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Abstract Smoke particles ejected into the atmosphere from biomass burning canmodify the atmospheric
composition around and even far from the sources. In late winter and early spring, biomass burning
emissions from inland regions can be efficiently transported to urban areas in southeastern South America,
thus affecting air quality in those areas. In this study, the Weather Research and Forecasting with Chemistry
model was applied in order to investigate the impact of biomass burning sources on aerosol loadings and
properties over the São Paulo Metropolitan Area (SPMA), in southeastern Brazil, during the period from 19
August to 3 September 2014. The model performance was evaluated using available aerosol measurements
from the Narrowing the Uncertainties on Aerosol and Climate Change in São Paulo State project. The
combined application of aerosol data and Weather Research and Forecasting with Chemistry simulations
made it possible to represent some of the most important aerosol properties, such as particle number
concentration and cloud condensation nuclei activation, in addition to evaluation of the impact of biomass
burning by analyzing a 5-day transport event, from 22 to 26 August 2014. During this transport event,
differences in the average predicted PM2.5 concentration reached 15 μg/m3 (peaking at 20 μg/m3 during the
nighttime hours) over the SPMA, compared with 35 μg/m3 over inland areas northwest and north of the
SPMA. Biomass burning accounted for up to 20% of the baseline particle number concentration- and cloud
condensation nuclei-weighted relative differences over the SPMA (2,300 and 1,400 cm�3, respectively).

1. Introduction

Atmospheric aerosols have been the focus of numerous studies, as they play an important role concerning
health impacts and climate change. Aerosol particles can attenuate solar radiation directly, by scattering
and absorbing radiation—the so-called aerosol direct effect—or indirectly, by acting as cloud condensation
nuclei (CCN) and thus having cloud albedo and lifetime effects—the so-called aerosol indirect effect
(Hartmann et al., 2013). Research studies on aerosol effects and their implications for climate change were
first compiled in the Intergovernmental Panel on Climate Change report in 1990. Since then, there have been
numerous studies on the direct and indirect climatic effects of aerosols (Cai et al., 2016; Forkel et al., 2012;
Scott et al., 2014; Takemura et al., 2002; Yahya et al., 2017; Zhang, 2008; Zhang et al., 2010). Most of studies
of such effects in South America have focused on the Amazon rainforest, as smoke generated from biomass
burning in the region can spread over significant portions of the continent, having a considerable effect on
direct and indirect radiative forcing (Artaxo et al., 2013; Bevan et al., 2009; Moreira et al., 2017), as well as on
human health (Alves et al., 2015, 2017; Pereira et al., 2017).

It is well recognized that the effects of aerosols onmeteorological processes and air quality depend largely on
the size distribution, chemical composition, mixing state, and morphology of the particles (Seinfeld et al.,
2016). Organic carbon (OC) and elemental carbon (EC) have received considerable attention in recent years,
among all particulate matter (PM) components typically found in urban environments, due to their complex
and multiple radiative impacts on climate. Organic aerosols not only offset the warming effects caused by
indirect aerosol effects but also can further build up such warming effects by chemical aging processes,
affecting the atmospheric radiation balance. Oxidative aging processes can alter aerosol properties and
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convert nonabsorbing organic aerosols into light-absorbing compounds, which absorb in ultraviolet and
even in visible spectra, as demonstrated by Gelencser et al. (2003) in tropical clouds. Boucher et al. (2013)
reviewed studies on radiative forcing by aerosols and reported that black carbon contributions offset those
from organic aerosol via biomass burning emissions, resulting in an estimated mean forcing of +0.0 W/m2

(with a range of �0.2 to +0.2 W/m2).

There remainmany uncertainties about the role that carbonaceous particles play in the composition and CCN
activation of aerosols over the São Paulo Metropolitan Area (SPMA), located in the state of São Paulo, in
southeastern Brazil. Oyama et al. (2016) showed that OC concentrations over the SPMA are dominated by
organic aerosols from vehicular emissions, although the contributions from biogenic and biomass burning
emissions are also important. The authors concluded that biomass burning accounts for 10–30% of OC
and sugar cane burning accounting for 15% of mass. Biomass burning emissions may also affect the CCN
activation properties of air masses arriving at SPMA. Souto-Oliveira et al. (2016) reported that high nighttime
activation diameter values are associated with air masses passage over regions with active fires, which
impacts negatively on CCN activation, as high activation diameter can often be attributable to low
particle hygroscopicity.

Although it is well known that air pollutants from biomass burning may affect the oxidative capacity of the
atmosphere in urban areas in southeastern Brazil, no major efforts have been made to investigate that effect.
In fact, there have been no studies utilizing measurements of different aerosol properties in conjunction with
air quality model predictions to improve understanding of aerosol emissions impacts on air quality in the
region. In particular, atmospheric aerosol properties over the SPMA have not been extensively modeled,
mainly due to the lack of measurements for validation of numerical simulation results. Vara-Vela et al.
(2016) used the Weather Research and Forecasting with Chemistry (WRF-Chem) model to investigate the
impact of on-road vehicle emissions on the formation of fine particles and found that the observed and
predicted fine particle mass concentrations in the accumulation mode accounted for the majority of PM2.5,
the largest fraction of the total mass comprising OC and EC. The authors also found that the ground level
O3 concentration decreased by approximately 2% in downtown region of SPMA when the aerosol-radiation
feedback was taken into account in the simulations.

The aim of the present study was to examine the main aerosol properties of the atmosphere over the SPMA,
the largest metropolitan area in South America, with a special focus on quantifying the impact of biomass
burning emissions on the aerosol burden. To that end, aerosol data collected in the 2014 Narrowing the
Uncertainties on Aerosol and Climate Change in São Paulo State (NUANCE-SPS) campaign are compared with
those obtained from three WRF-Chem simulations. In the following section the modeling framework will be
introduced, including a description of emission models and the measurements used to evaluate the model
results. Next, in section 3, the performance of the model will be evaluated by comparing observations with
baseline model simulations. Section 4 will discuss the biomass burning contribution by analyzing a specific
transport event. A summary and concluding remarks are given in section 5.

2. Description of Models, Emissions, and Observations
2.1. WRF-Chem Model and Configuration

The WRF-Chem model version 3.7.1 was employed in order to run simultaneous simulations of
meteorological processes, chemistry and aerosol feedback effects on a regional scale; it is a fully coupled,
online meteorology-chemistry transport mesoscale model (Grell et al., 2005; Skamarock et al., 2008).

