the MASP were conducted in the late
1970s, when the Sao Paulo State Companhia de Tecnologia de
Saneamento Ambiental (CETESB, Environmental Protection Agency)
was created. At that time, the state of Sao Paulo was undergoing
considerable economic growth and migration from other states in
Brazil (Marques, 2016). Disorganised urbanisation and an increase
in the number of air pollution sources led to a critical situation
concerning air quality. The concentrations of regulated pollutants
regularly violate the air quality standards. In the 1980s, programs to
control the emissions of sulfur dioxide (SO) by industries began
with a change from residual oil-fired boilers to electrical boilers. As
the transport sector became the main actor for pollutant emissions,
the most effective program for the reduction of such emissions was
the nationwide implementation of the Programa de Controle da
Polui¢ao do Ar por Veiculos Automotores (PROCONVE, Program for
the Control of Air Pollution Emissions by Motor Vehicles), which
became the main driver for reducing air quality violations in Bra-
zilian cities (Brazilian National Environmental Council Resolution
no. 315/2002). According to Andrade et al. (2012), who applied
receptor models to elemental concentrations of fine particles in six
capital cities in Brazil (Sao Paulo, Rio de Janeiro, Curitiba, Belo
Horizonte, Recife and Porto Alegre), vehicular emissions are the
main source of fine particles in the largest cities of the country.
From 2001 to 2012, the vehicle fleet in the MASP grew by 76%
(Caderno Metropole/Observatorio das Metropoles, 2013) and
reached 11,858,293 in 2014 (DENATRAN, 2015; CETESB, 2014).
Another important factor for the reduction of carbon monoxide
(CO) emissions by the fleet was the creation of the National Ethanol
Program, known as “Prodalcool”, started in 1975 (to stimulate the
use of ethanol as fuel), which mandated the use of a mixture of
ethanol and gasoline (creating gasohol). That program had the side
effect of increasing the area of sugarcane cultivation and biomass
burning (from the agricultural procedure of burning off the leaves
and sheaths, collectively known as bagasse, before harvesting).
Currently, such burn-offs occur on only 10% of the land planted
with sugarcane and are supposed to be totally banned by 2017.

Although the emission per vehicle has decreased with time, the
concentrations of ozone and fine particles with a diameter less than
or equal to 2.5 um (PMy5) are not yet controlled (Salvo and Geiger,
2014; Perez-Martinez et al., 2015). There have been many efforts to
understand the role of biofuels in the formation of secondary par-
ticles (inorganic and organic) and ozone (e.g. Nogueira et al., 2015a;
Karjalainen et al., 2016). Souto-Oliveira et al. (2016) analysed the
time variation of the particle number concentrations, ozone and
fine particles, showing the impact of vehicle emissions on the

formation of these secondary pollutants. A modelling approach is
being considered in these studies of the secondary formation of
ozone and particles. In a recently published work using a numerical
model to investigate the impact of vehicular emissions on the for-
mation of fine particles in the MASP, Vara-Vela et al. (2016) sug-
gested that over 40% of the fine particle mass formation was due to
the emission of hydrocarbons (HC), mainly aromatics. Concerning
the role of biofuels in the formation of ozone in the MASP, there
have been some relevant studies. Nogueira et al. (2014) observed an
increase in the formaldehyde/acetaldehyde ratio. In a subsequent
study (Nogueira et al., 2015b), the authors showed that, among the
carbonyl species, formaldehyde and acetaldehyde are the two
largest carbonyl contributors to ozone production. They also
showed that these are the most abundant species, light duty ve-
hicles (LDV) emitting up to 3.5 times more formaldehyde and
acetaldehyde in the MASP than in California. In addition, Dominutti
et al. (2016) found the concentrations of non-methane hydrocar-
bons to be higher in the MASP than in other megacities worldwide
(Beijing, London, Los Angeles and Paris), despite the decreases in
the concentrations of these species observed in recent years in the
MASP.

In this review, we will show how the implementation of political
regulations had a positive impact on air quality and source appor-
tionment in the MASP, considering biomass burning from local
sources, as well as from distant sources that can affect air quality in
the MASP through long-range transport (hereafter referred to as
external sources). New studies concerning the formation of sec-
ondary organic and inorganic aerosols are also presented within
the scope of the specific volatile organic compound (VOC) emis-
sions into the MASP atmosphere from the combustion of biofuels.

The evolution of pollutant concentrations in megacities in other
parts in the world has been studied. For example, Parrish et al.
(2011) showed that, despite considerable economic growth, Los
Angeles, New York and Mexico City have made enormous progress
in controlling the factors that led to impairment of the air quality.
However, the authors also stated that air quality has to be improved
in order to be in line with the recommendations of the World
Health Organization (WHO).

European Air Quality Directive no. 2008/50/EC encouraged the
use of models in combination with the monitoring of zones where
the air quality does not comply with the directive, which poses a
challenge due to the use of different models and protocols in
different European countries. The APPRAISAL EU FP7 project
(Thunis et al, 2016) brought together experts from different
countries to establish a database considering the synergies among
different regions, air quality evaluation, health impact assessment,
source apportionment and uncertainties.

In South Asia, the surface and vertical transport of ozone is
controlled by the monsoon circulation, as shown with the use of air
quality modelling by Surendran et al. (2015). Wang and Hao (2012),
analysing the air quality situation in China, estimated that the
emissions of pollutants should decrease by an average of 50% in
order to conform to the ambient air quality guidelines proposed by
the WHO.
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The objective of this review was to synthesise the latest infor-
mation on particulate matter (PM) and ozone formation in the
study domain, analysing their source strengths and emissions, the
current state of the art for their characterisation, as well as for air
quality modelling, and the regulatory approaches to limiting their
probable effects on human health and climate change in the MASP.
In addition, we address the historical significance of policies, reg-
ulations and interventions. We also highlight research gaps and
suggest future priorities to fill those gaps. Other studies have
concentrated on the analysis of the air quality in the MASP by
focusing on vehicular emissions and their impacts on the air
quality, such as those conducted by Carvalho et al. (2015) and
Perez-Martinez et al. (2015). Both of those studies presented the
evolution of the concentrations of the regulated pollutants since
2000. To our knowledge, this is the first comprehensive review
article that brings together a number of technical aspects related to
PM, including fine particles, and its chemical composition, together
with ozone formation in the MASP in general.

2. Scope, aims and outline

This review focuses on the MASP, which is the largest urban area
in Brazil, and on two pollutants: PM in different size ranges,
including PMjo, PMy5 and ultrafine particles (UFPs, defined as
particles below 100 nm in diameter); and ozone. Although PM is of
greater importance from a health perspective, ozone is the only
pollutant in the MASP which shows a consistent trend toward an
increase (Perez-Martinez et al., 2015; Carvalho et al., 2015), due to
the use of large quantities of fossil fuels and biofuels (biodiesel and
ethanol). Therefore, aspects related to both of these pollutants are
reviewed in detail.

3. Historical perspectives on policies, regulations and
interventions

The first air pollution measurements in the MASP were taken in
late 1960s with a network for PM and SO, monitoring, with tech-
nical and financial support from the Pan American Health Organi-
zation and the WHO. In 1975, CETESB was charged with monitoring
air pollution and an air quality monitoring network was estab-
lished. The monitoring of SO, emissions by stationary sources
began in 1982, with the use of less sulfur in fuel oil and the
replacement of fuel oil with electricity or natural gas. Motivated by
the complaints of the population, the control of emissions from the
major sources became mandatory. The decrease in SO, concentra-
tions was attributed to the regulation of the stationary sources and,
in the 1990s, of the sulfur content in diesel fuel. Those interventions
resulted in a consistent decrease in SO, concentrations, as can be
seen in Fig. 1.

In 1975, in response to an increase in the international price of
the oil and a decline in sugar prices, the National Ethanol Program
was created. The Program required the initial use of 10% anhydrous
ethanol as an additive to gasoline, or the option of having modified
spark-ignition engines running exclusively on hydrated ethanol
(95% ethanol + 5% water).

