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We present a high-resolution air quality study over Sao Paulo, Brazil with the EURopean Air Pollution Dispersion
- Inverse Model (EURAD-IM) used for the first time over South America simulating detailed features of aerosols.
Modeled data are evaluated with observational surface data and a Lidar. Two case studies in 2016 with distinct
meteorological conditions and pollution plume features show transport (i) from central South America, associ-
ated to biomass burning activities, (ii) from the rural part of the state of Sao Paulo, (iii) between the metropolitan
areas of Rio de Janeiro and Sao Paulo (MASP) either through the Paraiba Valley or via the ocean, connecting
Brazil’s two largest cities, (iv) from the port-city Santos to MASP and also from MASP to the city Campinas, and
vice versa. A Pearson coefficient of 0.7 was found for PM10 at MASP CENTER and EURAD-IM simulations vary
within the observational standard deviation, with a Mean Percentual Error (MPE) of 10%. The model’s vertical
distributions of aerosol layers agree with the Lidar profiles that show either characteristics of long-range
transported biomass burning plumes, or of local pollution. The distinct transport patterns that agree with sat-
ellite Aerosol Optical Death and fire spot images as well as with the ground-based observations within the
standard deviations, allows us exploring patterns of air pollution in a detailed manner and to understand the
complex interactions between local to long-range transport sources.

Urban areas

1. Introduction

Global air pollution emissions have strongly increased due to trans-
portation, energy production and industrial activities, mostly concen-
trated in densely populated areas. Such conditions give rise to numerous
public health problems such as cardio-respiratory diseases and agents of
premature deaths (Saldiva et al., 1994; Faiz et al., 1996; Lanki et al.,
2006; Gurjar et al., 2008; Asmi et al., 2009). Environmental impacts are
particularly severe in cities of about 10 million or more inhabitants - also

known as megacities. According to United Nations (2018), in 2018, 1.7
billion people, which corresponds to 23% of the world’s population,
lived in a city with at least 1 million inhabitants, while this number is
projected to accrue to 28% by 2030. These cities range from urban areas
with relatively clean air in industrialized nations to highly polluted
cities in the developing countries (Molina and Molina, 2002, 2004;
Molina et al., 2007; Gulia et al., 2015). Thus, megacities tend to be
global risk areas due to a dense concentration of people and extreme
dynamics. Their inhabitants are vulnerable to air pollution inducing
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adverse health impacts (Gurjar et al., 2008). Such risks need to be
estimated to support national and international efforts to improve the
sustainability of megacity life worldwide.

Atmospheric models with explicit treatment of the physical and
chemical processes have become powerful means to the studies of the
urban air pollution impacts. A plethora of modeling studies is available
focusing on different aspects of the pollution impact, such as pollution
episodes (Jiang et al., 2017; Aleksankina et al., 2019), regional and
long-distance transport (Tie et al., 2007; Lin et al., 2010; Andrade et al.,
2015; Rafee et al., 2017; Albuquerque et al., 2018), secondary formation
of gases and particles (Jiang et al., 2012; Lowe et al., 2015; Wang et al.,
2005; Wang et al., 2016; Vara-Vela et al., 2018), and the effects of land
use and land cover changes (Capucim et al., 2015; Rafee et al., 2015).

In general, Chemistry Transport Models (CTMs) are tools that
simulate the formation, transport, chemical transformation, and depo-
sition of particles and gas-phase species. The level of sophistication
depends on the degree of complexity of the model by simulating the
weather and air quality of a region, it is possible to assess the current
level of pollution (Alonso et al., 2010; Vara-Vela et al., 2016, 2018;
Albuquerque et al., 2018; Pedruzzi et al., 2019), track trends (Carvalho
et al., 2015; Andrade et al., 2015; Zhang et al., 2018), define re-
sponsibilities for air pollution levels (Ring et al., 2018; Song et al.,
2019), assess the potential impact of future emission sources (Collet
et al., 2018; Campbell et al., 2018), study emission reduction scenarios
(Alonso et al., 2010; Andrade et al., 2012; Wang et al., 2016; Albu-
querque et al., 2019; Yu et al., 2019; Andreao et al., 2020; Pinto et al.,
2020) and estimate the health impacts (Boldo et al., 2014; Ding et al.,
2016; Andreao et al.,, 2018, 2020; Li et al., 2019). Applications of
regional air quality models across several parts of the world include for
example WRF-Chem (Zhang, 2008; Andrade et al., 2015; Rafee et al.,
2017; Bahreini et al., 2018), WRF-SMOKE-CMAQ (Albuquerque et al.,
2018), BRAMS (Longo et al., 2010; Moreira et al., 2013), POLAIR 3D
(Wang et al., 2015); EURAD-IM (Ebel et al., 1997; Elbern et al., 2007,
2010).

In Brazil, many studies have been made by using the Brazilian
Regional Atmospheric Modeling System (BRAMS) applied with the
purpose of forecasting not only the atmospheric behavior but also air
quality (Pielke et al., 1992; Masson, 2000; Rozoff et al., 2003; Cotton
et al., 2003; Freitas et al., 2005, 2007a, 2007b, 2007¢c, 2009, 2017;
Longo et al., 2010). Another model that is widely used in Brazil is the
Weather Research and Forecast with Chemistry (WRF-Chem) model
(Grell et al., 2005). The WRF-Chem model was employed for air quality
forecasting in south-eastern Brazil (Andrade et al., 2015), studying how
vehicular emissions can affect fine particle formation (Vara-Vela et al.,
2016), and quantifying daily and annual PM concentrations in 102 cities
(Andreao et al., 2020). These studies showed satisfactory representation
of meteorological variables but an overestimation of PM concentrations
for some environmental company monitoring stations of Sao Paulo
(CETESB), mainly in MASP. Albuquerque et al. (2018) used the Weather
Research and Forecasting-Sparse Matrix Operator Kernel Emissions
Models-3 Community Multiscale Air Quality Modeling System
(WRF-SMOKE-CMAQ) to represent meteorological and air quality con-
ditions over Sao Paulo, Brazil, and to evaluate the performance of the
model (Albuquerque et al., 2018; Pedruzzi et al., 2019).

Accurate modeling of air pollution must consider atmospheric
aerosol processes. The effects of aerosols on meteorological processes
and air quality depend largely on their size distribution, chemical
composition, mixing state, and morphology (Seinfeld and Pandis, 2016).
This is particularly valid for smoke particles in the atmosphere over
South America that are annually released from vegetation fires and
represent a major aerosol source during the burning season (Hoelze-
mann et al., 2009). In the vicinity of megacities, urban industrial
emissions may be predominant, but on a continental scale sources are
mainly composed of carbonaceous aerosol emissions and trace gas
emissions from deforestation and savanna maintenance fires. Hundreds
to thousands of vegetation fires, primarily in Cerrado and Amazon forest
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ecosystems, emit vast amounts of aerosol particles into the atmosphere
during the burning season and the aerosol effects by fires may go far
beyond the local scale and significantly affect the hydrological cycle on a
regional scale (Setzer and Pereira, 1991; Artaxo et al., 1998, 2001;
Artaxo et al., 2005; Freitas et al., 2005; Freitas et al., 2007¢c; Hoelzemann
et al., 2009). If meteorological conditions are favorable, smoke plumes
can be injected into altitudes above the planetary boundary layer
(Andreae and Merlet, 2001; Freitas et al., 2007c). Emissions generated
from biomass burning contribute extensively to the global budget of
several atmospheric constituents such as aerosols, carbon dioxide (CO3),
carbon monoxide (CO), nitrogen oxides (NOy) and methane (CHa),
amongst others. Hence, fire emissions need to be modeled by global
systems that monitor and forecast atmospheric composition, such as the
European Copernicus Atmosphere Monitoring Services (CAMS) (Kaiser
et al., 2012) and the included in the emission inventories that deliver
emission fluxes to the CTM’s.