The main physical options selected in this study included the following: the Rapid Radiative Transfer Model
for General Circulation Model applications (RRTMG) scheme for longwave and shortwave radiation (Iacono
et al., 2008), the Revised Mesoscale Model version 5 Monin-Obukhov scheme for surface layer (Jiménez
et al., 2012), the Unified Noah land surface model for land surface (Chen & Dudhia, 2001), the single-layer
urban canopy model scheme for urban model (Kusaka et al., 2001), the Yonsei University scheme for the
boundary layer (Hong et al., 2006), the Multi-Scale Kain-Fritsch scheme for cumulus clouds (Zheng et al.,
2016), and the Morrison two-moment scheme for microphysics (Morrison et al., 2009). In addition, the surface
drag parameterization of Mass and Ovens (2010), developed to correct the high wind speed bias of the WRF
model, was coupled to the boundary layer scheme to improve the predictions of wind fields. For the
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chemistry, we applied the Carbon Bond mechanism CB05 (Yarwood et al., 2005) with additional chloride
chemistry (Sarwar et al., 2007), coupled with the existing Modal Aerosol Dynamics model for
Europe/Volatility Basis Set (MADE/VBS), as described by Ahmadov et al. (2012), to simulate concentrations
of the main inorganic and organic aerosol species. The extended CB05 includes 97 species and 191 reactions,
with more than 60 volatile organic compounds and 120 associated reactions. The MADE/VBS uses a
three-mode aerosol representation—Aitken (< 0.1 μm), accumulation (0.1–1 μm), and coarse (> 1 μm)—
and an advanced secondary organic aerosol (SOA) module based on a four-bin VBS approach with the
SOA gas-particle partitioning following the theory of Pankow (Pankow, 1994a, 1994b). Nucleation processes
are based on mathematical formulations described in Kulmala et al. (1998), condensation processes are
based on Binkowski and Shankar (1995), and coagulation processes are based on Whitby et al. (1991) and
Binkowski and Shankar (1995).

The CB05-MADE/VBS mechanism with aqueous-phase chemistry is fully coupled to existing model
treatments for different aerosol-radiation-cloud feedback processes such as the aerosol direct effect on
shortwave radiation, aerosol indirect effects on cloud droplet number concentration (CDNC), and cloud
effects on shortwave radiation (Wang et al., 2015; Yahya, He, & Zhang, 2015). To account for the aerosol direct
effect, aerosol radiative properties such as aerosol optical depth (AOD), single scattering albedo, and asym-
metry factors are initially calculated based on the approach devised by Fast et al. (2006) according to the
Mie theory (Mie, 1908). Those properties are then transferred to RRTMG shortwave radiation scheme in order
to calculate the corresponding radiative forcing. The aerosol effects on photolytic rates for major gaseous
species such as O3 and NO2 are linked to the Fast Troposphere Ultraviolet Visible photolysis module through
the use of predicted concentrations of aerosols, including ammonium, sulfate, nitrate, OC, EC, SOAs, sea salt,
and dust (Wang et al., 2015). The overall impact of aerosol indirect effects in WRF-Chem is accounted for by
linking interactive aerosol modules, as implemented by Gustafson et al. (2007) and Chapman et al. (2009).
After CDNC has been predicted based on the activated aerosols within the Morrison two-moment microphy-
sics scheme, it is connected to RRTMG shortwave radiation scheme, thus affecting the calculated droplet
mean radius and cloud optical depth resulting from previous changes in CDNC. In addition, feedback effects
of clouds on aerosol size and composition via aqueous-phase chemistry (Sarwar et al., 2011) and wet scaven-
ging processes (Easter et al., 2004) are treated. Aerosols are activated based on the approach described by
Abdul-Razzak and Ghan (2000). Aerosols activation is based on a maximum supersaturation determined from
a Gaussian spectrum of updraft velocities and bulk hygroscopicity of each aerosol compound. CCN are
calculated at given maximum supersaturation values (0.02, 0.05, 0.1, 0.2, 0.5, and 1%) from the sum obtained
over all lognormal particle modes (Tuccella et al., 2015). The main physics, chemistry, and emission options
used in this study, as well as their corresponding references, are listed in Table 1.
2.1.1. Model Simulation Design
From August to October, during the biomass burning season in central region of South America and south of
the Amazon basin, SPMA atmosphere can receive, depending on the wind direction, smoke plumes
transported from those regions (Miranda et al., 2017). A case study within this season, with availability of
experimental data, was performed to identify the biomass burning contribution to fine particles
concentration. To that end, three sets of 18-day simulations were carried out between 17 August and 3
September 2014: one with the fire emissions module turned off (baseline simulations) and two turned on,
employing different scaling factors (1 and 3) for particulate and ozone precursor emissions (sensitivity
simulations). The enhancement factor of 3 is applied to produce reasonable AODs within the model and is
based on previous studies conducted over South America that suggested scaling factors of 1.3 to 5
(Archer-Nicholls et al., 2015; Pereira et al., 2016). The use of the scaling factor of 3 together with the FINN
baseline emissions (scaling factor of 1) provides a possible range of fire impacts estimates, through consider-
ing the uncertainties in the FINN fire emissions over South America. The need for scaling factors highlights
many uncertainties involved in calculating biomass burning emissions (Archer-Nicholls et al., 2015; Ichoku
et al., 2012). Emission modules and aerosol feedbacks are all incorporated into the WRF-Chem simulations.

Simulations were conducted over two nested domains at horizontal resolutions of 25 and 5 km, both with a
vertical resolution of 34 layers. As shown in Figure 1, the parent domain (d01) was defined as the atmosphere
over southeastern South America, whereas the nested domain (d02) focuses on the SPMA and surrounding
urban areas. Both domains are designed to cover fire-prone areas, most of them located in the central west
region of Brazil (northwest part of d01). Simulations at 25 km are driven by Global Forecast System 0.5°
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Table 1
WRF-Chem Configurations

Attributes WRF-Chem option

Physics
Radiation Longwave and shortwave RRTMG scheme (Iacono et al., 2008)
Surface layer Revised Mesoscale Model version 5 Monin-Obukhov scheme (Jiménez et al., 2012)
Land surface Unified Noah land surface model (Chen & Dudhia, 2001)
Urban model Urban canopy model (Kusaka et al., 2001)
Boundary layer Yonsei University scheme (Hong et al., 2006)
Cumulus cloudsa Multiscale Kain-Fritsch scheme (Zheng et al., 2016)
Cloud microphysics Morrison two moment (Morrison et al., 2009)
Chemistry
Gas phase Modified CB05 with updated chlorine chemistry (Sarwar et al., 2007;

Yarwood et al., 2005) implemented by Wang et al. (2015)
Aqueous phase Sarwar et al. (2011)
Aerosol MADE/VBS (Ahmadov et al., 2012)Modal (3): Aitken (<0.1 μm),

accumulation (0.1–1 μm), and coarse (>1 μm)four-bin VBS framework with aging
Aerosol activation Abdul-Razzak and Ghan (2000)Internal mixing state with

hygroscopicity parameters for OC, kOC = 0.14, and for BC, kBC = 10�6

Photolysis Fast Troposphere Ultraviolet Visible (Tie et al., 2003)
Emission sources
Anthropogenic HTAPv2.2 (Janssens-Maenhout et al., 2015) and Andrade et al. (2015)b

Biogenic Model of Emissions of Gases and Aerosols from Nature (Guenther et al., 2006)
Fire FINN (Wiedinmyer et al., 2011)
Plume rise Freitas et al. (2007)
Dust Jones and Creighton (2011)
Sea salt Gong et al. (1997)

Note. WRF-Chem = Weather Research and Forecasting with Chemistry; MADE = Modal Aerosol Dynamics model for
Europe; VBS = Volatility Basis Set; BC = boundary condition; OC = organic carbon; RRTMG = Rapid Radiative Transfer
Model for General Circulation Model applications; HTAPv2.2 = Hemispheric Transport of Air Pollution version 2.2.
aParent domain only. bNested domain only.