The proportion of anhydrous ethanol in the blend has increased
over the years and is currently at 27%. The first effect of that was a
decrease in the concentration of lead (Pb) in the atmosphere. The
production of vehicles designed to run on ethanol increased when
subsidies and other factors reduced the cost of ethanol. However, in
1980, the international price of oil decreased. During that same
period, off-shore and natural oil reserves were discovered in Brazil.
In 1993, to maintain the levels of ethanol use, a law was created to
impose the use of gasohol, rather than gasoline. Emission standards
for motor vehicles in the MASP are determined by the PROCONVE,

established in 1983, which has defined increasingly restrictive
standards, especially for emissions of CO, VOCs, NOy and PMjo
(CETESB, 2014).

As the transport sector became the main actor for pollutant
emissions, the PROCONVE became the main driver for reducing air
quality violations in Brazilian cities. The PROCONVE was imple-
mented in phases, and the decrease in vehicle emissions has been
accompanied by an enforceable law to reduce pollutants, to pro-
mote the large-scale use of biofuels, such as ethanol and biodiesel,
and to reduce the sulfur content in fuels. The program dedicated to
LDVs, designated phase L1, was initiated in 1988, and each subse-
quent phase has been more restrictive than the one before.
Currently, the LDV program is in phase L6. For CO, HC and NO,,
respectively, the emission limits for new LDVs decreased from 24,
2.1 and 2 g/km in phase L2 to 12.0, 1.2 and 1.4 g/km in phase L3; 2.0,
0.16 and 0.25 g/km in phase L4; 2.0, 0.05 and 0.12 g/km in phase L5;
and 1.3, 0.05 and 0.08 g/km in phase L6. Efforts to reduce the
emission of pollutants by heavy-duty vehicles (HDVs) were delayed
in Brazil. Although PROCONVE regulations for HDVs were estab-
lished in 1990, there were no legally imposed limits for gaseous or
particulate emissions during phases 1 and 2 (P1 and P2, respec-
tively). However, in phase P3, limits of 4.9, 1.23, 9.0 and 0.4 g/kWh
were imposed for CO, HC, NO, and PM, respectively. Phase P4 was
more restrictive, an emission limit of 0.15 g/kWh being imposed for
PM, as well as limits of 4.0, 1.1 and 7 g/kWh, respectively, for CO, HC
and NOy. In phase P5, the emission of CO was limited to 2.1 g/kWh,
whereas those of HC, NOy and PM were limited to 0.66, 5.0 and
0.10 g/kWHh, respectively. In phase P6, the limits were reduced to
0.02 g/kWh for PM, 3.5 g/kWh for NOy, 0.46 g/kWh for HC and 1.5 g/
kWh for CO. The implementation of phase P6 was postponed due to
delays in the specification of the fuel (diesel) to be sold in Brazil.
That resulted in a similar postponement in the implementation of
phase P7, which consequently did not occur until 2012. In phase P7,
an emission limit of 2 g/kWh was imposed for NOy, which increased
the availability and enabled the commercialization of S-10, a diesel
fuel with a sulfur content of 10 ppm (Nogueira et al,, 2015a). In
phase P7, the emissions standards for CO, HC and PM remained the
same as they had been in phase P6. All PROCONVE phases are
presented in Fig. 1.

The PROCONVE standards are based on the standard emission
factors for new vehicles established by the US Environmental
Protection Agency (USEPA), which differ slightly from those
established by the European Union. Although the PROCONVE had
imposed mandatory emissions limits in 1986, some regulations for
truck and bus emissions were not imposed until the 1990s. In
addition, as part of the old fleet continues to run, the average
emissions are higher than the established limits.

The average LDV on the road in 2003 in Brazil still emitted
approximately 12.3 g km~! of CO (CETESB, 2004). The emission
values and their relationship to the concentrations of CO and NOy
are presented in supplementary material (S1).

In Fig. 1 is also presented, since 1980, the concentration of the
regulated pollutants CO, PMyg, O3, SO, and NO; (nitrogen dioxide)
for some air quality stations and the number of vehicles that run on
ethanol, gasohol, diesel and those which are flex-fuel vehicles (run
with gasohol or ethanol), the indication of the periods when each
phase of the program for controlling the emissions is also
presented.

The figure illustrates the direct impact of the implementation of
the programs for emission control, with a substantial decrease in
the concentrations of PMjg, SO, and NO, since the 1990s. In 1990,
the air quality standards were revised to include the concept of
primary and secondary standards. Perez-Martinez et al. (2015) and
Carvalho et al. (2015) performed a detailed analysis of the temporal
variation of the regulated pollutants due to the changes in fuels,
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Fig. 1. Evolution of the average values of CO, PMyg, O3, SO, and NO, concentrations measured at the CETESB air quality monitoring stations in the MASP, number of vehicles by
category (gasohol, ethanol and diesel) and the year of implementation of the Programa de Controle da Polui¢ao do Ar por Veiculos Automotores (PROCONVE, Program for the Control of

Air Pollution Emissions by Motor Vehicles) phases.

engines and air quality standards.

The Brazilian Conselho Nacional do Meio Ambiente (CONAMA,
National Environmental Council) was created in 1981, during a
period that was initially marked by a political and cultural envi-
ronment that envisioned development at any cost. Since then, the
CONAMA achieved its consolidation and established itself as a
standard in the context of practices related to sustainable devel-
opment. Its composition is decided by federal power and includes
representatives from all of the Brazilian states (including the Fed-
eral District of Brasilia) and, apart from the elected members and
those appointed by the most representative entities of the econ-
omy, including the industrial and agricultural sectors, members
that represent civil society through environmental entities of the
Republic, and the Federal Government through its main Ministries.

Air quality standards are objectives that should be reached
through control strategies set by emission standards and must
serve as guidelines for the creation of regional air pollution control
plans. In 1990, the CONAMA set national ambient air quality stan-
dards for seven principal pollutants (CONAMA Resolution no. 3,
June 28, 1990). According to the Resolution, primary air quality
standards are pollutant concentrations that if surpassed may be
hazardous to the health of the population, whereas secondary air
quality standards are pollutant concentrations that if surpassed can
have any adverse effects on the well-being of the population or
even minimal effects on the fauna, flora, goods and the environ-
ment in general. The current primary air quality standards are listed
in Table 1.

After 26 years, the Brazilian national air quality standard has yet
to be revised. As a consequence, two Brazilian states (Sao Paulo and
Espirito Santo) decided to implement local air quality standards.
The state of Sao Paulo changed its regulation in 2013 to include
standards for fine particles and more restrictive values for other
pollutants, as shown in Table 1. Comparing the Brazilian standards,
it is possible to observe that there is not a significant difference
between the local standards (for the state of Sao Paulo) and the
national standard. In addition to including new pollutants, such as
PM, s, in the local standards, the main objective was to comply with

the WHO guidelines. However, following the WHO recommenda-
tion, which says that to facilitate the implementation of their
guidelines, especially in more polluted areas, local authorities
should set interim targets which, if achieved, would result in sig-
nificant reductions in pollutant-related health risks and would
indicate progress toward the guideline values. Table 1 shows only
the values for the first interim target implemented in the state of
Sao Paulo in 2013. Two more intermediate interim targets must be
hit before the WHO guideline standard can be met.

Comparing the two Brazilian standards with those of the USEPA
and the European Commission, it is possible to find similar values
for some pollutants. For instance, the maximum concentration of
PM, 5 is approximately two times higher in the standard for the
state of Sao Paulo than in the USEPA standard and approximately
the same as in the European Commission standard for long-term
exposure. In contrast, the maximum concentration of PMjg in the
Sao Paulo standard (120 pg m~3) is more restrictive than that
stipulated in the USEPA standard (150 pg m~—3). For short-term
exposure to PMyp, the European Commission standard has the
same value as that listed in the WHO guidelines (50 pg m~3), which
is quite restrictive and difficult to implement in Brazil, without a
previous control, because of the high influence of large particles
emitted by resuspended soil, biogenic sources and marine sources.

The implementation of the Programa de Controle de Emissoes de
Motocicletas (PROMOT, Program for the Control of Emissions by
Motorcycles) was an important step toward bringing motorcycle
emissions in line with those already mandated for the light-duty
fleet. Under current Brazilian law, a motorcycle can emit 10 times
more pollutants than can a car manufactured in the same year. In
the MASP, motorcycles are responsible for 22% and 12% of CO and
HC emissions, respectively (CETESB, 2015). Slowly shifting the
current motorcycle fleet to e-bikes, such as those used in Beijing (Ji
et al., 2012), could bring substantial benefit to efforts to control
emissions from this important emission source. In addition, routine
inspection is important to ensure strict enforcement of the legis-
lation related to most vehicles.