According to Crippa et al. (2018), global emission inventories
coupled with CTMs are useful tools to tackle these regional and global
aspects, complementing air pollution measurements that provide in-
formation on local and regional air quality impacts. Emission in-
ventories tabulate emission rates from individual sources and source
categories for the pollutants of interest (Molina and Molina, 2002).
Several global emissions inventories have been developed in recent
years such as (Monitoring Atmospheric Composition and Climate
(MACCity) by Granier et al. (2011), the Hemispheric Transport of Air
Pollution Inventory (HTAP v2.2) by Janssens-Maenhout et al. (2015),
the Community Emission Data System (CEDS) by Hoesly et al. (2017),
the inventory based on Greenhouse Gas and Air Pollution Interactions
and Synergies (GAINS), ECLIPSE V5a global emission fields by Klimont
et al. (2017) for particulate matter, and the Emissions Database for
Global Atmospheric Research (EDGAR) for air pollutants and green-
house gases calculated in a consistent and transparent way (Crippa et al.,
2018).

In the environment of urban areas, the vehicular emissions are
becoming increasingly important (Andrade et al., 2017; Ibarra-Espinosa
et al.,, 2018) and measurements have shown that compounds emitted
from vehicular exhausts can be highly reactive in the atmosphere,
contributing to critical episodes of photo-chemical smog (Nogueira
et al., 2015). Although emission inventories are an essential tool for
managing and regulating pollution, large uncertainties in emission rates,
temporal cycles, spatial distribution, and source identification often
confound the development of cost-effective control strategies (Molina
and Molina, 2002). In the urban centers of Brazil, the rapid economic
growth triggered the increase of the vehicle fleet and therefore increased
air pollution (Faiz et al., 1996; Miranda et al., 2012; Andrade et al.,
2017; Ibarra-Espinosa et al., 2018). Studies about air quality and its
effect on climate and human health for the MASP have been conducted
since the 1970s. According to Andrade et al. (2015), in 1960, there was a
decrease of air quality with high concentrations of pollutants emitted by
industrial activities in the state of Sao Paulo without any control stra-
tegies on the emissions of air pollutants.

The MASP is the largest metropolis in South America, with a popu-
lation of more than 21 million inhabitants. MASP includes 39 cities
covering a surface area of approximately 8000 km? (IBGE, 2020). The
climate in the MASP is characterized by temperate oceanic climate (Cfb)
with wet (October to April) and dry (May to September) seasons.
January and June are the hottest and coldest months of the year,
respectively (Miranda et al., 2012). MASP suffers from severe air
pollution from particulate matter of 10 pm (PM10) as well as 2.5 pm
(PM2.5), Ozone (0O3) and aldehydes (Molina and Molina, 2004). During
austral winter, unfavorable conditions for pollutant dispersion have
been observed, since shallow inversion layers trap pollutants within the
lowest 200-400 m height for several days resulting in elevated pollutant
concentrations (CETESB 2009; 2017). In comparison with other urban
areas of Brazil, the MASP has the best network of air quality monitoring
stations, which provide data with the highest spatial resolution by the
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Fig. 1. (a) Allocations of the domains used in the EURAD-IM simulations, the red triangles are PM10 station and black triangles are PM2.5 stations from CETESB

locations used in this study, (b) Sao Paulo physical map. Source: IBGE (2020).

Sao Paulo State Environmental Sanitation Technology Company
(CETESB) (Andrade et al., 2015).

The objective of this study is to adapt and provide a powerful air
quality analysis to investigate the spatial and temporal variability of
PM10 and PM2.5 simulated by EURAD-IM during July 10-13, 2016,
during the dry season in Southeast Brazil, and October 22-25, 2016,
during the transition season from dry winter to wet summer. The
EURAD-IM was statistically evaluated and compared to the modeled
results on a 1 km? grid resolution with CETESB surface monitoring
stations of PM10 and PM2.5, as well as qualitatively with available Lidar
profiles. In addition, the model was used to study the regional transport
of pollutants to MASP. The period chosen for modeling is related to
available observational data in MASP and allows to verify if the EDGAR
emission inventory was representative. Meteorological fields were
modeled using the Weather Research and Forecasting model (WRF,

453

Skamarock et al., 2008), using three nested domains with 25-km, 5-km,
and 1-km horizontal grid resolution, which covered the whole southeast
of Brazil, Sao Paulo state, and MASP, respectively.

2. Model and data description
In this section the EURAD-IM air quality model, its respective input
data, such as pollutant emissions and meteorological fields are

described. Also, the observational data set that has been used to evaluate
the model performance over the MASP is presented.

2.1. The meteorological driver model WRF

The WRF Advanced Research (ARW) model, version 3.7, is used to
create the meteorological input for EURAD-IM. The WRF model is fully
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compressible non-hydrostatic and solves the meteorological equations
on a Eulerian grid (Skamarock et al., 2008). The horizontal grid is the
‘Arakawa C’ grid (Arakawa and Lamb, 1977). The meteorological initial
and boundary conditions are obtained from United State National
Center for Environmental Prediction (NCEP)/National Center for At-
mospheric Research (NCAR) Global Forecast System (GFS) at 0.25°
resolution, including Newtonian nudging every 6 h (https://rda.ucar.ed
u/datasets/ds083.2/).

In this work, three off-line model domains were used as can be seen
in Fig. la, the coarse model grid encompasses the major south eastern
region of Brazil around Sao Paulo with 25 km horizontal resolution
(domain01). The 5 km resolution domain (domain02) covers the state of
Sao Paulo (SP) while the 1 km resolution domain (domain03) is centered
on the MASP at 23.55° S and 46.63° E. The domain01 has 110 x 101 grid
points covering an area of 2750 x 2525 km?, domain02 has 326 x 241
grid points covering an area of 1630 x 1205 km?, and domain03 has
351 x 251 grid points covering an area of 351 x 251 km?, three domains
with a vertical resolution of 35 layers up to 100 hPa. Fig. 1b shows the
topography of Sao Paulo characterized by flat land, hills, mountains,
plateaus and depressions. An important hub connecting Sao Paulo,
Minas Gerais (MG) and Rio de Janeiro (RJ) is the Vale do Paraiba (or
Paraiba Valley). It is an important passage for commodities, industries
and services in the depression between Serra da Mantiqueira and Serra do
Mar.

The main physics parameterizations were chosen based on previous
studies such as Andrade et al. (2015), Vara-Vela et al. (2018), Albu-
querque et al. (2018; 2019), and Andreao et al. (2020; 2020b) who focus
on the region over South America/Sao Paulo performing air quality
simulations. In our simulations the model physics include the Grell 3D
ensemble scheme for convection (Grell and Freitas, 2014), the YSU
scheme (Hong et al., 2006) for the boundary layer parameterization,
WREF Single-Moment 3-class Scheme for the parameterization of cloud
microphysics (Hong et al., 2004), the NOAH scheme (Tewari et al.,
2004) for land surface processes, the RRTM scheme (Mlawer et al.,
1997) for longwave radiation and the Dudhia scheme (Dudhia 1989) for
shortwave radiation. The meteorological initial and boundary condi-
tions are obtained from GFS meteorological data with 0.25 ° x 0.25 °
resolution.