Figure 1. The two nested domains for Weather Research and Forecasting-Chem modeling. The parent domain (d01)
includes the southeastern region of South America, whereas the nested domain (d02) covers the SPMA and surrounding
urban areas. The zoom-in maps for d02 show the Weather Research and Forecasting topography (top right) and the
location of all measurement sites within the São Paulo Metropolitan Area (bottom right). Red dots represent CETESB sites,
whereas the blue and green dots represent, respectively, the locations of the Narrowing the Uncertainties on Aerosol
and Climate Change in São Paulo State sampling campaigns and Institute of Astronomy, Geophysics and Atmospheric
Sciences of the University of São Paulo’s climatological station.
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analyses, for meteorological processes, and by Model for OZone and Related chemical Tracers version
4/Goddard Earth Observing System Model version 5 fields, for chemistry (Emmons et al., 2010; Molod et al.,
2012); both called for input every 6 hr. Off-line initial conditions and boundary conditions derived from the
25-km simulations were used as input to feed 5-km simulations. The inflow boundary conditions derived from
the 25-km baseline simulation that did not consider fire emissions were used in order to update the bound-
aries of the 5-km baseline simulation, hereafter referred to as BASE, whereas the inflow boundary conditions
derived from the 25-km sensitivity simulations were used in order to update the boundaries of the 5-km sen-
sitivity simulations, hereafter referred to as BBE and 3BBE, respectively, for the simulations with scaling factors
of 1 and 3 for FINN particulate and ozone precursor emissions.

Model performance was evaluated by comparing observations with model results from the baseline simula-
tions. Performance statistics were calculated for the period from 19 August to 3 September (the first 2 days of
each simulation were considered spin-up time and were therefore discarded). In addition, spatial distribu-
tions of absolute and relative differences between BBE and BASE and between 3BBE and BASE were
employed to quantify and characterize the changes in aerosol properties due to the inclusion of fire emis-
sions. In this case, the differences are averaged over a 5-day episode from 22 to 26 August, as in this period
prevailed meteorological conditions in terms of the transport of air pollutants from fire regions. Table 2 sum-
marizes the simulation design for nested simulations, together with statistical evaluation periods.

2.2. Emissions
2.2.1. Anthropogenic Emissions
Anthropogenic emissions include seven sectors of human activities: power, industry, residential, agriculture,
ground transport, aviation, and shipping. For the parent domain, emissions were taken from the Hemispheric
Transport of Air Pollution version 2.2 (HTAPv2.2) emissions inventory (Janssens-Maenhout et al., 2015). The
HTAPv2.2 is a compilation of different regional gridded inventories, as well as available sources based on
nationally reported emission data sets for the 2000–2010 period. HTAPv2.2 emissions for South America
are based on the Emissions Database for Global Atmospheric Research version 4.3 and are provided as
monthly grid maps spatially distributed on a common grid with a resolution of 0.1° × 0.1° (latitude × longi-
tude). For the nested domain, a mixture of top-down and bottom-up emissions inventories was used,

Table 2
Simulation Design and Evaluation Periods

Attributes Parent domain Nested domain

Simulation period 17 August to 3 September 2014 17 August to 3 September 2014
Coverage Southeastern South America Southeastern part of the state of São Paulo
Horizontal resolution 25 km 5 km
Vertical resolution 34 layers from surface to 50 hPa (≈20.5 km) 34 layers from surface to 50 hPa (≈20.5 km)
Baseline simulation Meteorological ICs/BCs from GFS 0.5 model; chemical ICs/BCs from

MOZART-4/GEOS-5 model; fire emission module turned off; aerosol
feedbacks turned on

Meteorological and chemical ICs/BCsa from the 25-km baseline
simulation; fire emission module turned off; aerosol feedbacks
turned on; denoted as BASE for simplicity

Biomass burning
sensitivity simulation

Meteorological ICs/BCs from GFS 0.5 model; chemical IC and BC
from MOZART-4/GEOS-5 model; all emission modulesb turned on;
aerosol feedbacks turned on; FINN particulate and ozone
precursor emissions scaled by a factor of 1

Meteorological and chemical ICs/BCsa from the 25-km sensitivity
simulation; all emission modulesb turned on; aerosol feedbacks
turned on; FINN particulate and ozone precursor emissions scaled
by a factor of 1; denoted as BBE for simplicity

Threefold-biomass
burning sensitivity
simulation

Meteorological ICs/BCs from GFS 0.5 model; chemical IC and BC
from MOZART-4/GEOS-5 model; all emission modulesb turned on;
aerosol feedbacks turned on; FINN particulate and ozone
precursor emissions scaled by a factor of 3

Meteorological and chemical ICs/BCsa from the 25-km sensitivity
simulation; all emission modulesb turned on; aerosol feedbacks
turned on; FINN particulate and ozone precursor emissions scaled
by a factor of 3; denoted as 3BBE for simplicity

Statistical
evaluationc

Model performance: 19 August to 3 September 2014 Model performance: 19 August to 3 September 2014; FEC: 22–26
August 2014

Purpose Baseline simulation for comparison to satellite measurements and
inclusion of remote sources of BB

Baseline simulation for comparison to in situ and lidar
measurements; differences BBE-BASE and 3BBE-BASE show impact
of BB over the SPMA and surrounding urban areas

Note. IC = initial condition; BC = boundary condition; FEC = fire emission contribution (period); BB = biomass burning; MOZART = Model for Ozone and Related
chemical Tracers; GEOS = Goddard Earth Observing System; SPMA = São Paulo Metropolitan Area; GFS = Global Forecast System.
aThe ndown utility was applied to interpolate ICs/BCs provided by the 25-km simulations into the 5-km boundaries. bIncludes anthropogenic, biogenic, fire, dust,
and sea-salt aerosols. cThe first 2 days are discarded as spin-up time.
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following the approach proposed by Hoshyaripour et al. (2016). That is, anthropogenic emissions from
sectors other than ground transport (such as industrial and residential) were calculated from top-down
emissions taken from the HTAPv2.2, whereas the emissions from ground transport (specifically on-road
vehicles) were derived from the bottom-up transport emission model described by Andrade et al. (2015).
That model combines information on emission factors for different vehicle types (motorcycles, light-duty
vehicles, and heavy-duty vehicles) and different fuel types (gasohol, ethanol, ethanol-blended gasohol, and
diesel) with information on road maps and vehicle counts from tunnel experiments performed in the
SPMA (Andrade et al., 2015). To scale the top-down and bottom-up emissions into the 25- and 5-km
modeling domains, mass-conserving emissions preprocessors anthro_emiss (Barth et al., 2015) and
AAS4WRF (Vara-Vela et al., 2016, 2017) were employed, respectively. Supporting information Figure S1
shows spatial distributions of CO emission rates in both domains.
2.2.2. Fire Emissions
Fire emissions were taken from Fire INventory of the U.S. National Center for Atmospheric Research, hereafter
referred to as FINN, as described by Wiedinmyer et al. (2011). The FINN provides daily emissions from open
biomass burning, including wildfires, agricultural fires, and prescribed burning, on a global basis and
resolution of 1 km2. The plume rise algorithm for fire emissions was implemented in the WRF-Chem by
Grell et al. (2011) and is based on the 1-D time-dependent cloud model developed by Freitas et al. (2007).
This 1-D model is embedded in each grid column of the WRF-Chem grid cells containing fire spots. Lower
and upper limits of the injection height are calculated based on the fire category (biome burned) provided
by the fire emission model, as well as on heat flux fields inferred from the host model. Both limits are then
returned to the host model and taken into account to split the total fire emissions into flaming and
smoldering phases, the flaming fraction being emitted between the elevated injection heights, whereas
the smoldering fraction is incorporated into the lowest model level (Archer-Nicholls et al., 2015; Freitas
et al., 2007). The spatial distribution of the total burned area in the 25-kmmodeling domain during the period
from 22 to 26 August 2014 is shown in Figure 2. For this period and modeling domain, the FINN estimates
4.9 × 10�2 Tg OC, 3.1 × 10�3 Tg EC, and 9.1 × 10�2 Tg PM2.5.