A local program for reducing the emissions in the city of Sao
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Primary air quality standards®, for Brazil as a whole and for the state of Sao Paulo, together with the WHO Guidelines, American national air quality standard and European

Commission standard.

PM,s PM;, TSP S0, NO, Ozone co Pb Smoke
Brazilian standard (CONAMA no. Short-term - 150" 240° 365°(24h) 320(1h) 160°(1h) 10,000°(8h) — 150"
03/90) exposure (24 h) (24 h) 40,000° (1 h) (24 h)
Long-term — 50 80 80 (year®) 100 (year?) — - — 60
exposure (year)  (year?) (year©)
Standard for the state of Sao Short-term 60 120 240 60 (24h) 260 (1h) 140 (8 h) 9ppmv (8h) — 120
Paulo exposure (24h) (24h) (24 h) (24 h)
Long-term 20 40 80 40 (year®) 60 (year?) — - 0.5 (year®) 40
exposure (year®) (year®) (year®) (year©)
WHO guidelines Short-term 25 50 (24 h) — 20(24h) 200(1h) 100 (8 h) 10,000 (8 h) — -
exposure (24 h) 500 30,000 (1 h)
(10 min)
Long-term 10 20 - - 40 (year®) — — - -
exposure (year®) (year®)
American national standard Short-term 35 150 - 75 ppbv 100 ppbv 0.07 ppm 9 ppmv (8 h°) 0.15 (3 month -
exposure (24h°) (24h) (1h" (1h") (8 1) 35 ppmv average)
(1h°)
Long-term 12 - - - 53 ppbv - - - -
exposure (year") (year©)
European Commission standard Short-term - 50 (24 h) — 350 (1 h) 200(1h) 120 (8 h) 10 mg/m3 - -
exposure 125 (24 h) (8 h&X)
Long-term 25 40 - - 40 (year®) — 0.5 (year®) -
exposure (year®) (year®)

TSP, Total Suspended Particles.

All values expressed as pg.m >, except where otherwise indicated.

Not to be exceeded more than once per year.

Arithmetic annual mean.

Geometric annual mean.

Annual mean average over 3 years.

98th percentile average over 3 years.

Not to be exceeded.

99th percentile of 1-h daily maximum concentrations, averaged over 3 years.
98th percentile of 1-h daily maximum concentrations, averaged over 3 years.
Annual fourth-highest daily maximum 8-h concentration, averaged over 3 years.
Maximum daily 8-h mean.

3
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Paulo was the implementation, in 1996, of the system known as the
rodizio, in which each passenger car is prohibited from being on the
road one day per week (Jacobi et al., 1999). However, in 1997, the
program was changed to contemplate traffic congestion, and pas-
senger cars have since been prohibited from being on the road only
during peak hours (7—10 a.m. and 5—8 pm), still one day per week.
In 2009, the same program was extended to trucks (diesel-powered
vehicles), which promoted a different hourly emission profile. The
introduction of a congestion charge, as has been imposed in central
London and Singapore, has led to a reduction in congestion as well
as in traffic casualties, together with a reduction in car trips, a shift
in departure times and a switch to public transport (Santos, 2005;
Li and Hensher, 2012). A similar trial was conducted recently in
Delhi, in the form of odd-even car experiment. The Delhi alternate-
day car ban, in which vehicles with odd-numbered plates are
allowed to run only on odd dates and was intended to keep 20% of
the cars off the road. After exemptions for categories such as
women drivers, emergency vehicles, disabled drivers, the propor-
tional reduction in the number of cars on the road is equivalent to
only approximately 6%. Reports are thus far divided on its effec-
tiveness in terms of pollution reduction, although it produced im-
provements in traffic congestion similar to those seen in Sao Paulo.
Silva et al. (2012) estimated the benefits of the current trans-
portation system in the MASP in monetary terms, based on the air
quality-related diseases avoided.

Concerning long-range transport sources, sugarcane cultivation,
which is the main agricultural activity in the state of Sao Paulo, is a
major contributor. The pre-harvest burn-off of the bagasse is under
regulation and is scheduled to be banned completely in 2017.

4. Sources and emissions
4.1. Local vehicular sources

The MASP is currently characterised by local emissions of its
mobile sources. According to CETESB, road traffic accounts for 97.5%
of CO emissions, 79% of HC emissions, 67.5% of nitrogen oxide (NOy)
emissions, 22% of SO, emissions and 40% of PMjg emissions
(CETESB, 2015). Fig. 2 shows the total CO, NOy, HC and PMjo
emissions, according to the official inventory for the MASP. The
large amount of biofuels used in the MASP makes this region an
important example of the atmospheric chemistry of fossil fuel and
biofuel emissions. The 7 million vehicles run on gasohol, ethanol or
diesel (the last mostly for trucks and buses). The total fuel con-
sumption in the MASP is illustrated in Fig. 3. Of all vehicles in the
MASP, 85% are LDVs (e.g. passenger cars) running on gasohol or
hydrated ethanol, 3% are HDVs (e.g. trucks and buses) running on
diesel, and 12% are motorcycles running on gasohol.

Since 2003, the number of flex-fuel vehicles has been increasing,
their operators choosing to use gasohol or ethanol according to the
respective prices of the two. Since 2013, the use of S10 diesel fuel
has been mandatory for new diesel motors, although old trucks and
buses can still run on S500. All diesel fuel is a blended with 8%
biodiesel (mainly containing biodiesel from soybeans).

In the 1980s and 1990s, many industries moved their operations
to other cities with fewer restrictions on the installation of new,
potentially polluting, industries. Therefore, local industrial emis-
sions currently make only a small contribution to the concentra-
tions of air pollutants in the MASP.

In addition to the regulated sources mentioned above, a variety



M.E. Andrade et al. / Atmospheric Environment 159 (2017) 66—82

71

3 = Gasohol
\\\\ = Ethanol
80 AN @ Diesel
Industry
M Liquid fuel
I Secondary aerosol
60 Soil erosion
S .
< N
404 &\\\\ co 167x10° tons/year
HC 44 x 10° tons/year
NOXx 80 x 10° tons/year
20 PM,(5 x 10’ tons/year
0 T T

co HC

Fig. 2.

T

NOx

T
PMy,

State official source inventory for the year of 2015, in the Metropolitan Area of Sao Paulo, in tons yr~! (adapted from CETESB, 2015).

Fuel consumption (Billions of liters)

2007

2008 2009 2010

@ Hydrous Ethanol
m Gasohol

2011 2012 2013 2014
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of air pollutants are emitted from numerous unregulated sources in
the MASP, such as gas stations, bakeries, restaurants and pizzerias,
as well as from the burning of coal during outdoor grilling and from
civil construction activities, contributing to the local air pollution
(Kumar et al., 2016). For example, there are 8000 pizzerias in Sao
Paulo and approximately 80% of them use ovens that burn wood,
mainly eucalyptus (Lima, 2015), which are important contributors
to PM, especially under stable atmospheric conditions. Waked et al.
(2015) also found that outdoor grilling was a major contributor to
PM in Lebanon, accounting for more than 30% of total organic
carbon (OC) concentrations. The contributions that these unregu-
lated sources make to air pollution in the MASP have yet to be
quantified. Oyama et al. (2015) stated that primary biomass
burning contributed 10—30% of all carbonaceous aerosols in the
atmosphere of the MASP, sugarcane burning accounting for up to
15% of the OC concentration. Local sources of emissions from the
burning of wood and charcoal have been shown to represent no
more than 3% of the PM emitted in the MASP (Kumar et al., 2016).