2.2. The EURAD-IM air quality model

The EURAD-IM has been developed to run simulations of meteoro-
logical processes, atmospheric chemistry, aerosol dynamics and trans-
port on a regional scale. It is a mesoscale chemistry transport model
(Elbern et al., 2007) using WRF as offline meteorological driver. It is
used for simulations focusing on emissions and their influence on air
quality (Memmesheimer et al., 2000, 2004) as well as for operational
forecast down to local scale using the nesting technique. Also,
EURAD-IM can be used for episodic scenario forecasts focusing on spe-
cial aspects of air quality simulations (Ebel et al., 1997; Huijnen et al.,
2010; Monteiro et al., 2013; Marécal et al., 2015; Gama et al., 2019) and
their analyses using chemical data assimilation and inverse modeling
techniques (Elbern and Schmidt, 2002; Elbern et al., 2000, 2007, 2010).
The main relevant parts of the forward model are the EURAD Emission
Model EEM (Memmesheimer et al., 1991, with later developments), and
the kinetic preprocessor, which solves the equations for gas phase
chemistry (KPP) (Damian-lordache, 1996).

To propagate a set of chemical constituents forward in time EURAD-
IM solves a system of partial differential equations (Elbern et al., 2007)

dc; , Ci

E: —V(V c,)—}—V(pKV;)-ﬁ-A,-ﬁ-E,—S,, (1)
where ¢;, i = 1,..., n is the mean mass mixing ratios of the n chemical
species, v is the mean wind velocities, K is the eddy diffusivity tensor, p
is the air density, A; is the chemical generation term for species i, and E;
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and S; describe emission and removal fluxes, respectively.

The Eulerian chemistry transport model applies an operator splitting
technique (McRae et al., 1982), where each process in (1) is treated
independently in a sequence. In that way different numerical methods,
which are specific for the physical character of the processes, can be
used efficiently. EURAD-IM uses a symmetric splitting of the dynamic
procedures, encompassing the chemistry solver module C (see Hass,
1991),

¢ =T,T,D,CD,T, Ty, ®))
where Ty, T, and D, denote transport and diffusion operators, respec-
tively, in horizontal (h) and vertical (v) directions. The emission term is
included in C, the spatial discretization indices are omitted here. Con-
centration changes due to cloud effects are calculated at hourly in-
tervals. During the cloud lifetime of 1-h aqueous phase chemistry and
scavenging effects are integrated with time steps limited by these spe-
cific processes.

The CTM uses the aerosol module Modal Aerosol Dynamics model
(MADE) (Ackermann, 1997; Ackermann et al., 1998), which is derived
from the Regional Particulate Model (RPM) (Binkowski and Shankar,
1995). The aerosol size distribution is represented by three log-normal
modes, I. e. - Aitken (d<0.1 pm), accumulation (0.1 < d < 1 pm), and
coarse (d > 1 pm) mode with standard deviations of Gajtken = 1.7,
O Accumulation = 2.0, and Geoarse = 2.2, respectively. The chemical species
treated in the finer aerosol modes are secondary inorganic components
(sulfate, nitrate, and ammonium), secondary organic components of
biogenic or anthropogenic origin, primary organic carbon, elemental
carbon, and other unspecified material of anthropogenic origin. The
coarse mode species include sea salt, wind-blown dust, and other un-
specified material of anthropogenic origin. The anthropogenic compo-
nent of the coarse particles is most often attributed to industrial
processes (Ackermann, 1997; Ackermann et al., 1998). Each aerosol
mode is subject to wet and dry deposition. The chemistry mechanism for
the gas-phase is the RACM-MIM, developed by Geiger et al. (2003). It is
based on the Regional Atmospheric Chemistry Mechanism (RACM)
(Stockwell et al., 1997) mechanism combined with the Mainz Isoprene
Mechanism (MIM) (Poschl et al., 2000) and reflects an advanced
description of the air chemistry of biogenic ozone precursors. It treats 84
chemical species (as real species and condensed species classes) and
contains 23 photolysis reactions and 221 chemical reactions of higher
order.

2.3. Emissions

The EURAD Emission Module (EEM) prepares emission data for
chemistry-transport-calculations. The EEM acts as an interface between
the emission inventories available for certain areas and time periods to
be simulated in the CTM. The EEM projects the emission inventory data
spatially on to the numerical grid and computes the desired emission
rates with a temporal resolution of 1 h. The emissions are transformed
from the original grid to any EURAD-IM grid and dis-aggregated to the
source of the emission, if available. The variability of emissions due to
seasonal, weekly, or daily cycles is incorporated in EEM output using
hour-of-day, day-of-week, and monthly emission factors to distribute the
total annual emissions temporally as described in Simpson et al. (2012).
For a more detailed description see Memmesheimer et al. (1991).

In this study the EDGAR inventory v4.3.2 (Crippa et al., 2018) was
used. EDGAR covers gaseous air pollutants of Carbon Monoxide (CO),
Nitrogen Oxides (NOx), Sulfur Dioxide (SO3), total Non-Methane Vola-
tile Organic Compounds (NMVOC) and ammonia (NHs). As to the
aerosols PM10, PM2.5, and carbonaceous species BC and OC are pro-
vided. Its database was built considering the location of power and
manufacturing facilities, road networks, transportation routes, human
and animal population density, and agricultural land use, which vary
over the years. Country emissions are then compiled considering the
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Table 1
SNAP source sectors (Eurostat, 2004).

SNAP 1 Combustion in energy and transformation industries
SNAP 2 Residential and non-industrial combustion

SNAP 3 Combustion in the manufacturing industry

SNAP 4 Production processes

SNAP 5 Extraction and distribution of fossil fuels

SNAP 6 Solvent and other product use

SNAP 7 Road transport

SNAP 8 Other mobile sources and machinery

SNAP 9 Waste treatment and disposal

SNAP 10 Agriculture

International Energy Agency (IEA) energy statistics. The total national
emissions are gridded using population, road, power plants, animals,
and crop proxy data. Air quality modeling using EDGAR was performed
with focus on primary particles (PM10, PM2.5) for the three domains
with 25 km, 5 km and 1 km horizontal resolution. The EURAD-IM uses
MADE to calculate initial number concentrations from given mass con-
centrations and from there calculates the minimum median diameters of
the particles. The aerosol chemistry encompasses the formation of sec-
ondary aerosols formed by gas-to-particle conversion of inorganic and
organic precursors. The formation and partitioning of secondary organic
aerosols (SOA) are simulated by the Secondary ORGanic Aerosol Model
(SORGAM) coupled to MADE. In the case of elemental carbon, organic
carbon, and other fine particles of anthropogenic origin emissions are
compiled from land-use characteristics and emission inventories (in this
case, EDGAR) and delivered for each model grid. They are subject to
seasonal, weekly, and diurnal variations. Additionally, the EURAD-IM
calculates mineral dust emissions and sea salt emissions out of the tur-
bulent flux using the parameterization of Monahan (1988) is used,
which estimates the flux depending on the particle size.

All emissions are split across a set of emission source sectors defined
by the Selected Nomenclature for Air Pollutants (SNAP) as described in
Table 1. Here, SNAP 10 is assigned to agricultural emissions, describing
all anthropogenic emissions from this sector including on-site burning of
residue from main crops harvested for dry grain (such as soy), burning of
sugar cane crop residue and on-site burning of residue from crops not
mentioned above.