Figure 2. Spatial distribution of the total burned area for each FINN biome in the 25-km modeling domain during the per-
iod from 22 to 26 August 2014.
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2.2.3. Other Emissions
Biogenic emissions were calculated online using the Model of Emissions of Gases and Aerosols from Nature
version 2 (Guenther et al., 2006). Based on driving variables such as ambient temperature, solar radiation, leaf
area index, and plant functional type, that model estimates net terrestrial biosphere emission rates for
different trace gases and aerosols with a global coverage of ≈1-km2 spatial resolution. Dust and sea-salt
aerosols were quantified online in the simulations. All emissions were considered to arise from surface with
exception of fire emissions, which were added by plume rise model at the model levels previously settled on.

2.3. Measurements and Evaluation Protocols

The aerosol measurements used in this work were mostly taken from the NUANCE-SPS project. NUANCE-SPS
campaigns were orchestrated by the Institute of Astronomy, Geophysics and Atmospheric Sciences of the
University of São Paulo (IAG-USP) and carried out over the SPMA between 2011 and 2015. The project aimed
to improve the current knowledge of the chemistry and transport processes of pollutants emitted in the
SPMA and other areas of the state of São Paulo. During the most recent NUANCE-SPS campaign, performed
in 2014, an extensive set of measurements of aerosol properties were obtained at 15 m above ground level,
atop main IAG-USP building (23.559°S, 46.733°W; hereafter referred to as the IAGU site), which is
approximately 45 km from the Atlantic Ocean.

During that NUANCE-SPS campaign, aerosol samplings were carried out during winter (dry season), from 19
August to 3 September 2014. A microorifice uniform deposit impactor (MOUDI), as described by Marple et al.
(1986), was employed in order to collect mass size distributions, and a differential mobility particle sizer
(DMPS), as described by Winklmayr et al. (1991), was employed in order to collect number size distributions.
The rotating MOUDI collected particles in 10 different stages with nominal 50% cutoff diameters: 10, 5.6, 3.2,
1.8, 1.0, 0.56, 0.32, 0.18, 0.1, and 0.06 μm. Particles smaller than 0.06 μmwere collected in a subsequent stage
denominated after filter. The DMPS collected particles in 22 size bins, with diameters in the 9- to 450-nm
range. Samples were collected every 12 hr with the MOUDI and every 5 min with the DMPS. A thermal-optical
transmittance analysis (Sunset Laboratory Inc.; Birch & Cary, 1996) was applied to samples in order to
determine the amount of EC deposited on the filters, being applied to each stage in the case of the
MOUDI impactor. CCN were counted with a single-column continuous-flow streamwise thermal gradient
chamber (Lance et al., 2006; Roberts & Nenes, 2005). The total polydisperse CCN number concentration is
measured as a function of time and supersaturation. One measurement cycle included CCN measurements
at supersaturation values of 0.2, 0.4, 0.6, 0.8, and 1.0%, each being measured for 5 min (Almeida et al.,
2014). Given that DMPS and CCN data were derived from different instruments, correction factors were
previously applied in order to determine the particle number concentration (PNC) spectrum in the 450- to
1,000-nm range, as well as to constrain the activated ratio (AR) to a value ≤1. Further details on DMPS
calibration data and correction factors can be found in Souto-Oliveira et al. (2016). Vertical profiles of aerosol
extinction were retrieved using a backscatter lidar system supplying vertical distributions of aerosol
backscatter and extinction coefficients, obtained from elastic backscatter and Raman channels at 532 and
607 nm, respectively.

Concentrations of PM2.5, PM10, and O3, as well as meteorological data, were obtained from the São Paulo
Environmental Protection Agency monitoring network and the IAG-USP climatological station. The location
of measurement sites is depicted in Figure 1 and described in supporting information Table S1.
Information on precipitation and AOD derived from satellite data were considered in addition to in situ
and lidar measurements throughout the evaluation of numerical simulations. Table 3 summarizes the
observational data sets used for model evaluation.

During the comparison between the model results and the observations, we used statistical indices
recommended for PM analyses (Boylan & Russell, 2006; Environmental Protection Agency, 2007; Zhang
et al., 2006) including mean fractional bias (MFB), mean fractional error (MFE), normalized mean bias
(NMB), and normalized mean error (NME), as well as other indices providing meaningful information such
as mean bias (MB) and correlation coefficient (R), as defined in supporting information Table S2. In some
cases, data were compared against the Global Precipitation Climatology Project (GPCP) database and against
the MERGE technique (Rozante et al., 2010). For ease of model-satellite data comparison, satellite and model
data were both initially regridded onto a common grid with resolution of 0.25° × 0.25° (latitude × longitude)
and then averaged in time and space over the grid.
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3. Model Evaluation

Section 3 focuses on the model performance evaluation for the baseline simulations. In section 4, the results
from the simulations BBE and 3BBE will be compared with those from BASE, in order to assess the impacts of
fire emissions on air quality and on aerosol properties.

3.1. Meteorology

To study the impact that the long-range transport of fire emissions may have on aerosol particles in the
SPMA, meteorological conditions, especially wind speed and wind direction, were analyzed. Comparisons
between the observed and predicted hourly variations for 2-m temperature, 2-m relative humidity, 10-m
wind speed, and 10-m wind direction (see supporting information Figure S2) show that the model performs
well in terms of trends. However, it tends to underpredict temperature and relative humidity, the average MB
over all sites being 0.01 °C and 2%, whereas it overpredicts wind speed, the average MB being 0.57 m/s. Wind
direction is predicted to be more easterly compared with the observed fields, southeasterly winds largely
dominated by the influence of sea breezes. Individual calculations of performance statistics are presented
in supporting information Table S3.

Although winds were not generally favorable for the transport of air pollutants from fire areas, shifts in wind
direction, foremost from southeasterly to northwesterly, over a 5-day period (from 22 to 26 August) favored
such transport and thereby the enhancement of aerosol loadings into the SPMA. In another favorable event
(from midday 31 August to midnight 1 September), wind speeds increased to 8 m/s. However, despite the
fact that, during that short period, the number of fire events was proportionally higher in comparison with
the total study period, there were multiple precipitation events related to the passage of a low-pressure sys-
tem that spread rapidly over the SPMA, contributing significantly to the removal of gases and particles.
Except during those two periods, the winds were not favorable for transport from fire regions. There were
precipitation events on some days within the second half of the study period (27 August to 3 September
2014). Precipitation predictions agreed well with ground- and satellite-based measurements. The model eva-
luation for the 25-km baseline simulation shows good domain mean performance statistics with MBs and
NMBs within 0.7 mm/day (0.4 mm/day against the MERGE data and 0.7 mm/day against the GPCP database)
and within 30% (17% against the MERGE data and 30% against the GPCP database), respectively. The differ-
ences are attributable to different spatial coverage and composition andmay have led to bias compensation.
Figure S3 in the supporting information compares punctual precipitation data obtained from the IAG-USP cli-
matological station with the amounts of rainfall under the corresponding points for the 5-km modeling
domain and in the MERGE data (see Table S3 in the supporting information for performance statistics).