Despite the increase in the number of vehicles and in the con-
sumption of fuels, pollutant concentrations have decreased in the
last ten years, the only exceptions being those of ozone and PM3 s. It
should be noted that, unlike other pollutants, for which hourly
pollutant concentrations have been recorded (by CETESB) since
1996, PM, 5 has been monitored only since 2005. Carvalho et al.
(2015) and Perez-Martinez et al. (2015) showed the impact of
implementing programs for controlling the vehicular emissions,

establishing emissions factors more restricted and in accordance
with international standards. Two programs—PROCONVE and
PROMOT—imposed emission factors for each category of vehicle,
including LDVs, HDVs and motorcycles.

4.2. Influence of other local and external sources

In addition to local sources, the ambient air quality of each city is
affected by the pollutants originating outside the city and trans-
ported to its airshed. External sources such as sugarcane burning
and forest fires upwind of the MASP during certain months of the
year contribute to pollution episodes in the MASP. Brazil is the
world's largest producer of sugarcane, with a sugarcane cultivation
area of 7.8 million hectares, accounting for 2.3% of the arable land in
the country and producing approximately 490 ( x 10°) kg yr!
(http://www.agricultura.gov.br/servicos-e-sistemas/sistemas/
Sapcana). Burning of sugarcane residue during the May—October
period has clear effects on local air quality by affecting PM chemical
composition in the MASP (Allen et al., 2009; Souza et al., 2014;
Vasconcellos et al., 2010). During the burning period, air masses
from the areas of biomass burning circulate over the sea and over
the biggest industrial park in the state (Cubatao, a city with
chemical, pharmaceutical, petrochemical, steel and fertiliser
manufacturing, among other activities) prior to reaching the MASP
(Vasconcellos et al., 2010). A number of dedicated field campaigns,
such as AMAZE-08 (Martin et al, 2010) and GoAmazon2014/5
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(Martin et al., 2015), have been carried out to quantify the impact of
biomass burning on air quality and climate in the Amazon region
and downwind areas. Those studies concluded that emissions from
biomass burning on the southern edge of the forest can be trans-
ported southward and south-eastward across the Atlantic coast of
Brazil and should be included in the quantitative assessments of
urban air pollution. Although the impact of biomass burning can be
observed in the PM,s5 composition (Miranda et al., 2017), its
participation is not easily quantified, due to local emissions from
the burning of residue, wood and charcoal (Kumar et al., 2016).
Souto-Oliveira et al. (2016) studied the behaviour of black carbon
and chlorine as tracers for the transport from the southeast (coastal
region) and northwest (agricultural region), as well as the impact of
those air masses on new particle formation. Oyama et al. (2015),
through analysis of the C values measured inside road tunnels,
showed that most of the elemental carbon (EC) and OC are related
to the fuels used in the transportation system. The ambient EC was
attributed to two main sources—vehicular emissions and biomass
burning, vehicular sources accounting for roughly 90% of EC during
weekdays and 80% of EC during weekends—whereas the OC con-
centrations were found to be dominated by secondary carbon from
vehicular emissions. The authors concluded that, in the MASP,
biomass burning accounts for 10—30% of the total carbonaceous
aerosols (EC + OC) and that sugarcane burning could account for up
to 15% of the OC, based on 3C and C measurements.

5. Characterisation of pollutants
5.1. Ozone

Tropospheric ozone is produced from the photochemical
oxidation of pollutants from vehicular emissions, which are
responsible for approximately 97%, 79% and 67% of emissions of CO,
HC and NOy, respectively. Diesel engines in HDVs, such as buses and
trucks, emit more than 40% of NOy (CETESB, 2016). In addition, large
quantities of ethanol are burned in Brazil, accounting for 19% of the
total fuel used in vehicles in the country (ANP, 2016) and for nearly
50% of that used in the MASP. As a consequence, relatively high
concentrations of acetaldehyde are found in the MASP. Ethanol
contributes to ozone formation in the MASP in two ways: the
emissions of acetaldehyde as a result of the incomplete combustion
of ethanol, which has high ozone-forming potential; and the direct
evaporative emission of ethanol despite its low ozone-forming
potential and reactivity. In the atmosphere, ethanol forms acetal-
dehyde and peroxyacetyl nitrate by photo-oxidation and oxidation
processes, which take several hours.

Recent studies have suggested that ozone concentrations in the
MASP can be reduced by the owners of flex-fuel cars shifting from
ethanol to gasohol (Martins and Andrade, 2008a). Two recent
studies (Madronich, 2014; Salvo and Geiger, 2014) suggested that a
switch from ethanol to gasoline use in Sao Paulo, in response to
changing prices, led to lower local levels of 0zone pollution. Studies
conducted in other cities around the world have demonstrated the
same adverse effect of ethanol on ozone concentrations. For
example, Jacobson (2007) analysing simulations scenarios for
August 2020, found that the use of a fuel containing 85% ethanol
and 15% gasoline increased concentrations of ozone (from 0.8 to
1.4 ppbv in Los Angeles and from 0.3 to 0.6 ppbv in the United States
as a whole), which led to increases in the mortality rates (120
deaths yr~! and 185 deaths yr—!, respectively in Los Angeles and in
the United States as a whole) and hospitalisation rates (by 645
admissions yr—!' and by 988 admissions yr—!, in Los Angeles and
United States, respectively). In addition, Ginnebaugh and Jacobson
(2012) showed that at low temperatures that same fuel (85%
ethanol; 15% gasoline) can enhance ozone production significantly

more than does gasoline.

Ozone concentrations in the MASP decreased between 1996 and
2006. For example, at one CETESB air quality monitoring station
(Ibirapuera), the maximum 1-h ozone concentration (max 1-h
ozone) was 374 ug m >, reached on 44 days, in 1996, whereas the
max 1-h ozone was 225 pg m >, reached on 18 days, in 2006. Fig. 4
presents the two highest (first and second) hourly concentrations
recorded in each year at the Ibirapuera station, showing that after
2006, an upward trend was observed in the maximum 1-h ozone
concentrations as well as in the number of days on which the na-
tional air quality standard was exceeded. For example, in 2015, the
max 1-h ozone was 268 pug m~> and was reached on 28 days, a
higher concentration and greater number of days than in 2006.
Therefore, it is necessary to understand the influential factors un-
derlying the upward trend in ozone concentrations since 2006.

In a NOy-inhibited regime, the decrease in NO, emissions,
mainly from HDV vehicles, could also influence the production of
ozone (Madronich, 2014). This largely agrees with the findings of
studies showing that simultaneous decreases in the emissions of
NO, and CO are greater on weekends than on weekdays, whereas
the inverse is true for ozone levels (Marr and Harley, 2002a, 2002b;
Harley et al., 2005; Gentner et al., 2009). In a study conducted in the
United States, Stedman (2004) also concluded that reductions in CO
and HC, both of which are ozone precursors, would lead to stable or
even increasing ozone levels due to a simultaneous reduction in
NOy emissions.

Initial studies of ozone production in the MASP analysed the
seasonal behaviour of ozone and its precursors, as well as sec-
ondary nocturnal peaks. Massambani and Andrade (1994) reported
two ozone peaks in the MASP, the first between 14:00 and 15:00
local standard time (LST) and the second (a nocturnal peak) be-
tween 3:00 and 4:00 LST, the second peak being related to the
vertical transport of ozone and its precursors from the residual
layer. In another study, Guerrero (2016) analysed the occurrence of
nocturnal secondary ozone peaks in the MASP using ten years of
hourly data and found that the secondary ozone peak occurred
around 4:00 LST, which was related to downward transport of
ozone (from aloft to the surface). Guardani et al. (1999) used a
neural network to study atmospheric ozone formation in the MASP
and found that temperature was the main driver of ozone
formation.

Boian and Andrade (2012) examined the contributions of local
and remote sources to the concentration of ozone by evaluating the
interactions of ozone transport between the Metropolitan Area of
Campinas (MAC, 100 km northwest of the MASP) and the MASP.
They reported that ozone concentrations in the MAC are associated
with local emissions, together with the transport of ozone and its
precursors from the MASP.