2.4. Chemical initial and boundary conditions

To obtain realistic initial conditions for the EURAD-IM simulations, a
model spin-up of three days was performed, starting from Copernicus
Atmosphere Monitoring Service (CAMS) fields (Inness et al., 2019) to
provide realistic three-dimensional analysis for initial values for the
desired episodes. CAMS is the latest global reanalysis dataset of atmo-
spheric composition produced by the European Center for
Medium-Range  Weather  Forecast (ECMWF) consisting of
three-dimensional time-consistent atmospheric composition fields,
including aerosols and chemical species. CAMS provide global analysis
and forecasts of atmospheric composition, alongside European air
quality forecasts (Hollingsworth et al., 2008) using the CAMS Integrated
Forecasting System (C-IFS) model (Morcrette et al., 2009; Benedetti
et al., 2009; Peuch and Engelen, 2012; Flemming et al., 2015).

Boundary values for the nested grids are obtained from their
respective mother grids. From available measurements of the trans-
ported species latitude-dependent vertical profiles are derived and
equally distributed over the whole model domain. For the coarsest grid,
chemical boundary conditions of the EURAD-IM model also use CAMS
reanalysis, based on global emission datasets that include anthropogenic
emissions from the Monitoring Atmospheric Composition and Climate/
CityZen (MACCity) inventory (Stein et al., 2014) and biomass burning
emissions from the Global Fire Assimilation System (GFAS) data set
(Kaiser et al., 2012). Great care has been taken to ensure that the
emission datasets used in CAMS were consistent in time and that

455

Atmospheric Pollution Research 12 (2021) 451-469

consistent anthropogenic, biogenic and biomass burning emissions were
used in the aerosol and chemistry modules (Inness et al., 2019).

2.5. Observational data

The EURAD-IM model is validated against observational in-situ data
from the operational monitoring network of the Sao Paulo state envi-
ronmental agency CETESB and a Lidar which are introduced in the
following. Fig. 1a shows the locations of the CETESB stations and the
Lidar.

2.5.1. CETESB in situ data

In 2016, CETESB operated 60 fixed automatic stations, out of which
29 stations were located within the MASP, while the others 31 stations
are distributed in the inland and at the coast. These stations measure
concentrations of PM10, PM2.5 as hourly means. The method used by
CETESB’s automatic monitoring stations to measure the concentration
of PM suspended in the atmosphere is absorption by beta radiation. This
measurements technique is widely used for operational use as it provides
a high accuracy. In this study, 20 sites of PM10 and 5 sites of PM2.5
CETESB automatic station were used to evaluate and compare with
model results for a 1 km domain, as shown in Fig. la. Neighboring
stations, which are assumed to be exposed to a similar chemical regime,
were grouped into 8 clusters of super-observations (Table S1). Further,
the Pearson’s correlation coefficient, RMSE and Bias for each cluster
were calculated.

2.6. Characterization of the case studies

Two case studies were carried out. The first one during the winter-
time (characterized as dry season), for the days of July 10-13, 2016, and
the second one during the springtime (transition to wet season), for the
days October 22-25, 2016, in southeastern Brazil. During most of the
dry season in SP state, frequent subsidence and thermal inversion layers
provide unfavorable conditions for the dispersion of pollutants (Albu-
querque et al., 2012) and biomass burning emissions are transported
from different parts of Brazil and South America (Hoelzemann et al.,
2009; Miranda et al., 2017; Vara-Vela et al., 2018) to the south and
southeast Brazil. During spring in southeastern Brazil, the rains become
more intense and frequent, marking the transition period between the
dry season and the rainy season.

According to CETESB (2016), the year 2016 was marked by a neutral
situation of oceanic and atmospheric conditions in the Equatorial Pacific
region, indicating the end of the global scale phenomenon El
Nino-Southern Oscillation (ENSO) that had acted throughout 2015 and
lead to atmospheric blockings, both in the Pacific and in the Atlantic
Ocean. The latter influenced the rainfall regime, varying between very
rainy months and dry and hot months in the State of Sao Paulo. In
contrast to the situation in 2015, July and September 2016 were, in
general, more wet than the climatological average (CETESB, 2016). The
year 2016 was marked by favorable weather conditions for the disper-
sion of air pollutants. According to data from CETESB, the period from
May to September is generally the most favorable for high pollution
episodes as the free dispersion of primary pollutants in the State of Sao
Paulo is hampered by a very stable atmosphere and frequent thermal
inversion events. In winter 2016, only 25 days were counted as favor-
able for pollution episodes which is the lowest in the last ten years
(CETESB, 2016).

Significant events of long-range and regional transport of aerosols
into the MASP are often observed, especially during the winter period of
South America. Two of the 2016 aerosol transport events coincided with
local measurements of aerosols properties by the Lidar of MASP and
CETESB surface station data. The first event occurred from July 10-13
during the dry season and the second from October 22-25 during the
onset of the wet season. Both events show distinct meteorological con-
ditions that contribute in very different ways to increase air pollution



E. De Souza Fernandes Duarte et al.

July 10, 2016

o

2 il

20°S

(c) July 12, 2016

20°5 /55

980

Sea Level Pressur

Sea Level Pressur

Atmospheric Pollution Research 12 (2021) 451-469

July 11, 2016
1030
10228
1018 £
1014 @
1010 @
@
1004 &
T
996 2
-
988 ©
[Vp]
980
1030
10228
1018 £
1014 ¢
1010 @
3
1004 &
T
996 3
-
988 @
[Vp]
980

Fig. 2. Sea level pressure (hPa) (color code jet), wind (m/s) at 850 hPa and Geopotential height (m) at 850 hPa represented by the white lines simulated by the WRF
for July (a) 10, (b) 11, (¢) 12, and (d) 13, 2016, daily average on the 25-km resolution grid.

concentrations in the MASP.
3. Results and discussion
3.1. Case study July 10-13, 2016: dry season in southeast Brazil

The statistics indices obtained from the comparison between hourly
observed and modeled meteorological parameters are presented in
section S4: “Meteorological validation” in the supplementary material.
Fig. 2 shows the meteorological situation on the 25 km model domain
for July 10-13. It is important to note that the wind speed and direction
at 850 hPa (about 1400 m a.g.l.) indicate air masses coming from the
Amazonian basin associated with the South American Low-Level Jet
(SALLJ). The SALLJ is an important driver of long-range transport of
pollutants to South and Southeast Brazil (Marengo et al., 2004;Freitas
et al., 2005, 2007a, 2007b, 2007c; Vera et al., 2016; Martins et al.,
2018). Most of the SALLJ passed over and through Sao Paulo towards
the Southern Atlantic Ocean during this first case study.

Since July 10, Sao Paulo state had been under the influence of a
closed high-pressure system of approximately 1022 hPa (Fig. 2a). While
a previous low-pressure system was moving east from the southern
Atlantic to the south of Brazil, a second one was arriving from Bolivia
and Paraguay with a central pressure of about 998 hPa (Fig. 2b). This
synoptic condition was accompanied by deep convection systems in Sao
Paulo state. The associated high-pressure system was not so strong over
the continent during the following days over the region (Fig. 2c and d). A
second extratropical cyclone coming from the Pacific Ocean passed the
Andes Mountains cordillera at the latitude of 22° S and built a new cold
front over the Atlantic Ocean that extended its influence over the
continent at latitudes of the southern region of Brazil on the days of July
12-14. The low-pressure system moved quickly to the east and the
SALLJ lost its configuration in the following hours. The wind magnitude
over MASP was about 10 m/s and wind direction represented by wind
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barbs at 850 hPa were pointed to the Southeast reaching the MASP,
which means that the SALLJ affected MASP in that case.