Table 3
Description of the 2014 NUANCE-SPS Aerosol Sampling Campaign Performed at the IAGU Site and Other Data Sets Included in
the Model Evaluation

Database Parameter Sampling frequency Sampling device

NUANCE-SPS Particle mass concentration 12 hr Rotating MOUDIa

Particle number concentration 5 min DMPS aerosol spectra
CCN concentration 1 s CCN chamber
Aerosol extinction coefficient Raman lidar systemb

EC concentration 12 hr Sunset OC-EC analyserc

CETESBd PM2.5, PM10, O3, NO2, T, RH, WS, and WD Hourly Various
GPCPe Precipitation Daily
MERGEe Precipitation Daily
MODISe AOD Daily

Note. T = temperature; RH = relative humidity; WS = wind speed; WD = wind direction; MODIS = Moderate Resolution
Imaging Spectroradiometer. NUANCE-SPS = Narrowing the Uncertainties on Aerosol and Climate Change in São Paulo
State; MOUDI = microorifice uniform deposit impactor; DMPS = differential mobility particle sizer; CCN = cloud conden-
sation nuclei; OC = organic carbon; EC = elemental carbon.
aIncludes aerosol mass size distribution for EC. bThe system was set up at the USP Institute for Energy Research and
Nuclear Science, which is approximately 900 m from the IAGU site. cPM collected on a MiniVol sampler. dAmbient
data were taken from 11 monitoring sites (see Table S1 for details). eData sets used for the evaluation of the 25-km
baseline simulation.
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3.2. Chemical Concentrations

Figures 3–5, respectively, compare the observed near-surface PM2.5, PM10, and O3 concentrations with the
concentrations predicted in the BASE simulation (blue dots in the figures). During the period from 22 to 26
August, characterized by the influence of biomass burning smoke transported from inland regions, observa-
tions showed a strong day-to-day and diurnal variability in pollutant levels, with concentrations up to 110,
240, and 210 μg/m3, respectively, for PM2.5, PM10, and O3. The model tracked the temporal variations in
the concentrations of those pollutants reasonably well during this period when there were no precipitation
events. However, significant discrepancies during the second half of the study period (27 August to 3
September 2014), and attributable to changes in meteorological conditions, especially cloud cover and rain,
were also observed. In general, underestimation of concentrations is related to either inaccurate
meteorological predictions or underestimation of the emissions, or a combination of both. For the
concentrations of PM2.5, PM10, and O3, the average MBs were 1.02, �2.87, and �5.32 μg/m3, respectively,
and the average NMBs were 4.30, �4.79, and �12.45%, respectively. Individual indices are available in
supporting information Table S4. Each point on the scatter plots in Figure 6, displayed with a marker (PM
variable) and a color (monitoring site), represents the PM model performance in terms of NMB and NME,
the panels (a) and (d) showing the results from the BASE simulation for the periods from 22 August to 3
September 2014 and from 22 to 26 August 2014, respectively. Comparisons between the observed and
predicted concentrations of EC at the IAGU site are shown in supporting information Figure S5. The
considerable underprediction of EC might be due to underestimates of EC emissions in the fire emissions
inventory. As reported by Pereira et al. (2016), the FINN tends to underestimate the smoke emission loading
in the eastern portion of the Amazon rainforest.

Figure 3. Hourly variations in PM2.5 concentrations at five CETESB monitoring sites during the period from 19 August to 3
September 2014, showing observed values (black dots) and predicted values (blue, orange, and red dots, respectively, for
the simulations BASE, BBE, and 3BBE).
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3.3. Size Distribution, OC-EC Contribution, and Optical Properties

Figures 7 and 8 depict the predicted particle mass and number concentrations, respectively, using available
observations. For comparison purposes, the particle masses in each MOUDI bin were grouped into the MADE
modes according to their size limits. In addition, due to limited measurements of mass size distribution, the
observed and predicted particle mass concentrations were compared based on the MOUDI sampling period,
which included only 1 day within the fire emission contribution period prior to the shift in meteorological
conditions. On the basis of the WRF-Chem nomenclature, nu0 and ac0 are used here to refer to PNC in the
Aitken and accumulation modes, respectively. The comparison of particle number data from the model
against DMPS data revealed overall good agreement in terms of temporal evolution (see the left panels in
Figure 8). However, some peaks attributed to very specific small-scale features, mainly in the second half
of the study period, were not fully captured by the model. The predicted PNC showed lower variability than
did the observed PNC (see the bottom right panel in Figure 8), with PNC MB values of �1,133.67 and
�1,926.52 cm�3, respectively, for the periods from 19 August to 3 September 2014 (ESP) and from 22 to
26 August 2014 (FEC; see Table 4). The differences between the predicted and observed PNC values are attri-
butable in large part to uncertainties in the estimation of nucleation rates and of primary emissions of aerosol
particles, the latter considered to be the key factor for CCN production within the planetary boundary layer
(PBL), as described by Tuccella et al. (2015) and Spracklen et al. (2006).

The model evaluation for PM2.5 chemical composition, in terms of light absorption at ultraviolet and visible
wavelengths, focused only on the two most important aerosol components: EC (observed and predicted)
and OC (predicted only). The predicted OC and EC composed the largest fraction of the total PM1 mass at
the IAGU site, with individual contributions of 49.2% and 9.6%, respectively, compared with only 8.8% for
the observed EC. In addition, the predicted SOAs at the IAGU site were found to correspond to 24% of the

Figure 4. Hourly variations in PM10 concentrations at six CETESB monitoring sites during the period from 19 August to 3
September 2014, showing observed values (black dots) and predicted values (blue, orange, and red dots, respectively,
for the simulations BASE, BBE, and 3BBE).
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predicted OC (11.8% of the total PM1 mass). A previous study, also conducted over the SPMA (Vara-Vela et al.,
2016), reported that the predicted SOAs accounted for 17% of the OC mass. Although those proportions
represent average contribution during August for different but proximal years (2012 and 2014), the
approximately 7% higher SOA contribution obtained in this study is attributable to the use of a

Figure 5. Hourly variations in O3 concentrations at six CETESB monitoring sites during the period from 19 August to 3
September 2014, showing observed values (black dots) and predicted values (blue, orange, and red dots, respectively,
for the simulations BASE, BBE, and 3BBE).

Figure 6. PM soccer plots (NMB vs. NME) for the simulations BASE (a, d), BBE (b, e), and 3BBE (c, f) during the periods from 19 August to 3 September 2014 (a–c) and
from 22 to 26 August 2014 (d–f). NMB = normalized mean bias; NME = normalized mean error; PM = particulate matter; EC = elemental carbon.
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Figure 7. Observed and predicted particle mass concentration of average PM10 (top left) and EC (top right), together with
the predicted average OC (bottom). The mass concentrations in each MOUDI bin were first grouped according to the
three modes used in the MADE aerosol module, after which they were averaged for the MOUDI sampling period (8 days
during the study period). PM = particulate matter; EC = elemental carbon; OC = organic carbon; MOUDI = microorifice
uniform deposit impactor.