Biogenic emissions are known to have a large impact on the
ozone formation, due to the high reactivity of isoprene and ter-
penes, both of which are related to the production of reactive
biogenic VOCs (BVOCs). Using air quality modelling, Martins et al.
(2006) studied the impact of BVOCs on photochemical oxidant
formation in the MASP during winters of 1999 and 2000. The au-
thors found that BVOCs could contribute to an increase in con-
centrations of ozone and peroxyacetyl nitrate. The atmosphere
chemical regime of ozone formation is an important factor in the
estimation of this contribution. Using an air quality model,
Sanchez-Ccyollo et al. (2006a) evaluated the impacts of reactive HC
(RHC) and NOy on ozone formation, as well the meteorological
variables. They found that reductions in RHC emissions could
provide the best scenario for lowering ozone concentrations in the
MASP. Martins and Andrade (2008b) evaluated the VOC potentials
for ozone formation using a three-dimensional air quality model
and found that aromatics, olefins, ethane and formaldehyde are the



M.E. Andrade et al. / Atmospheric Environment 159 (2017) 66—82 73

430

380 o

330

280

Maximum hourly of ozone
concentrations (ug m)

N
w
o

180

1996 1998 2000

430
—e—First maximum

380

330

230

Maximum hourly of ozone
concentrations (ug m)

180

2006 2008 2010
Year

—e—First maximum

Second maximum

y=-12.209x + 24751

2002 2004 2006

Year

Second maximum

y =3.9818x - 7741.9

2012 2014 2016

Fig. 4. First and second maximum concentrations of hourly ozone at the CETESB Ibirapuera air quality monitoring station, from 1996 to 2015.

most important contributors to ozone formation in the MASP. In
addition, they confirmed that the ozone formation in the MASP is
more sensitive to changes in VOC emissions than to changes in NOy
emissions (i.e. ozone in the MASP is VOC-limited).

5.2. Ozone precursors

It is well known that VOCs (especially carbonyls and unsatu-
rated HC; e.g. alkenes) are major precursors of ozone formation
(Atkinson, 2000; Jacob, 2000), and that every VOC has a different
level of photochemical reactivity. Dominutti et al. (2016) showed
that there has been a decrease in HC concentrations over the last
decade in the MASP, particularly for aromatics, which diminished
by a factor of 2.3 at urban-traffic sites and by a factor of 4 at urban-
background sites. It is noteworthy that there was a marked
decrease in those concentrations in the MASP between 2006 and
2008, which is consistent with the increase in ethanol consumption
and in the number of flex-fuel vehicles, the only exception being
ethylene, the concentrations of which were higher in 2008 than in
2006. These results are in accordance with those of studies showing
a decrease in aromatic compounds and an increase in tailpipe
ethylene emissions when ethanol is added to gasoline (Poulopoulos
et al., 2001; Niven, 2005).

A reduction in VOC concentrations was also observed for alde-
hydes (Martins et al., 2008c; Nogueira et al., 2014, Nogueira et al.,
2015b), the major VOC being emitted from ethanol combustion.
Aldehyde concentrations obtained inside traffic tunnels in the
MASP over the last 20 years confirm the assertion that vehicles in
Brazil have emitted fewer and fewer aldehydes over the years. The
reduction in aldehyde emissions was largely due to the imple-
mentation of new vehicle technologies. During the 1980s, most

Brazilian vehicles did not use catalytic systems for the conversion of
exhaust gases and the engines were inefficient. Since 2003, flex-
fuel vehicles available on the Brazilian market have had modern
three-way catalytic converters. The monitoring of aldehyde emis-
sions by new cars has also contributed to that reduction (Nogueira
et al., 2015a). For vehicles running in the MASP in 2011, carbonyl
emissions from HDVs had greater ozone-forming potential on a
per-km-travelled basis than did those from LDVs (Nogueira et al.,
2015b). For both vehicle types, the largest carbonyl contributors
to ozone production were formaldehyde and acetaldehyde. Form-
aldehyde emissions were responsible for 53% and 67% of the
measured carbonyl reactivity for LDVs and HDVs, respectively,
compared with 47% and 33%, respectively, for acetaldehyde emis-
sions. These conclusions were also in accordance with the results of
Brito et al. (2015), who showed that the use of ethanol led to an
increase in acetaldehyde concentrations and a decrease in those of
aromatics (e.g. benzene). Further studies are needed in order to
characterise the evolution of VOC emissions in the atmosphere of
the MASP, especially through long-term measurements at different
sites.

5.3. Particles

Studies related to atmospheric aerosols in the MASP can be
tracked back to early 1973. Because of their importance as a driver
for climate studies and the relationship between PM concentra-
tions and the burden of diseases, such studies focused on the
composition and concentration of atmospheric aerosols. Some
studies (e.g. Orsini and Bouéres, 1977) sampled the mass size dis-
tribution variability with a sequential sampler and cascade
impactor. The concentrations of inorganic material determined
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with X-ray fluorescence analysis showed the impact of the amount
of sulfur (S) in the fuel and the presence of lead (Pb) and bromine
(Br) due to the tetraethyl Pb added to the fuel as anti-knocking
agent (Fig. 5). The concentration of PM; 5 was first measured in
the 1980s and was found to be approximately 30 pg m~>. Fig. 5
illustrates the time variation of PM from the 1980s to the present.
Although sample collection methods varied from year to year, most
of the samples were collected on the main campus of the University
of Sao Paulo, which is situated in the south-western zone of the city.
The elemental concentration was obtained by X-ray fluorescence
analysis performed with different equipment, starting with an
alpha beam in a Pelletron accelerator (Orsini et al., 1984; Orsini and
Bouéres, 1977), a linear accelerator in Ghent (Andrade et al., 1994), a
linear beam at the University of Sao Paulo Physics Institute
(Andrade et al., 1993; Miranda et al., 2002), and more recently in a
commercial X-ray fluorescence device (Miranda et al., 2012). The
data were frequently used for multivariate analysis in order to
identify the sources and their contributions to the concentration of
PM.

The X-ray analysis showed good consistency among the years,
with the expected decrease in S and Pb due to the air quality control
policy implemented. In the 1980s, the concentration of SO; often
exceeded the air quality standards (Alonso et al., 1997) and the
stationary sources have been controlled since then. At the end of
the 1980s, the use of passenger cars began to increase (Carvalho
et al, 2015). During the 1990s, the MASP experienced severe
pollution problems and an increase in the concentration of parti-
cles. Although the PROCONVE, implemented in 1986, had imposed
mandatory limits, regulations to control the emissions from trucks
and buses were not put in place until the 1990s.

As shown in Fig. 5, a significant decrease in the concentration of
Pb resulted from the change from leaded gasoline to gasohol and
from the use of pure ethanol as fuel. There was also a significant
decrease in the concentrations of vanadium (V) and nickel (Ni) also
showed a significant decrease, likely associated with the shift from
the use of oil-fired boilers to electrical boilers at industrial facilities.
Another possible cause was the process of deindustrialisation of the
city, during which some industries moved their operations to other
cities in the state of Sao Paulo or even to other states. Those moves
were prompted by the restrictions imposed on the installation of
new, potentially polluting, industries in the MASP, which were
motivated by the fact that the city was considered saturated for

many air pollutants, according to CETESB regulations. Although
some studies have attempted to correlate air pollution with
changes in climate conditions in the MASP (Silva Dias et al., 2013),
looking for relationships between rainfall and air pollution, no
direct link has been found, because of the high impact of large-scale
climatic conditions on local weather.

The elemental concentration has been considered for identifi-
cation of pollutant sources in the MASP. The first studies applied
factor analysis and absolute principal component analysis (e.g.
Andrade et al., 1993; Castanho and Artaxo, 2001; Sanchez-Ccoyllo
and Andrade, 2002). More recent studies have involved the use of
positive matrix factorisation and its comparison with the results
obtained with absolute principal component analysis. In all ana-
lyses, the main source is vehicular emissions, consistent with other
studies (Andrade et al., 1994, 2012; Sanchez-Ccoyllo et al., 2007). In
an experiment performed in 2003, conducted in the downtown
area of the MASP, vehicular emissions and industrial boilers
continued to be the most important sources (Albuquerque, 2003).

Castanho and Artaxo (2001) found that OC accounted for 40% of
PM, 5 in the MASP, and Ynoue and Andrade et al. (2004) estimated
that wintertime PM, 5 in the MASP consists of 34% OC, 9% EC, 19%
crustal material, and 8% sulfate. For the coarse mode, the main
source is the resuspension of urban dust, which is composed of
crustal material from pavement abrasion. Hetem and Andrade
(2016) analysed the composition of soil along roads and in road
tunnels. The analysis showed the presence not only of crustal ele-
ments but also of black carbon and of metals that are enriched with
crustal elements, such as Cr (chromium), V, Ni and Fe (iron).