Fig. 3a and Fig. 3b present the Aerosol Optical Depth (AOD) from
Terra and Aqua (MYDO04_L2) satellites at 3 km resolution for day time
overpasses (Levy et al., 2013), Suomi National Polar-Orbiting Partner-
ship (S-NPP) the merged dark target/deep blue AOD layer (Hsu et al.,
2013, 2019; Sayer et al., 2017) as well as the MODIS fire hotspots
products from the Terra (MOD14) and Aqua (MYD14) satellites for July
11 and 12, 2016. Fig. 3a and b show the tropospheric AOD column
varying between 0 and 3 over Sao Paulo state, reaching a value of 5 over
the Southeast Atlantic Ocean and Central Brazil. High values of AOD in
central Brazil are in the same location as the high number of fire counts,
which indicates relation to aerosol load from biomass burning origin.

On July 12, the fire hotspots were most abundant in Central Brazil, a
region between the states of Goias (GO), Tocanctins (TO) and the Fed-
eral District (DF), with predominant Cerrado biome. Cerrado is the second
most extensive vegetation formation in South American, with an area of
more than 2 million square kilometers (IBGE, 2016). Its area represents
one fourth of Brazil’s entire land surface. According to data from INPE
for 2016, the Cerrado had approximately 151.142 km? of its area burnt,
whereas a total area of 280.970 km? burnt in the whole country (Libo-
nati et al., 2015; Rodrigues et al., 2019). For the month of July, the total
area burned at Cerrado was 21.514 kmz, while in the Amazon, it was
4.514 km? (INPE, 2016). This biomass burning activity in Central Brazil
has a significant impact on the long-range transport of air pollutants to
and across Southeast Brazil.

The state of Sao Paulo also presented biomass burning activities in its
center, northwest of the MASP. The aerosols emitted by these fire ac-
tivities, reached higher levels of the atmosphere (up to 500 hPa) and are
transported to regions more distant from their point of origin (Hoelze-
mann et al., 2009; Miranda et al., 2017; Vara-Vela et al., 2018). The state
of Sao Paulo engages in intense sugarcane production, which is also
associated with an annual burning process shortly before or during
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Fig. 5. PM2.5 concentration simulated by EURAD-IM with 5-km horizontal resolution at 0400 LT at 850 hPa on July 12 (a), and July 13(b) (top panels), and at

surface on July 12 (c), and July 13 (d) (bottom panels).
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Fig. 6. PM2.5 concentrations simulated by EURAD-IM on the 1-km resolution grid at 850 hPa, 0400 LT for (a) PM2.5 on July 12; (b) PM2.5 on July 13 and at surface

for (c) PM2.5 on July 12; (d) PM2.5 on July 13, 2016.

harvesting (Allen et al., 2009; Vasconcellos et al., 2010; Souza et al.,
2014; Andrade et al., 2017). Although legislation has been prohibiting
this practice along with general agricultural waste burning in the more
recent years, it is still very common within the state of Sao Paulo
throughout the year (e.g. Kumar et al., 2016).

Through the analysis of the Lidar vertical profiles it is possible to

detect the different aerosols layers and their heights (see topic S1:
“Methodology of Lidar profiles of aerosol properties for Sao Paulo™).
Merging this information with an air quality model, it is possible to
study the origin and the transport of aerosols in the atmosphere. Fig. 3¢
and d shows the mean vertical profiles of aerosol backscattering co-
efficients for 355 nm and 532 nm respectively for July 12, retrieved by
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Fig. 7. PM10 concentrations for July 10 to 13, 2016 as measured by CETESB stations and modeled by EURAD-IM. For each CETESB super-observation (red) the
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PM10 concentration in Fig. 4b. On this day a plume located at latitude
18° S and longitude 50° W, which is at the border between the states
Goias (GO) and Brasilia (DF), travelled about 700 km following the
trajectory of the SALLJ and reached SP state. In Fig. 4a elevated PM2.5
concentrations of agricultural waste burning origin can be seen over Sao

Table 2

Model quality indicators calculated with hourly concentration observed/
modeled from July 10-13 in 26 background sites (20 PM10 and 5 PM2.5)
grouping in 8 Clusters according to Table S1.

Cluster r RMSE Bias
MASP Center (PM10) 0.72 30.85 -37.70
MASP North (PM10) 0.50 17.95 —8.80
NW Paulinia (PM10) 0.55 26.12 —22.10
NW Campinas (PM10) 0.61 29.73 —35.50
NW Limeira (PM10) 0.50 30.04 —38.60
S-Coast (PM10) 0.68 16.75 —20.70
E-Vale do Paraiba (PM10) 0.67 18.35 —20.30
MASP (PM2.5) 0.38 20.77 -32.20

applying the KFS inversion method to the data obtained from the SPU-
Lidar system in the MASP. Both profiles show that most of the aerosol
load in the atmosphere is concentrated within the PBL, approximately
up to 2100 m (a.g.l.) showing a peak of 0.0017 km™!sr™! at approxi-
mately 700 m. However, a very thin aerosol layer can clearly be seen
above the PBL, between 4000 and 4700 m a.g.1. - which would typically
be from a source outside the MASP. Typically, this type of intrusion is
often related to biomass-burning aerosol transported from remote lo-
cations outside MASP. However, for this case the total column Lidar
ratio at 532 nm is 56 sr and can be associated to less absorbing urban
particles (Weitkamp, 2005).

EURAD-IM results on the 25-km domain at 850 hPa on July 12, 1600
Local Time (LT) are presented as PM2.5 concentrations in Fig. 4a and
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Paulo state. This plume mixed with the aerosol layer coming from the
fires in central Brazil, forming a mixed aerosol layer on the way to the
MASP.

Fig. 5a and Fig. 5b depict the PM2.5 concentrations as simulated by
the EURAD-IM on the 5-km domain at 850 hPa, on July 12 and 13 at
0400 LT. The time was chosen for both days because they best represent
the regional transport at 850 hPa coming from other regions of Brazil,
Fig. S1 presents simulation between July 12, 0400 LT to July 13, 1200
LT. Fig. 5a, in line with Fig. 4, indicates that the plume from Goias and
Brasilia reaches the state of Sao Paulo. Fig. 5b shows the mixing of
PM2.5 plumes produced by the MASP and the Metropolitan Area of Rio
de Janeiro (MARJ) over the ocean. Thus, the SALLJ that passes through
SP state not only transports pollution from Central Brazil to Sao Paulo
but also transports pollutants to MARJ via the Atlantic coastal region
between the states of Sao Paulo and Rio de Janeiro. The PM10 EURAD-
IM simulations shows a similar behavior as those of PM2.5, which are
shown in Fig. S2.

Fig. 5¢ and d show the PM2.5 concentrations at surface on July 12
and 13, respectively, at 0400 LT. The impact of agricultural waste
burning emission in Sao Paulo state is more evident, reaching values of
about 30 pg/m? at the municipality Ribeirdo Preto (RP) and also at Sao
José do Rio Preto (SJ), considered as an industrial and agricultural area
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in the State of SP according to CETESB (2016). EDGAR emissions
showed a predominance of emissions of Agricultural activities (SNAP
10) and Waste treatment and disposal (SNAP 09) in the region (Fig. S5).
The EURAD-IM simulations on the 5 km domain show that the resolution
significantly affects the concentration of total PM2.5, especially the
maximum and minimum values over the MASP, as model values
represent an average of each grid cell’s volume. Fig. 5 also depicts sig-
nificant impact of other urban centers such as the metropolitan regions
as Rio de Janeiro and Belo Horizonte in the state of Minas Gerais on the
PM concentrations. These urban centers yield high concentrations of
both coarse and fine aerosols.