Figure 8. Time series (left) and box whisker plots (right) of PNC, in the Aitken mode (nu0) and in the accumulation mode
(ac0), at the IAGU site during the periods from 22 to 26 August 2014 (top right) and from 19 August to 3 September 2014
(bottom right), showing observed values (in black) and predicted values (in blue, orange and red, respectively, for the
simulations BASE, BBE, and 3BBE). PNC = particle number concentration.
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nontraditional SOA model rather than a traditional SOA model, such as those used by Vara-Vela et al. (2016)
and Tuccella et al. (2012), together with the use of an extended and updated biogenic emissions model.

Model results for the 25-km baseline simulation are in good domain-wide agreement with the Moderate
Resolution Imaging Spectroradiometer AOD data (R = 0.55; MB = �0.08; NMB = �0.47). On the basis of a
spatial average, the largest AOD underestimations were for the atmosphere over the central west region of
Brazil (see supporting information Figure S6), indicating that particle loadings are underestimated over this
region. Biomass burning events are quite common in the central west region of Brazil and represent the
dominant aerosol sources during the burning season (August to October), as reported by Hoelzemann
et al. (2009). However, comparisons between the data derived from the BASE simulation and those of the
two available lidar aerosol extinction profiles show that the model failed to simulate the vertical structure
of aerosols, being able to produce only some of the aerosol layering observed between 12:00 and
13:00 UTC on 26 August (left panel in Figure 9), prior to the shift toward unfavorable conditions in terms of
precipitation and transport from fire regions. Similarly, the higher-resolution model simulation
underestimated the magnitude of extinction coefficients and thus that of the AOD.

3.4. CCN

Aerosols can be activated depending on the supersaturation, aerosol composition, and particle size.
Although the relative importance of these parameters may vary greatly in different environments and loca-
tions, there is general agreement that the activation of CCN at a given supersaturation depends primarily on
the particle size, followed by the chemical composition and mixing state (Che et al., 2017). In the present
study, activation of CCN was assessed by comparing the observed and predicted AR values at supersatura-
tions of 0.2% and 1.0%. The AR was calculated, with PNC integrated over bins and modes, as follows:

AR ¼ CCN
PNC

(1)

with a particle diameter ≤ 1 μm. The AR, thus calculated, was employed for determining the efficiency of aero-
sol particles in acting as CCN, following the examples of previous studies of the atmosphere over the SPMA
conducted by Almeida et al. (2014) and Souto-Oliveira et al. (2016). Time series and box whisker plots of CCN
concentrations at the IAGU site are shown in the Figure 10, and Figure 11 shows the same for ARs. The CCN
comparisons show that the model represented the spread of CCN relatively well at both supersaturations,
confirming the importance of supersaturation in the magnitude of the CCN activation. Underestimation of
the predicted CCN was directly related to an underestimation of the predicted PNC. Global and regional

Table 4
WRF-Chem Performance Statistics for PNC (ac0), CCN1%, and AR1% at the IAGU Site

Variables Index BASE (ESP) BBE (ESP) 3BBE (ESP) BASE (FEC) BBE (FEC) 3BBE (FEC)

PNC SDObs 4,012.10 4,012.10 4,012.10 3,657.51 3,657.51 3,657.51
SDSim 2,341.40 2,410.26 2,892.99 3,024.20 3,229.41 3,664.66
R 0.49 0.50 0.52 0.44 0.46 0.49

RMSE 3,733.46 3,634.11 3,493.02 4,297.82 4,211.12 4,019.19
MB �1,133.67 �985.87 �806.83 �1,926.52 �1,644.02 �1,105.37

CCN1% SDObs 1,519.12 1,519.12 1,519.12 1,575.87 1,575.87 1,575.87
SDSim 1,006.62 1,072.29 1,219.87 913.19 986.23 1,131.71
R 0.37 0.36 0.39 0.38 0.38 0.40

RMSE 1,605.32 1,615.98 1,637.21 2,071.75 2,003.35 1,857.88
MB �626.50 �607.47 �435.99 �1,230.86 �1,073.58 �650.54

AR1% SDObs 0.16 0.16 0.16 0.16 0.16 0.16
SDSim 0.14 0.14 0.15 0.16 0.16 0.17
R 0.39 0.42 0.41 0.40 0.42 0.42

RMSE 0.18 0.17 0.17 0.17 0.17 0.18
MB �0.05 �0.04 �0.03 �0.02 �0.02 �0.001

Note. ESP = entire study period; FEC = fire emission contribution (period); SDObs = observed standard deviation;
SDSim = simulated standard deviation; R = correlation coefficient; RMSE = root-mean-square error; MB = mean bias;
WRF-Chem = Weather Research and Forecasting with Chemistry; PNC = particle number concentration; CCN = cloud
condensation nuclei; AR = activated ratio.
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modeling studies have suggested that CCN production depends largely on the primary emission of aerosol
particles (Merikanto et al., 2009; Spracklen et al., 2006; Tuccella et al., 2015). In the present study, the
observed and predicted CCN activation were more significant at 1% supersaturation. In addition,
depending on the aerosol composition, particle hygroscopicity may or not catalyze the activation of CCN.
In the WRF-Chem, CCN activation depends on the volume-weighted average hygroscopicity of each
aerosol component (e.g., salt, sulfate, nitrate, ammonium, and SOAs, which are the aerosol particles that
react readily with water).

Figure 9. Average observed (Obs) profiles of aerosol extinction obtained by lidar at the Institute for Energy Research and
Nuclear Science, in the city of São Paulo (black lines), compared with the average profiles obtained from the simulations
BASE, BBE, and 3BBE (blue, orange, and red lines, respectively). The panels on the left and right show the comparisons of
averaged profiles between 12:00 and 13:00 UTC on 26 August (no rain conditions) and between 16:00 and 18:00 UTC on 1
September (rain conditions), respectively. Winds from fire regions were favorable during both observation periods.

Figure 10. Times series and box whisker plots of CCN at the IAGU site during the periods from 22 to 26 August 2014 (top
right) and from 19 August to 3 September 2014 (bottom right), showing observed values (in black) and predicted values (in
blue, orange, and red, respectively, for the simulations BASE, BBE, and 3BBE). CCN = cloud condensation nuclei; SS =
supersaturation.
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Although the model underestimates the CCN and PNC concentrations, the predicted AR values agreed well
with the observations throughout the study period, with similar observed and predicted interquartile ranges
(see the right panels in Figure 11). This is due to the fact that both of the terms on the right-hand side of
equation (1) were underestimated by similar scale factors relative to their corresponding observed values.
The observed AR peaks that were not fully captured by the model are attributable to PNC-related local-scale
features. Table 4 summarizes the observed and predicted standard deviations, correlation and MB of PNC
(ac0), CCN1%, and AR1%.

4. Impacts of Biomass Burning Emissions
4.1. Meteorology

Figure S2 in the supporting information shows that there were slight differences between the BBE and BASE
simulations in terms of temperature, relative humidity, and winds, which may be related to the feedback
effects that biomass burning aerosols have on meteorological processes. Aerosols affect those processes
through changes in radiation and PBL dynamics. Previous studies have suggested, however, that the
interactions between meteorological processes and chemical species can be significant during strong air
pollution episodes such as wildfires or dust events (Chen et al., 2014; Kong et al., 2015). Yahya, Wang, et al.
(2015) showed that including chemical feedbacks into meteorology helps reduce biases in simulated
meteorological variables, in particular, shortwave radiation.