In relation to the role of biofuel burning in the formation of fine
particles, there have been a few studies conducted worldwide,
including some which have indicated a decrease in particle emis-
sions after an increase in the use of biofuels (e.g., Younga et al.,
2012; Guarieiro et al., 2014). However, most such studies have
been preliminary and have used chassis dynamometers to evaluate
the role of biofuels. In the MASP, a recent decrease in the concen-
tration of black carbon has been reported (Andrade et al., 2012).
Monteiro dos Santos et al. (2016) presented concentrations of OC
and EC measured at four sites in the MASP: in a street canyon, in the
downtown area, in Ibirapuera Park and on the University of Sao
Paulo (USP) campus. The authors found that the concentrations
varied from 2.6 to 3.4 pg m~> for OC and from 1.5 to 6.1 pg m~> for
EC, the reported concentrations being lowest for the Ibirapuera
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Fig. 5. Mean annual concentrations of trace elements (in ng.m~>) present in the PMy 5 (in pg.m~>). The measurements were performed during different experimental campaigns
and at different locations in the MASP: Data for 1977 are from Orsini and Bouéres (1977); data for 1981 are from Orsini et al. (1984); data for the 1983—1986 period are from Andrade
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Park site and highest for the street canyon site. The EC concentra-
tions found for the USP campus site were comparable to those re-
ported in a previous study showing a decrease, although the
concentrations were still high when compared with those found for
the other sites. With the implementation of regulations for heavy
duty vehicles, the concentrations of EC are expected to decrease.
Tunnel studies have shown that emissions by the diesel fleet
constitute the main source of organic aerosols in the MASP
(Sanchez-Ccoyllo et al., 2009 and Brito et al., 2013).

5.4. Ultra fine particles (UFP)

Particles below 100 nm in diameter (UFPs) are produced
dominantly by the vehicular traffic (Kumar et al., 2011b, 2013b,
2014). Albuquerque et al. (2012) showed that primary pollutants,
such as nitric oxide (NO), correlated with particles less than 50 nm
and with particles between 50 and 100 nm. The authors observed
the occurrence of new particle formation as a result of the photo-
chemical process (Fig. 6). The high number of particles in the at-
mosphere over the MASP is related to vehicular emissions, as has
been reported for other cities around the world (Kumar et al., 2010,
2011a, 20134, 2014), and the amount of black carbon in the lower
stages of a cascade impactor has an impact on climate and adverse
health effects.

Some studies concerning number distribution were performed
in order to evaluate the emissions of nanoparticles and their hy-
groscopicity. Souto-Oliveira et al. (2016) showed that biomass
burning events were related to higher values of activation diameter
in Sao Paulo.

The authors also correlated the particle number concentrations
with the number of cloud condensation nuclei and showed the role
that primary emissions of inorganic and organic precursors play in
the formation of nucleation bursts. However, the use of biodiesel
has been shown to contribute to an increase in the UFP fraction
(Martins et al., 2011), for several reasons: increased numbers of
nucleation mode particles; reduced numbers of solid particles to
promote production of new particles via nucleation and their
growth to measurable sizes; and increased fuel mass flow rates to
achieve the same power output.

Although the combustion of gasoline in vehicles can lead to
higher UFP concentrations than does that of ethanol, some studies
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have shown that ethanol plays a role in secondary aerosol forma-
tion (Suarez-Bertoa et al., 2015). Emissions from diesel- and
biodiesel-powered vehicles also have an influence on secondary
UFP formation (Karavalakis et al.,, 2011; Hoekman and Robbins,
2012; Rahman et al., 2014). There was a need for improvements
in after-treatment technologies to reduce pollutant emissions, as
could be the case for LDVs and HDVs in the MASP (the vehicles are
currently newer and the situation has changed, even after increases
in the use of ethanol and biodiesel in the fuel blends). Goel and
Kumar (2015), evaluated the influence of nanoparticle emissions
due to traffic conditions and the population exposure at traffic
intersections.

6. Air quality modelling

Air quality modelling in Brazil began at the end of the 1990s,
when ozone concentrations over Sao Paulo were simulated by us-
ing offline models (Ulke and Andrade, 2001; Andrade et al., 2004;
Sanchez-Ccoyllo et al., 2006a, 2007; Vivanco and Andrade, 2006;
Martins and Andrade, 2008b). At that time, the way that turbu-
lence was treated in the models was a major concern, because the
models used were very simple in order to make it possible to
perform integrations with the computers that were available,
which were slow and lacked sufficient memory, both for integra-
tion and for data storage. As offline models do not allow an
appropriate representation of meteorological fields, the influence
of atmospheric conditions on air quality used to be performed by
using other numerical models or results from global analyses, as in
the studies conducted by Sanchez-Ccoyllo and Andrade (2002) and
Sanchez-Ccoyllo et al. (2006b).

Despite the limitations of the models applied in the above-
mentioned studies, the study conducted by Martins and Andrade
(2008a) made a major contribution. The authors evaluated a set
of different numerical scenarios, some of them involving reductions
in the concentrations of species that are associated with higher
ozone sensitivity, one specific scenario considering hydrated
ethanol as the principal fuel. The results suggest that both sit-
uations—improvement in the quality of Brazilian gasohol (re-
ductions in chemical species such as olefins and aromatics such as
benzene) and an increase in the participation of ethanol—could
produce a reduction in the ozone concentration. However, if the
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fuel considered were gasohol of good quality (California standards
in the first years of the new millennium), ozone concentrations in
the MASP could be increased by flex-fuel cars shifting from gasohol
to ethanol.

With the development of powerful computer systems, the
simulation of chemical reactions inside mesoscale models, the so-
called inline or online models, was made possible. In Brazil, two
different mesoscale models were applied with the purpose of
forecasting not only the atmospheric behaviour but also air quality.
The first of those models was the Regional Atmospheric Modelling
System (RAMS, Pielke et al., 1992; Cotton et al., 2003) that was
coupled with a Simple Photochemical Module, described in Freitas
et al. (2005), and a physically-consistent treatment for urban areas,
the Town Energy Budget, based on the work of Masson (2000), as
described in Rozoff et al. (2003) and Freitas et al. (2007). These two
parameterisations were also coupled to the Brazilian RAMS, which
is called BRAMS (Freitas et al., 2009, 2017; Longo et al., 2010). Many
studies have been made by using the BRAMS since then. Vendrasco
et al. (2009) applied the BRAMS to study the effects of biomass
burning aerosols on precipitation over the Amazon region. They
found that the influence of aerosols can cause precipitation to in-
crease, because of dynamic forcing on pressure gradients, or to
decrease, because of radiative forcing, depending on the aerosol
loading into the atmosphere. Freitas et al. (2009) described a major
development of the model for representing biomass burning and
related processes that culminate in the transport of aerosols and
gases far from their sources. The coupled aerosol and tracer
transport BRAMS is largely used in the operational air quality
forecast at the Centre for Weather Forecasting and Climate Studies
of the Brazilian National Institute for Space Research, the latest
version having been made available on the website (http://brams.
cptec.inpe.br/) and fully described in Freitas et al. (2017).

Another model that is being widely used in Brazil is the Weather
Research and Forecast with Chemistry (WRF/Chem) model,
described in Grell et al. (2005). For example, Wu et al. (2011)
evaluated the performance of the WRF/Chem model during the
dry season in South America, including its representation of aero-
sol, clouds, precipitation and chemistry. Although the authors
found problems in the cumulus and microphysical parameter-
isations in representing water vapor in the upper troposphere, the
spatial distribution of biomass burning aerosols was well repre-
sented by the model.

The WRF/Chem model is being employed for air quality fore-
casting in south-eastern Brazil (Andrade et al., 2015), because it
describes the formation of secondary organic aerosol and ozone,
which present a challenge not only for their control but also for
understanding their formation processes. The comparison between
simulated and measured concentrations has shown good statistical
indices for the MASP. Vara-Vela et al. (2016) used the WRF/Chem
model to study how vehicular emissions can affect fine particle
formation and showed that approximately 30% of secondary par-
ticle production in the MASP is due to primary gases emitted
mostly by vehicles.