Fig. 6 presents the PM2.5 concentrations on the 1-km domain at 850
hPa and at surface for July 12 and 13 at 0400 LT, respectively. At this
resolution the higher PM concentrations transported by SALLJ can be
clearly identified. July 12 at 0400 LT was chosen because it best rep-
resents the moment that pollutant plumes are reaching MASP through
the SALLJ mix with pollution generated by the MASP during the day. On
July 13, at 0400 PM2.5 plumes are being lifted over MASP and move to
the direction of MARJ (Fig. S1 and Fig. S2 show July 12 at 0400 LT to
July 13, 1200 LT for PM2.5 and PM10 at 850 hPa). The synoptic con-
ditions for July 12 (Fig. 2c) show that wind direction at 850 hPa was
pointing to southeast in the direction of the ocean and the low-pressure
system was over the south of Brazil. On July 13 the low-pressure system
moved over the ocean (Fig. 2d) changing the wind direction and fa-
voring the displacement of pollutants from SP to RJ. The EURAD-IM
results for the period of July 12 showed that the pollution generated
by MASP, where industrial and vehicular emission were predominant.
These pollutants are added to the pollution that originated from Central
Brazil and the interior of SP state, where also intensive agricultural and
industrial activities occur. The wind at 850 hPa reaching MASP is
coming from the Northwest (Amazon Basin and Central Brazil, see
Fig. 2). Downwind of MASP the plumes with elevated PM concentrations
turn towards the Northeast or North where they are channeled through
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the Paraiba Valley or transported along the coast of Sao Paulo state to
Rio de Janeiro state (Fig. 6b).

We extracted the concentration of total PM10 and PM2.5 at 850 hPa
upwind the urban area of MASP, and assumed this value as roughly
conserved when entering the city area: without significant time for
deposition or a major amount of other components than biomass
burning in the plume. We set the total PM, with the local city PM
emissions added, in ratio to the upwind value. According to the wind
speed and direction, we estimated that the contribution of PM10 from
the interior of SP was 47% of the total mass of PM10 in the city at 850
hPa for July 12-13, while for PM2.5 it was 50%. Of this total PM10 at
MASP, 13% contributed to increase the concentration of PM10 in the of
Vale do Paraiba advected by the winds and 30% of total PM10 from
MASP contributed to the increased PM10 over Santos. For PM2.5 the
contribution was 21% for Vale do Paraiba and 50% for Santos.

Fig. 7 presents the comparison considering in-situ observations of
PM10 and PM2.5 surface concentration at 26 CETESB stations and
modeled EURAD-IM simulations at the coinciding 26 grid boxes of the 1
km domain. Neighboring stations, which are assumed to be exposed to a
similar chemical regime, were grouped into 8 clusters of super-
observations, according to Table S1. Further, the Pearson correlation
coefficient, RMSE and bias for each cluster were calculated in Table 2.

Table 2 presents statistical indexes for PM10 and PM2.5. At the
surface level, the model reproduced the behavior of observed PM10
concentrations but underestimated the observations with a moderate
positive Pearson correlation for clusters outside MASP CENTER. In the
cluster MASP NORTH, S-Coast and E — VALE DO PARAIBA - Fig. 7b, ¢
and g, the EURAD-IM were inside the standard deviation of observations
presenting a correlation coefficient of 0.50, 0.68 and 0.67, respectively,
which is a moderate positive relationship according to Wechsler (1996).
The EURAD-IM performs especially well for the cluster MASP CENTER
(Fig. 7a) where the observational grid is denser. The Pearson coefficient
was 0.72, with a variance of RMSE = 30.85, and underestimated the
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Fig. 9. AOD from Terra (MOD04_L2), Aqua (MYDO04_L2), MODIS Fire hotspots and Thermal Anomalies product from Terra (MOD14), Aqua (MYD14) across Brazil
and other South American countries (a) on October 24, 2016 and (b) on October 25, 2016 (Source: Nasa, 2020); the Backscatter backscatter profiles on October 24,
2016, between 10:30 and 11:30 LT from the IPEN Lidar in the MASP at: (c) 355 and (d) 532 nm.

observations (bias = —37.70). For PM2.5 Pearson’s correlation was r =
0.36 at MASP with EURAD-IM underestimating the observations by
(bias = —32.20) (more information about model performance are in
session S5, in the supplementary material). The model better repre-
sented the daytime PM10 concentrations, where more CETESB moni-
toring stations were available.

At S-Coast (see location in Fig. 1) EURAD-IM lies inside the standard
deviation of the observations that for this area englobes the CETESB
stations of Santos, Santos Ponta da Praia and Cubatao. This area is
characterized as an important industrial area of the MASP and road
transport is also a large source of pollution, which can dominate
pollutant concentrations at ground level, depending on meteorological
conditions. Dispersion is restricted by surrounding mountain ranges
(Allen et al., 2009). The pollution generated by the port and industrial
region of S-Coast is influenced by the sea breeze that transports this
pollution at times to MASP through the sea-breeze front toward the
center of the city (Freitas et al., 2007a,b). S-Coast pollution can also be
transported to regions as MARJ or southward and south-eastward along
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the Atlantic coast.

For the other clusters, the correlation varied between 0.5 and 0.7.
The model also reflects the morning (0500-0900 h LT) and the evening
rush hour (1700-2000h LT) well, during which very high traffic emis-
sions are the rule. Especially at the evening, after 1700 LT, the PM
concentration increases for all cluster during July 10-13, due to traffic
emission and unfavorable weather condition for pollutants dispersion.
For July 11, PM10 reaches a peak at 0100 LT for all clusters (C - MASP
CENTER = 94 pug/m®, E — MASP CENTER = 40 pg/m>; C - MASP North
= 65 pg/m°, E — MASP North = 40 pg/m?%; C NW Paulinia = 108 pg/m?,
E — NW Paulinia = 44 pg/m% G-NW Campinas = 96 pg/m>, E — NW
Campinas = 41 pg/m3; C-NW Limeira = 76 pg/mS, E — NW Limeira =
50 pg/m°; C — S-Coast = 80 pg/m®, E — S-Coast = 49 pg/m?; C - Vale do
Paraiba = 76 pg/m®, E — Vale do Paraiba = 57 pg/m°) and for PM2.5 at
MASP as well, C - MASP = 60 pg/m°, E — MASP = 37 pg/m®. Similar
peaks of PM10 and PM2.5 concentrations occur for the following days in
the evening after 1700 LT until later night (Fig. 7). The large number of
vehicles circulating in the city at these times match with the low height
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Fig. 10. EURAD-IM simulations with 5 km horizontal resolution at 850 hPa:
2016; and (c) 0800 LT on October 25, 2016.

of the PBL causing an increase in the concentration of PM10 and PM2.5.
Those high concentrations measured by CETESB stations for this episode
must be related not only with the traffic emissions and industrial ac-
tivities but also with the biomass burning activity that happens during
the dry season in the interior of SP state and also in the Amazonian basin
and Central Brazil.