4.2. Chemical Concentrations

Figures 3–5 show the impact of fire emissions on near-surface PM2.5, PM10, and O3 concentrations,
respectively. Focusing on the fire emission contribution period, we found that fire emissions increased the
concentration of fine particles and O3, reducing the MB and NMB for PM2.5, respectively, from
�1.69 μg/m3 and �3.51% for BASE to 1.18 μg/m3 and 3.14% for BBE but increasing them to 6.75 μg/m3

and 17.51% for 3BBE (which is still within the range of NMBs expected for good performance; see Table 5).
However, most of the pairs (NMB and NME) for PM2.5 and PM10 were more clustered around the zero lines
when compared to those from the entire study period (see Figure 6). Larger contributions of fire emissions
to the maximum O3 and PM2.5 concentrations may be explained by the transport of such air pollutants from
fire regions (during the day for O3 and during the night for fine particles), as well as by additional in situ

Figure 11. Times series and box whisker plots of ARs at the IAGU site during the periods from 22 to 26 August 2014 (top
right) and from 19 August to 3 September 2014 (bottom right), showing observed values (in black) and predicted values
(in blue, orange and red, respectively, for the simulations BASE, BBE, and 3BBE). AR = activated ratio; CCN = cloud
condensation nuclei; PN = particle number; SS = supersaturation.
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formation due to changes in precursor concentrations. In addition, night-
time O3 concentrations deviated further from (above) the observations,
indicating insufficient titration of O3 by nitrogen oxides (NOx). Positive
O3 MB and NMB values of 7.84 μg/m3 and 23.20%, respectively, for BBE
and of 12.72 μg/m3 and 35.84%, respectively, for 3BBE, were closely
related to large positive nighttime biases in relation to the fire emission
contribution period. In this case, insufficient titration reactions are related
to underprediction of NOx emissions from biomass burning regions. The
level of NOx can influence O3 mixing ratios through titration chemistry
during the night and in the early morning hours (Yahya, He, & Zhang,
2015). Comparisons between the observed and predicted concentrations
of NO2 at four CETESB sites are shown in supporting information
Figure S4. In comparison with the fire emission contribution period, the
period as a whole showed less noticeable performance improvements for
PM2.5 and O3, with increases in the PM2.5 MB and NMB from 1.02 μg/m3

and 4.26%, respectively, for BASE to 1.87 μg/m3 and 7.37% and to
5.09 μg/m3 and 17.94%, respectively, for BBE and 3BBE. Positive PM2.5 bias

increases in both periods are related not only to the inclusion of fire emissions in the simulations, but mainly
to baseline bias compensation (see Figure 3).

To identify and quantify the maximum local and remote contributions with greater accuracy, we calculated
time-averaged distributions of EC, OC, and PM2.5 on the basis of the five daily PM2.5 peaks within the fire
emission contribution period. Figure 12 shows the temporal mean spatial distributions of absolute and
relative differences of the predicted daily maximum near-surface concentrations of EC (a–d), OC (e–h), and
PM2.5 (i–l). In line with the differences in fire emissions, the 3BBE simulation yielded higher PM impacts for
the most part of the domain than did the BBE simulation. In addition, the model revealed that the largest fire
impacts on PM2.5, with relative differences of nearly 27% (12 μg/m3) and 72% (35 μg/m3), respectively, for BBE

Table 5
PM2.5 Performance Statistics for WRF-Chem Predictions at all Sites

Index
BASE
(ESP)

BBE
(ESP)

3BBE
(ESP)

BASE
(FEC)

BBE
(FEC)

3BBE
(FEC)

SDObs 20.19 20.19 20.19 23.30 23.30 23.30
SDSim 15.61 16.86 19.61 18.50 19.67 21.85
R 0.70 0.71 0.70 0.81 0.80 0.79
RMSE 14.38 14.40 16.05 13.19 13.41 16.61
MB 1.02 1.97 5.29 �1.69 1.18 6.75
MFB 18.34 20.59 26.84 4.56 10.78 22.50
MFE 51.33 51.66 53.62 28.97 30.39 36.57
NMB 4.30 7.87 18.34 �3.51 3.14 17.51
NME 40.44 40.67 46.26 21.82 22.46 30.45

Note. ESP = entire study period; FEC = fire emission contribution (period);
SDObs = observed standard deviation; SDSim = simulated standard
deviation = RMSE: root-mean-square error; MB = mean bias;
MFB = mean fractional bias; MFE = mean fractional error;
NMB = normalized mean bias; NME = normalized mean error; WRF-
Chem = Weather Research and Forecasting with Chemistry.

Figure 12. Temporal mean spatial distributions of absolute and relative differences of the predicted daily maximum near-surface concentrations of EC (a–d), OC
(e–h), and PM2.5 (i–l) during the fire emission contribution period, from 22 to 26 August 2014. EC = elemental carbon; OC = organic carbon; PM = particulate matter.
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and 3BBE, were northwest and north of the SPMA, within the inland portion of the state (see the deep red
stain in Figures 12j and 12l). The larger contributions of fire emissions to PM2.5 loadings in this region are
likely due to two factors. First, a large number of fire spots were identified within the region throughout
the fire emission contribution period (see Figure 2), leading to an increase in aerosol concentrations either
directly, through the emission of aerosol particles (e.g., primary organic aerosols) or indirectly, via secondary
formation due to the complex interactions between gases and aerosols released from fires and from
vegetation; and second, long-range transport of pollutants from fire events occurring far inland, particularly
those occurring in the northwest strip (relative to the area of interest), from where the winds had persistently
blown toward the southeastern part of the state.

4.3. Size Distribution, OC-EC Contribution, and Optical Properties

As shown in Figure 8, the maximum differences in the predicted PNC (BBE-BASE and 3BBE-BASE for PNC) of
aerosol particles in the accumulation mode occurred during the fire emission contribution period, which was
characterized by the transport of air pollutants from fire regions. However, the slight increases in PNC on
some days during the second half of the period were found to be caused by gases and small particles that
did not undergo dry deposition or wet scavenging during transport, as well as by new particles formed in situ
from the remaining emissions. As a consequence, new CCN may arise from nucleation and subsequent
growth processes.