6.1. Emissions modelling

Vehicular emissions are the main source of precursors for ozone
and secondary aerosol in the MASP. The CETESB provides a yearly
official mobile inventory for the MASP for CO, NOy, SOy, VOCs and
PMo. The vehicle types consist of motorcycles, LDVs and HDVs with
emissions from the following process: exhaust, evaporative and
refuelling and crankcase. Vehicular emissions decreased from 1990
to 2015: from 1308 kton to 163 kton for CO, from 207 kton to 40
kton for VOCs, from 200 kton to 55 kton for NO,, from 21 kton to 1.5
kton for PM1p and from 78 kton to 1.5 kton for SOy. The greatest

challenges for emission modelling in the 1990s were to distribute
the emissions of pollutants spatially and temporally and to allocate
the total VOCs into the chemical compound classes based on the
Atmospheric Chemical Mechanisms and VOC Reactivity Scales
mechanism used at that time (Andrade et al., 2004). Emission
factors were taken from the literature, where there is little infor-
mation concerning the combustion of fuels such as ethanol and
gasohol. Several ambient and tunnel measurement campaigns took
place from the early 2000s to 2011 (Martins et al., 2006; Perez-
Martinez et al., 2014; Nogueira et al., 2015b). These studies pro-
vided real vehicular emission factors, which were continuously
incorporated into the emission models.

There is a lack of knowledge regarding the contributions of the
emission sources and their temporal and spatial variability. To
overcome this problem, different methods were applied, including
the use of nocturnal satellite data (Martins et al., 2013), the Inter-
national Emission Database emission inventory (Vara-Vela et al.,
2016) and more recently the Mobile Emissions Scheme, devel-
oped by Ibarra et al. (2016, submitted). However, there is still a lack
of adequate information for fixed sources to be used for air quality
modelling. Surrounding the MASP, there are major industrial cen-
tres (in the regions of the cities of Campinas, Cubatao, Sorocaba and
Sao José dos Campos) and thermal power plants burning sugarcane
bagasse, all of which can influence the atmospheric chemistry of
the state of Sao Paulo. Kawashima et al. (2015) prepared an emis-
sion inventory of pollutants emitted from power thermal plants
burning sugarcane bagasse in Brazil, and PM proved to be the most
representative pollutant emitted by this sector.

The newest version of the Mobile Emissions Scheme (Ibarra
et al., 2016; submitted) consists of a bottom-up approach, using
vehicular counts on different types of roads and emissions for
several pollutants for each road in the MASP on an hourly basis.
Those emissions will be used as input for air quality modelling.

7. Exposure and health

Heavy air pollution conditions in the MASP have been reported,
which has serious effects on human health. According to Bravo et al.
(2016), more than 99,000 deaths are attributed to air pollution
every year. In a modelling analysis, Miranda et al. (2012) showed
that nearly 10,000 deaths per year are associated with PMj 5. The
population segments at the greatest risk are the elderly and chil-
dren. For example, Saldiva et al. (1994) found a significant associ-
ation between childhood mortality due to respiratory diseases and
NO, levels. Foetal mortality in the MASP has been shown to
correlate strongly with the NO; concentration, as well as (to a lesser
degree) with the concentrations of SO, and CO (Pereira et al., 1998).
Lin et al. (1999) estimated an increase of 20% in emergency room
visits by children for respiratory diseases on the most polluted days
in the MASP. In addition, Braga et al. (1999) found that the mean
levels of PM1o were associated with a 12% increase in the incidence
of respiratory diseases among children under 13 years of age.
Conceicao et al. (2001) also found that childhood deaths from
respiratory diseases correlate positively with the concentrations of
CO, SO, and PMyy. Other studies conducted in the MASP have found
associations between increased admissions for respiratory diseases
in children and the concentrations of air pollutants such as PMyg,
CO, SO, and ozone (Gouveia and Fletcher, 2000; Freitas et al., 2004).
The SO, concentration is also associated with neonatal deaths, as is
that of PMp (Lin et al., 2004). Ribeiro and Cardoso (2003) showed
that the control of a single pollutant was insufficient to protect
child health and that political control should be reinforced in order
to yield health benefits in the MASP. Synoptic events can also affect
air pollutant concentrations and as a consequence wheezing in
children, as shown in Mendez et al. (2014). Ozone is also directly
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associated with diabetes and cardiovascular diseases, as shown in
Pereira Filho et al. (2008). The elderly are greatly affected by the
damaging effects of air pollution. In a study conducted by Saldiva
et al. (1995), the correlation between pollution and mortality in
individuals > 65 years of age was most significant for PMjq, the
dose-response relationship being nearly linear with no evidence of
a safe threshold level. In the MASP, an increase of 10 pg m~> in SO,
corresponds to an increase of 3.4% in the number of deaths from
myocardial infarction (Sharovsky et al., 2004). Gongalves et al.
(2007) presented similar results, in which the determination of
the impacts of PMjg and SO, as well as thermal comfort indices,
were found to be the best tools for comparing weather and pol-
lutants with cardiovascular mortality and morbidity in the MASP. In
addition, PMg and SO, have been shown to have acute effects on
chronic obstructive pulmonary disease-related morbidity, whereas
CO and NO; have been shown to have slight deleterious effects on
health in the elderly (Arbex et al., 2009). A 10-year analysis in the
MASP showed that an increase of 10 pg m~ in the concentration of
PMjg causes an increase in the relative risk of death from respira-
tory diseases in the elderly (Pinheiro et al., 2014). Recently, Segalin
et al. (2016) characterised the mass of size-segregated PM in elderly
residences in the MASP and found, for example, that the indoor
concentrations of PMy5 and PMjo were higher than the outdoor
concentrations in approximately 77% and 40%, respectively, of
those residences.

The health effect of exposure to air pollution is dependent on
the dose-response relationship, and the exposure time and con-
centrations are therefore crucial. For example, Braga et al. (2001)
found that adolescents (individuals over 13 years of age)
appeared to be one of the groups that are most susceptible to air
pollution in the MASP, second only to children 0—2 years of age,
because they are more exposed to outdoor air pollution than are
children between 3 and 13 years of age. In addition, the associations
are significant within a time lag of 1-7 days and are dose-
dependent. Many studies concerning air pollution and health ef-
fects, especially for elderly people and children (children being
more susceptible), have been conducted in the MASP. However,
there have been few studies evaluating the size and chemical
composition of particles and their health effects. Therefore, some
scientific gaps remain. For example, what are the main chemical
elements and particle size ranges responsible for respiratory dis-
eases in children and elderly in the MASP? What is the intake doses
of particles received by a person living in Sao Paulo considering
outdoor and indoor environments? Martins et al. (2010) studied the
UFP number distributions in the MASP under clean and polluted
periods, and they found that the total UFP number did not differ
significantly between the periods, even with more significant ef-
fects of particle deposition on human respiratory health under
clean atmospheric conditions), because the geometric mean
diameter was larger under polluted conditions than under clean
conditions. Oliveira et al. (2011) conducted a systematic review
considering the physical and chemical characteristics of pollutants
and their health effects in Brazil. However, further studies con-
cerning the real indoor and outdoor exposure and health effects are
needed, even in medium-sized cities.

8. Climate change and its impact on air quality, human
activities and public health

The climate in the MASP is subtropical, with mild temperatures,
warm, humid summers (December through February) and cool, dry
winters (June through August). The annual average, minimum, and
maximum temperatures in the city of Sao Paulo were 19.2 °C,
15.5 °C and 24.9 °C during the 1961—-1990 period (INMET, 2016).
Temperatures in MASP, however, may drop near 0 °C in winter and

rise above 30 °C in summer, depending on the occurrence of
meteorological phenomena at various scales, including frontal
systems, sea breezes and the urban heat island effect. The distri-
bution of rainfall is also influenced by weather systems such as cold
fronts, the South Atlantic Convergence Zone, squall lines and sea
breezes.