The results presented for July 10-13 are consistent with previous
studies that show impact of the long-range transport of biomass burning
on air quality in Southeast Brazil (Pickering et al., 1996; Hart and
Spinfaiiae, 1999; Freitas et al., 2005, 2009; Silva Dias, 2006; Rosario
et al., 2013; De Oliveira et al., 2016; Martins et al., 2018), and the state
of SP (Andrade et al., 2015, 2017; Kumar et al., 2016). However, within
MASP the main sources of anthropogenic emissions remain industrial
and traffic (Andrade et al., 2017; Vara-Vela et al., 2016; Ibarra-Espinosa
et al., 2018). According to EDGAR emissions used for this work, for the
MASP the combustion in the manufacturing industry (SNAP 03) are
major emitters of PM10 (89% of total emission of PM10), and of PM2.5
with 40% of the total emission of PM2.5 in the MASP, while road
transport (SNAP 07) with others mobile sources and machinery (SNAP
08) are responsible for 38% of total PM2.5 emissions (more information
about emission per sector in the supplementary material Table S2). The
model results show the complex vertical structure of PM concentrations
over MASP enabling to distinguish PM from these two main source re-
gions. In addition, it is noted that for these days the concentrations
exceeded the threshold of PM10 of daily 50 pg/m® established by WHO.
The maximum concentration occurred in C — MASP North on July 13 at
2200 LT, with a measured average concentration of PM10 of 147 pg/m>
while EURAD — MASP North calculated 64 pg/m?>.

In all cluster inter-comparisons for this episode in July the EURAD-
IM simulations under-estimate the measured values in many cases by
the order of 10-40%, especially when local concentration maxima
occur. However, large differences between the measured concentration
at individual sites within the clusters can also be observed in NW
PAULINIA, NW CAMPINAS, NW LIMEIRA, Fig. 7d-f, respectively. The
EURAD-IM model is not optimized for inner city air quality, as its
regional scale is not representative comparing to individual monitoring
stations within the city. Therefore, short concentration peaks produced
by very local emissions cannot be reproduced by EURAD-IM. The
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EDGAR emissions, since they are based on the year 2012, use emission
factors based on international statistics in their estimates (IPCC, 2006a).
The EDGAR inventory needs to be updated and improved. For the MASP,
Ibarra-Espinosa et al. (2018), showed that VEIN estimates for CO were
more than 20 times higher than corresponding EDGAR emissions,
showing that EDGAR may underestimate PM10 and PM2.5 as well.

3.2. Case study on October 22-25, 2016: transition season from dry
winter to wet summer in southeastern Brazil

As a second study, PM concentrations in the period of October 22-25
are analyzed. The predominant synoptic situation during this second
event is more complex than during the first event (Fig. 8). Fig. 8 shows
the wind at 850 hPa and sea level pressure causing atmospheric stability
on the Southeast, especially over SP, on 23 and 24 October. This stability
is caused by the high-pressure system acting over the Atlantic Ocean
reaching 1030 hPa over the Atlantic Ocean. The synoptic conditions
were associated with another low-pressure system of 998 hPa, over
Bolivia and a high-pressure system of 1030 hPa over the south and
southeast coast and remained there for these days. During October
23-24, the weather situation over the state of SP is calm and stable. In
general, higher pollutant concentrations can be observed in the presence
of the high-pressure system, with stagnation of air circulation and more
stable atmospheric conditions. The low-pressure system further South-
west is responsible for atmospheric disturbances on October 25
causing instability over SP state. According to data from the National
Institute of Meteorology (INMET, 2016) it rained over the MASP on
October 25.

Fig. 9 presents AOD (Levy et al., 2013; Sayer et al., 2017), MODIS fire
hotspots and thermal anomalies from Terra (MOD14) and Aqua
(MYD14) for October 24 and 25, 2016, and vertical aerosol backscatter
coefficients for 355 nm and 532 nm profiles for October 24, 2016. On
October 24 and 25 (Fig. 9a and b) the atmosphere was cloudy over the
MASP. Between 10:30 and 11:30 LT, the backscatter profile retrieved by
the SPU-Lidar station presents three different aerosol layers. The first
one, with a backscatter peak of 0.004 km sr, is due to the aerosol
particulate trapped inside the PBL. The second one is an aerosol layer
detached from the PBL, with a strong and sharp peak of 0.003 km ™ 'sr™!
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Fig. 11. PM2.5 concentration simulated by EURAD-IM on the 1-km domain at surface on October 24, 2016, 1800 LT (a); 2200 LT (b) and on October 25, 2016, 0800
LT (c). PM2.5 concentration simulated by EURAD-IM on the 1-km domain at 850 hPa on October 24, 2016, 1800 LT (d); 2200 LT (e) and on October 25, 2016, 0800
LT (f). PM2.5 concentrations on October 24, at 2200 LT (g) and October 25, at 0800 LT (h), 2016 for the lowest 10 levels of the model.

at 1440 m a.g.l., which can be associated with the intrusion of polluted
air into MASP. The third aerosol layer detected is located between 2300
and 3700 m a.g.l. and also, due to the altitude range, can be associated to
aerosol transported from long-range distances to MASP. For this case the
total column Lidar ratio at 532 nm is 83 sr and can be associated to
absorbing particles from biomass-burning (Weitkamp, 2005). The
meteorological condition for October 24 shows stable atmospheric
conditions which are favorable to pollutant accumulation. At 850 hPa
the wind is coming from several direction reaching the MASP between
October 22-25 (Fig. 8).

Fig. 10 shows simulated PM2.5 concentrations at 850 hPa on a 5 km
horizontal resolution on October 24 at 1800 and at 2200 LT (Fig. 10a
and b), as well as on October 25 at 0400 and 0800 LT (Fig. 10c and d).
These times were chosen because they best represent the PM2.5 trans-
port at 850 hPa level (simulations of PM2.5 and PM10 for October 22, at
0400 LT to October 25, 1200 LT at 850 hPa for 1 km resolution are
shown in Fig. S3 and Fig. S4). Especially on October 25, the pollution
transported between MASP and MARJ (429 km distance) via the Paraiba
Valley is clearly visible. Concentrations of over 25 pg/m> are observed
over the MASP on October 24 at 1800 LT and at 2200 LT at 850 hPa. This
pollution is generated for the most part by evening rush hour and in-
dustries. Even with the high-pressure system affecting the atmospheric
dynamics of the region (Fig. 8) it is possible to see that pollution is
transported between the MASP and MARJ not only through the coast via
the sea-breeze, but also through the Paraiba Valley. EURAD-IM
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simulations show that pollutant transport in coastal regions such as S-
Coast and MARJ are highly influenced by the dynamics of sea breezes
and land breezes in these regions.

Fig. 11 shows the PM2.5 concentrations on the 1- km model domain
at surface for October 24 at 1800 LT, and 2200LT, and for October 25 at
0800 LT. As expected, the high-resolution grid shows a higher PM
concentration over the MASP mainly caused by vehicular emissions
during the evening rush hours at around 1800 LT (Fig. 11a), as well as by
industrial activities. Fig. 11 also shows the transport of PM2.5 from
MARJ to MASP with concentrations of over 20 pg/m°® at 850 hPa on
October 24, both at 1800 LT and 2200 LT via the coast, transported by
the sea-breeze over the Atlantic and entering through the coast of Santos
City into the direction of MASP. Also, a particle loaded air mass is
coming through the Paraiba Valley from Rio de Janeiro in the direction
of MASP. A similar behavior can be seen for PM10 (Fig. S4).