A closer look at the PNC maps for particles in the accumulation mode (ac0 in Figures 13a–13d) reveals that,
although larger contributions of fire emissions to PM2.5 took place some distance away from (to the
northwest and north of) the SPMA, their impacts on the PNC of aerosol particles in the accumulation mode
were found to occur primarily over the SPMA, where concentrations, on the order of 900 and 2,300 cm�3

(approximately 8% and 20% of the baseline-weighted relative differences), were detected (see Figures 13a
and 13c). Larger differences in predicted PNC for particles in the accumulation mode over the SPMA are in
agreement with larger differences in predicted particle mass concentrations for this size range and are

Figure 13. Temporal mean spatial distributions of absolute and relative differences of the predicted daily maximum concentrations of ac0 (a–d), CCN1.0% (e–h), and
both at surface- and column-integrated AOD600nm (i–l) during the fire emission contribution period, from 22 to 26 August 2014. CCN = cloud condensation nuclei;
AOD = aerosol optical depth.
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related to in situ secondary formation processes involving pollutants originating from biomass burning as
well as those emitted locally. Similar calculations to those showed in Figure 12 but for other aerosol species,
mainly NO3, reveals that fire emissions contributed to secondary aerosol formation within the same region as
they did for PNC. The nighttime chemistry of NO3, initiated by the relatively slow oxidation of NO2 by O3, is
the primary process by which certain unsaturated hydrocarbons lower their vapor pressure and are hence
converted to low-volatility compounds (Kroll & Seinfeld, 2008; Monks, 2005). Once low-volatility compounds
are produced, preexisting particles in the Aitken size range may then grow larger by condensation of those
compounds onto their surfaces or by coagulation, giving rise to new particles in the accumulation mode.
Aerosol particles arriving at SPMA from fire regions are exposed to such aging processes, thus changing their
size distribution properties while being transported. In polluted urban environments, NO3 can also serve as a
source of organic nitrates and ammonium nitrate (Backman et al., 2012; Hallquist et al., 2009), thereby
contributing to additional secondary aerosol mass. Fire impacts on the concentration of organic nitrates,
which are lumped into one WRF-Chem species, were observed over the SPMA, although in small
concentrations less than 1 ppb.

In terms of predicted OC, EC, and SOA contributions to the total PM1 mass at the IAGU site, the mass
percentages increased roughly in proportion to the increase of FINN particulate and ozone precursor
emissions from 49.1%, 9.3%, and 12%, respectively, for BBE to 49.6%, 9.5%, and 12.6%, respectively, for 3BBE.

Predicted aerosol extinction profiles derived from the BBE and 3BBE simulations differ slightly near the surface
but are blended at higher altitudes (see Figure 9). The observed and predicted profiles both show that aerosols
were mostly confined to below 4 km in altitude. Most of the aerosols measured on 26 August were trapped
and well mixed within the PBL, which reached a maximum altitude of 750 m; however, the lidar system
detected two additional aerosol layers above the PBL: one at 1,200–2,000 m and one at 2,600–4,000 m.
Similarly, most of the aerosol loadings measured on 1 September were concentrated within the PBL (maxi-
mum altitude of 1,100 m) with a second aerosol layer above it, at 2,400–3,800 m. When aerosol layers are
detected above the PBL during the burning season (from August to October), they may be associated with
the long-range transport of particles originating mainly from biomass burning events in the central west
region of Brazil (Lopes et al., 2014; Miranda et al., 2017). Larger impacts of fire emissions on AOD during the
fire emission contribution period were identified not only in the same region as they did for PM2.5 but also
over the southwestern part (coastal side) of the SPMA, which was quite likely due to an increase in the water
uptake by aerosols as well as to a redistribution of aerosols at higher altitudes (see Figure 13i and 13k).

4.4. CCN

Although an appropriate evaluation of CCN activation in terms of chemical composition was not possible to
perform due to a lack of concurrent size-resolved PM composition measurements, depending on the
magnitude of the fire events and wind direction, the differences in the predicted CCN (BBE-BASE and
3BBE-BASE for CCN, as shown in Figures 10 and 13) suggest that OC (and hence SOAs) is one of the major
contributors, if not the major contributor, to CCN activation in the SPMA. Previous field studies conducted
around the world have shown that biomass burning events can influence the total PNC and CCN
concentrations (Mallet et al., 2017), major impacts being attributable to the increased organic mass
(Bougiatioti et al., 2016). Aging processes by coagulation of particles can alter the particle hygroscopicity,
converting small hydrophobic particles into larger and hydrophilic ones, thus increasing the CCN activation
of aerosols. Likewise, large hydrophilic particles may lower their hygroscopicity by incorporating small
hydrophobic particles, leading to less activated particles. The overall impact of these interactions in
WRF-Chem is primarily accounted for by the chemical composition, through the volume-weighted average
hygroscopicity of each aerosol component, as coating effects are not treated in the model. In the present
study, the maximum differences in the predicted CCN and PNC correlated well with each other (see
Figures 13a and 13e and Figures 13c and 13g). In terms of spatial distribution, the larger contributions of fire
emissions during the fire emission contribution period were in the same regions as those identified for PNC
(see Figures 13a–13d and 13e–13h) and were related to the formation of highly hygroscopic aerosols, mainly
NO3. Over the SPMA, fire emissions contributed approximately 8% (600 cm�3) and 20% (1,400 cm�3) of the
baseline CCN-weighted relative differences, respectively, for BBE and 3BBE (see Figures 13f and 13h). Slight
increases in CCN during the second half of the period likely arose from aging processes among the surviving
particles, as precipitation events occurred throughout the SPMA during that time.
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5. Summary and Conclusions

TheWRF-Chem community model was applied to investigate the impact of fire emissions on aerosol loadings
and properties over the SPMA. To that end, we ran three sets of 18-day nested simulations, one without fire
emissions (baseline simulations) and two including fire emissions with scaling factors of 1 and 3 for
particulate and ozone precursor emissions (sensitivity simulations), covering the period from 17 August to
3 September 2014. Model results were evaluated against the available ground-, satellite-, and lidar-based
measurements from the 2014 NUANCE-SPS campaign. Overall, the comparisons showed that the model
qualitatively captures most of the observed variations and trends in meteorological variables, as well as
the observed concentrations of chemical species throughout the study period, those derived from the higher
resolution model simulation with fire emissions (BBE and 3BBE) having been found to perform slightly better
than those derived from the higher resolution model simulation without fire emissions (BASE). However,
although predicted PM species and O3 were found to agree well with the observations in terms of temporal
variations and trends (R > 0.6 in most cases), the maximum concentrations were often underestimated,
probably due to uncertainties in the emissions inventories as well as to inaccurate predictions of
meteorological parameters. Although the meteorological conditions during the study period were not
generally favorable for long-range transport into the SPMA, a 5-day transport event from 22 to 26 August,
referred to throughout the text as the fire emission contribution period, was studied in detail in order to
investigate further the influence of biomass burning on aerosol properties over this area. This transport event
would have brought elevated gas and aerosol concentrations from fire regions when the favorable
meteorological conditions and fire events coincided. However, according to model results, biomass burning,
on average, accounted for 8–24% (5–15 μg/m3) and for 15–32% (12–26 μg/m3) of maximum PM2.5 and O3

concentrations, respectively, suggesting that air pollutant levels depend largely on local emissions. The
model also revealed that the largest fire impacts on PM2.5, with relative differences of 27–72%
(10–35 μg/m3), took place northwest and north of the SPMA, within the inland portion of the state. In
contrast, we found that the largest impacts on PNC did not take place within the same area as they did for
PM2.5; rather, maximum concentration differences were detected over the SPMA. As a consequence, new
CCN arose in the same area. Biomass burning accounted for approximately 8–20% of the PNC- and
CCN-weighted relative differences over the SPMA: 900–2,300 and 600–1,400 cm�3, respectively. Despite
the fact that small signs of fire emissions were seen over the SPMA (mostly weak fire events occurring during
the fire emission contribution period), we can conclude that the impacts of air pollutants resulting from fire
events are dependent on the magnitude of those events, not only for PM2.5 and O3 but also for the formation
of CCN.
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