Brazil has experienced climate changes since the 1950s. Such
climate changes have included increased air temperature, wind
speed, and atmospheric stability, as well as reduced precipitation,
relative humidity, and cloud cover (e.g. Ackerman et al., 2000;
Kaufman et al., 2002; Hoffman et al., 2003; Oyama and Nobre,
2003; Koren et al., 2004; Andreae et al., 2004; Costa et al., 2007;
Sampaio et al, 2007). As a consequence of climate change,
extreme weather events have become more intense and frequent in
south-eastern South America (Marengo et al., 2009). Examples of
these events include several heat waves in 2004 in the MASP
(>32.1 °C) and in Rio de Janeiro (Nobre et al., 2010) and in most of
Brazil (>40 °C) in 2014 (Alves et al., 2016), as well as severe drought
events in Brazil in 1998, 2005 and 2010 (Aragao et al.,, 2007;
Marengo et al., 2016).

The heat wave in Brazil in January and February of 2014
increased energy consumption due to increased demand for resi-
dential air conditioning (MME, 2014a, b). Such an increase has
sequential impacts on the climate, air quality, ecosystem, economy
and human health. For example, the rising atmospheric CO, con-
centrations resulting from increased carbon emissions will in turn
accelerate the rate of anthropogenic global warming. Extreme flood
and drought events can cause not only economic and ecological
damage but also the loss of lives.

A number of studies have projected climate changes under
various scenarios in Brazil using general circulation models and
dynamical downscaling methods with regional climate models (e.g.
Grimm and Natori, 2006; Vera et al., 2006; IPCC, 2007; Baettig et al.,
2007; Bombardi and Carvalho, 2009; Marengo et al., 2009, 20104, b;
Rusticucci et al., 2010; Llopart et al., 2014). For example, Nobre et al.
(2010) projected an increase in the number of hot days and warm
nights, as well as a reduction in the number of cold days and cold
nights, in the MASP. Considering an urban growth scenario to
analyse the urban expansion from 2008 to 2030, Young (2013)
found that the area will increase by 38%, with a simultaneous in-
crease in the flood risk zones.

In addition to the disruption of future natural systems, climate
change will have a variety of impacts on future human activities,
health and migration, as well as on various sectors, such as agri-
culture, industry, food production, forestry and tourism. The ex-
amples of health impacts may include increased mortality and
morbidity due to climate extremes and associated air/water/soil
pollution, increased outdoor and indoor discomfort conditions for
human activities, an increase in infectious diseases associated with
water scarcity (e.g. diarrhoea), poor nutrition, and a hot, dry climate
(e.g. dehydration, respiratory diseases and dengue fever), as well as
regional redistribution of endemic diseases due to the migration of
populations from rural areas to the large cities and from arid/
drought regions to non-drought regions. Several studies have
examined the impacts, in Brazil in general and in the MASP, of
climate change on public health (Confalonieri et al., 2009); agri-
culture and industry (Oliver et al., 2012); tourism (Jenkins and
Nicholls, 2010); maritime navigation (Pezzoli et al., 2013); and
residential conditions (Alves et al., 2016). For example, Confalonieri
et al. (2009) applied an “exposure—response” model to study
vulnerability of the Brazilian population to the health impacts of
climate change. They found that the north-eastern region is the
most vulnerable region in terms of the possible impacts of climate
change on tropical infectious diseases, resulting from a combina-
tion of poor socio-economic indicators, a semi-arid climate prone
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to extreme variations and the persistence of major endemic infec-
tious diseases such as malaria, dengue fever and leptospirosis in
this region. Alves et al. (2016) studied indoor thermal performance
and comfort for the elderly in the MASP and reported an increase in
heat sensation and a decrease in cold sensation in comfort condi-
tions under the climate scenarios, which, in conjunction with
climate change and heat waves, may lead to heat discomfort.
Batista et al. (2016) studied the effect of projected climate change
on the thermal comfort index, the indoor perceived equivalent
temperature (IPET), over the MASP under the representative con-
centration pathway 8.5 scenario. They reported a warming pattern
for IPET, which increased from 19.1 to 21.3 °C during the
1975—2005 period to 23.5-25.1 °C for the projected period
(2065—2099). Such increases in IPET could affect many aspects of
human life and even the entire society of the MASP. A few studies
have examined the benefits of climate mitigation strategies. For
example, Cifuentes et al. (2001) studied the potential local health
benefits of adopting greenhouse gas mitigation policies in four
megacities: Mexico City; Santiago (Chile); Sao Paulo; and New York
City. The authors reported that, among those four cities, Sao Paulo
would have the second highest avoided mortality (a total of 12,481
annual deaths currently being caused by PMg and ozone exposure)
resulting from greenhouse gas emission controls. However, there
have been a limited number of studies that have reported health
impacts related to the direct effects of climate extremes (e.g.
storms, floods and drought), because of the lack of a reliable na-
tional database on morbidity and mortality related to these events
in Brazil. To address this knowledge gap, a new program, a Platform
for Understanding Long-term Sustainability of Ecosystems and
Human Health (referred to as PULSE-Brazil, http://www.pulse-
brasil.org/tool/) has recently been established to examine the im-
pacts of climate extremes on ecosystems and human health in
Brazil (Marengo et al., 2016). In a recent study sponsored by the US
National Institutes of Health, mortality in Sao Paulo was found to be
associated with cold and heat waves during the 1996—2010 period
and certain subpopulations, such as the elderly, were found to be
more vulnerable than is the general public (Son et al., 2016).

9. Summary, conclusions and future outlook

Many successful programs implemented by governmental
agencies, following international initiatives, have been reducing the
emission of primary pollutants by stationary and mobile sources in
the MASP. Although these programs for monitoring industrial and
vehicular sources were highly successful in reducing the emissions
of primary atmospheric pollutants such as CO, NOy, SO, and PM,
those of secondary pollutants, such as ozone and fine particles,
have yet to be controlled. Carvalho et al. (2015) reported the values
of annual mean tendency of the concentrations of all pollutants
monitored by CETESB from 1996 to 2009. The authors showed a
clear decrease in the pollutants monitored, except for O3. Annual
mean concentration levels decrease for CO (10 of 10 stations), NOy
(7 of 8 stations), PMyg (20 of 20 stations), SO (5 of 5 stations) and
05 (6 of 11 stations).

Many efforts have been made to quantify the role of VOCs in
ozone formation, based on the specific attributes of the biofuels
used in the MASP. However, the results have shown that, despite
the use of biofuels, ozone concentrations have not decreased; on
the contrary, such concentrations have shown a slight increase over
time.

On the basis of this review, we can make some recommenda-
tions to improve the air quality in the MASP, which can also be
applied to other urban areas in South America. The impacts of
emissions by some sources have not been properly evaluated, such
sources including evaporative emissions, in the refuelling process

at gas stations as well as running losses, and the use of wood and
charcoal for cooking in restaurants and elsewhere. As the big
challenge in many urban areas in the world is the transportation
sector, which is responsible for most of the emissions and impairs
quality of life, in terms of accessibility and loss of time, impacting
the most vulnerable population (residents of the periphery). Ini-
tiatives to improve public transportation, by using cleaner fuels and
applying new technologies to reduce noise and travel time, will
improve quality of life. Despite the fact that half of all emissions of
CO, HC and NOy in the MASP are from vehicles that are more than 10
years old, the scrapping of old vehicles is not obligatory in the city
(with the exception of city buses, which are taken off the road after
5 years). In this context, the obvious step would be to scrap old
vehicles (those 10—15 years of age), which would be in line with the
established practices in most megacities. As for air quality stan-
dards, the implementation of the WHO guidelines would enforce
more restrictive standards for pollutant emissions.

Although the use of air quality modelling combined with
observed (measured) values has proved to be a powerful tool in the
description of the dynamics of photochemical formation of pol-
lutants, there is still room for improvement in the emission in-
ventories. The lack of information concerning stationary sources
and evaporative emissions is an important barrier to describing the
formation of secondary pollutants in the MASP.

Although climate changes in the MASP have been studied
extensively, there have been a limited number of studies on the
impact of such changes, climate extremes in particular, on air
quality and human health, which warrants further research. Fewer
studies have been performed to understand the chemistry-climate
interactions in Brazil, particularly the feedbacks of air pollutants,
such as atmospheric aerosol, to the climate system.
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