At 850 hPa, with predominant wind direction east-northeast at
Paraiba Valley and the coastal region of Santos (Fig. 8c and d), we faced
the inverted situation than in the prior case study. For this reason, we
calculated how much the PM10 and PM2.5 plumes at 850 hPa
contributed to the total PM10 and PM2.5 concentration over MASP. We
estimated that 26% of the total PM10 and 28% of the total PM2.5 at 850
hPa at MASP are coming from Vale do Paraiba in October 24-25, while
Santos contributed with 24% of the total PM10 and 34% of the total
PM2.5. These results together with the analyzed meteorological data,
show that the air pollution plumes from MASP and MARJ interact with
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Fig. 12. PM10 concentrations for October 22-25, 2016 measured by CETESB stations and modeled by EURAD-IM. For each CETESB super-observation (red) the
original data at the observation sites (grey) and EURAD-IM super-observation (black) are given. Table S1 defines the cluster grouping.

Table 3

Model quality indicators calculated with hourly concentration observed/
modeled on October 22-25, in 26 background sites (20 PM10 and 5 PM2.5
measurement sites) grouping in 8 clusters according to Table S1.

Cluster Name r RMSE Bias
MASP Center (PM10) 0.75 3.53 -7.50
MASP North (PM10) 0.34 17.36 -8.70
NW Paulinia (PM10) 0.86 21.52 —41.90
NW Campinas (PM10) 0.61 7.40 —14.80
NW Limeira (PM10) 0.59 9.38 -17.20
S-Coast (PM10) 0.53 5.88 18.30
E-Vale do Paraiba (PM10) 0.60 7.21 —-2.90
MASP (PM2.5) 0.35 9.47 76.40

each other depending on the meteorological conditions via two possible
routes: via the Paraiba Valley and via the Rio de Janeiro/Sao Paulo
coast. Freitas et al. (2007a) studied the meteorological conditions that
favor these pollutants transport such as large-scale circulation in
central-south-southeast region of Brazil, low- and high-pressure zones
and local circulations such as sea breeze propagation, a factor that de-
termines the dispersion of pollutants over MASP. Another important
forcing is the complex topography of the region that can generate
mountain-valley circulations mainly in the eastern and northwestern
portions of MASP, between the Serra da Mantiqueira and the Paraiba
Valley (Freitas et al., 2007a). The Urban Heat Island (UHI) is another
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forcing that impact the local circulation and is provoked by the effect of
urbanization and by human activities in MASP and MARJ.

The abrupt change in PM10 and PM2.5 concentrations between
October 24 to 25 is due to late rain on October 24 in MASP, while in the
MARJ the conditions remained dry according to meteorological data
from the INMET (2016). Figs. 11g and h show PM2.5 concentrations for
the lowest 10 levels of the model, showing the complex vertical structure
of PM distribution. Fig. 11g shows a strong vertical mixing above MASP
indicating the presence of an Urban Heat Island (UHI), a common
meteorological phenomenon first studied over the MASP by Freitas et al.
(2007a), who concluded that the UHI forms a strong convergence zone
in the center of the city and thereby accelerates the sea-breeze front
toward the city center.

Fig. 12 compares the modeled and observed PM10 and PM2.5 times
series for October 22-25 clustered according to Table S1 and Table 3
presents statistical indexes for PM10 and PM2.5 for the October case
study. For this second case study the datasets remain with the Pearson
coefficient mostly varying between 0.50 and 0.70 for PM10, with the
exception of NW PAULINIA with a correlation coefficient of 0.87, which
constitutes a fairly strong positive relationship. Although the EURAD-IM
simulation involves anthropogenic emissions, it is necessary to improve
the emissions inventories to provide an as accurate as possible and
consistent image of the atmosphere state at a given time. The vehicle,
industrial and agricultural emissions scenario needs to be better defined
for the region. The EURAD-IM performs well in MASP Center that
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contains more observational sites and thus more representative standard
deviations could be calculated. Model and observations agree within the
error range (Fig. 12a). For the clusters MASP CENTER, S-Coast, NW
PAULfNIA, NW CAMPINAS and NW LIMEIRA (Figs.. 12a and 12c-f),
EURAD-IM simulations were inside the standard deviations of the ob-
servations with RMSE = 3.53 (Table 3). EURAD underestimates con-
centrations at MASP CENTER, MASP North, NW PAULfNIA, NW
CAMPINAS, NW LIMEIRA, E-Vale do Paraiba and overestimate at S-
Coast. For PM2.5 concentrations at MASP CENTER the model did not
show a good performance with a Pearson coefficient of r = 0.35 over-
estimating the observations by 76 pg/m>. The PM10 concentration for
October 22-25 was lower than during July 10-13 possibly related to the
transition seasons and onset of the wet season during this month. These
results also show that EURAD-IM requires more concise emission esti-
mates to quantitatively reproduce the atmospheric state. The quality of
results obtained is directly related to the quality and detail of the un-
derlying atmospheric emission inventory of the region. Regarding
Brazil, only very few cities have detailed inventories, and the use of
global inventories is thus often unavoidable. Also, EURAD-IM is a
mesoscale-alpha regional model working on a maximum horizontal
resolution of 1 km and therefore steep and abrupt changes in vertical
surface structure, typical for urban environments, cannot be resolved.

Differences in concentrations can reach more than 95 pg/m®:
average concentrations of the C — MASP NORTH cluster on October 25 at
2100 LT were 118 pg/m>, while the model’s average E — MASP North
reached only 21 pg/m®. Other high PM10 concentrations occurred on
October 22 at C-NW Paulinia cluster, reaching a maximum concentra-
tion of 105 pg/m>, while the average model concentration at E — NW
Paulinia was 44 pg/m>.

4. Conclusions

The mechanisms of elevated air pollution in the MASP have been
studied by a novel modeling approach, resting on (i) a multiscale and
multi-resolution model configuration, encompassing the MASP by a 25
km resolution domain over most part of South America, a 5 km domain
over the Southeast Brazil and 1 km domain centered over the MASP and
(ii) two weather situations prone to air quality decline. The first case
study was set during the dry season of July 2016, one of the months
marked by frequent annual episodes of long-range and regional pollu-
tion transport. The EURAD-IM elucidates well the role of the SALLJ in
this long-range transport of PM from the center of South America and
the local transport within SP state deteriorating the air quality of MASP.
This pollution reaches the MASP and is also transported from the MASP
following the northeastern direction through the Paraiba Valley and
Atlantic coast, which is divided by the Serra do Mar (sea mountains) to
Rio de Janeiro. The model reproduces the behavior of observed PM10
concentrations but underestimated the observations, although it pre-
sents a Pearson coefficient r > 0.7 for the cluster in MASP Center. The
second case study occurred from October 22-25, 2016, which is the
transition season from dry winter to wet summer in southeastern Brazil.
EURAD-IM simulations show that the air pollution from MASP and
MARYJ interact with each other depending on the meteorological con-
ditions via two possible routes: via the Paraiba Valley or via the Rio de
Janeiro/Sao Paulo coast. In both case studies, EURAD-IM results
demonstrated that there can be exchange of pollutants between MASP
and MARJ. In general, the model somewhat underestimates the obser-
vations which is explained by the scale of the model (1 km domain, as
highest resolution) and the representativity of surface local observations
in a highly variable chemical regime. These results also show that
EURAD-IM requires better emissions inventories to reproduce an at-
mospheric state closer to the real state, as the vehicular, industrial and
agricultural emissions from EDGAR do not represent well the PM2.5
emissions. The results and their limits clearly indicate that further
detailed analyses of air quality conditions of the state of SP would highly
benefit from a denser observation network, especially outside the city,
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which also measures fine particulate matter (PM2.5). As a next step,
sensitivity tests will be performed including a high-resolution vehicular
emission inventory for MASP and Brazil and make use of the 4D-Var
assimilation system that is part of EURAD-IM to optimize the model
results by assimilating heterogeneous in-situ and remote sensing
observational data.
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