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The accurate representation of the impacts of natural and anthropogenic aerosols in the climate system
presents a challenge in General Circulation Models. This paper analyzes the performance of the aerosol
component of two Atmospheric General Circulation Models (AGCM): the Europe Centre Hamburg Model
- Hamburg Aerosol Model (ECHAM-HAM), and the Community Atmosphere Model - Modal Aerosol
Model (CAM5-MAM3) and their comparison with aerosol observations. We analyzed the spatial distri-
bution of aerosols over Brazil represented in terms of the aerosol optical depth (AOD) simulated by these
models. The model results are compared to measurements from Aerosol Robotic Network (AERONET)
ground station, and satellite observations provided by the Moderate Resolution Imaging Spectroradi-
ometer (MODIS). While both the models provide AODs at 550 nm, only HAM provides the Angstr€om
exponent that is compared with AERONET measurements. The comparison between the model simu-
lations and the satellite observations of AOD show that the models can reproduce the spatial and
temporal distributions, however models underestimate AOD for the four cities and for almost every
South American continent during all seasons. During the dry season, characterized by intense biomass
burning, CAM5-MAM3 shows inconsistent, but comparatively better results that ECHAM-HAM, with
negative biases over Northern and Northeastern regions of Brazil. The Angstr€om parameter is reasonably
reproduced by ECHAM-HAM, except for Cuiab�a, indicating that the particle size distribution is correctly
represented in most cities.
© 2017 Turkish National Committee for Air Pollution Research and Control. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric aerosols play an important role in global and
regional climate systems by influencing the energy balance of the
atmosphere and Earth's surface, thus modifying the hydrological
cycle (Ramanathan et al., 2005). Anthropogenic burnings, which
occur mostly in tropical areas of the planet, are important source of
im).
nal Committee for Air Pollu-

ir Pollution Research and Control.
greenhouse gases and aerosols to the atmosphere (Artaxo et al.,
2002; Freitas et al., 2009). Hundreds of thousands of fires occur
during the winter months over South America, mainly in cerrado
and forest ecosystems, being predominantly associated with agri-
cultural practices. These fires occur mainly in the regions of the
Amazon and Central Brazil, but due to the atmospheric transport of
their emissions they produce a spatial distribution of smoke over an
extensive area, around 4e5 million km2, much larger than the area
where they are concentrated (Freitas et al., 2009).

During the combustion of biomass, gases are emitted into the
atmosphere, including some greenhouse gases and tropospheric
ozone precursors, as well as aerosol particles that interact
Production and hosting by Elsevier B.V. All rights reserved.
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efficiently with solar radiation and affect the microphysical pro-
cesses and dynamics to cloud formation and air quality. The effects
of these emissions therefore exceed the local scale and affect
regionally the composition and physical and chemical properties of
the atmosphere over South America and over the surrounding
oceanic areas, with potential impact on a global scale. Changes in
the chemical composition of the atmosphere related to air quality
are also a matter of increasing concern. Populations living on both
the planet's megacities and in regions of occurrence of high burn-
ings are subject to an increasing number of days when air quality
degrades to levels below those recommended by the World Health
Organization and provided for in legislation covering Environ-
mental impact of different countries. Among the pollutants with
the greatest impact on public health, the low particulate matter of
2.5 mm (PM2.5) and ozone (O3) are noteworthy.

The emission of large quantities of primary aerosols resulting
from the biomass burning for clearing areas of agriculture or
pasture over Brazil has caused great environmental damage not
only at the surface, but also in the atmosphere. Partially oxidized
organic particles and black carbon (BC) are also emitted and they
are effective in scattering and absorbing solar radiation, which has
been known as the direct effect of aerosols in the atmosphere
(Rosenfeld et al., 2008). Numerical simulations performed by
Jacobson (2001) on the evolution of the chemical composition of
aerosols suggest that the radiative forcing of BC is higher than
previous calculations, and may balance the cooling effect of other
anthropogenic aerosols. The computed value of the direct radiative
forcing for BC is 0.55 W m�2, making it the second most important
anthropogenic component in global warming after CO2 in terms of
direct radiative forcing.

The solar radiation that reaches the Earth's surface is reduced
and the balance in the surface-atmosphere system is modified due
to scattering and absorption in the aerosol layer by carbonaceous
compounds (Santanna, 2008). Studies in regions of fires in Brazil
(Proc�opio and Artaxo, 2003), specifically in sites located at Alta
Floresta (Mato Grosso state), and Ji-Paran�a (Rondônia state),
showed that 20% of incoming solar radiation is absorbed or re-
flected by the aerosols from biomass burning. It is responsible for
the reduction of 1/3 of the direct radiation that reaches the surface,
and a seven-fold increase in the diffuse radiation. A typical aerosol
plume resulting from biomass burning can absorb up to
400Wm�2, by subtracting 30% of the radiation at the visible range,
which can interfere with photosynthesis rates. According to Hobbs
et al. (1997), for the regions of biomass burning in Brazil, the direct
radiative forcing by atmospheric aerosol particles is significant due
to the high values of optical depth over large regions.

Studies on the impact of aerosols on climate rely on the correct
representation of particle size, composition and origin, in addition
to their spatial and temporal variability (Hansen et al., 2007). The
modeling of aerosols that requires transformation process studies,
in situ measurements and satellite observations, are in substantial
progress (Climate Change Science Program, 2009), however some
discrepancies pertaining to the magnitude and the spatial distri-
bution of aerosols in climate models remain obscure (Ghan and
Schwartz, 2007). Therefore, the aerosols distribution evaluation in
climate models is essential to quantify the possible effects in future
climate (Sanap et al., 2014).

The objective of this paper is to evaluate the performance of the
aerosol component of the European Centres' - Hamburg Aerosol
Model (ECHAM6-HAM) developed at Max Planck Institute for
Meteorology, and Community Atmosphere Model - Modal Aerosol
Model (CAM5-MAM3) developed at the National Center Atmo-
spheric Research (NCAR) against the available aerosol observations
for Brazil. The simulated aerosol optical depth (AOD) is compared
with measurements from Aerosol Robotic Network (AERONET)
ground station, and satellite observations provided by the Moder-
ate Resolution Imaging Spectroradiometer (MODIS). The sites and
the period chosen for this study were defined on the availability of
AOD database from the AERONET stations. In Brazil, though there
are 27 AERONET stations monitoring aerosols in the atmospheric
column, only a small number of them provide complete time series.

The paper is organized as follows. Section 2 provides a brief
description of the two models confining to the scope of the present
study followed by the details on the ground-based and satellite
data and finally, the experimental configurations for the two
models. The results are presented in Section 3 followed by the
conclusions in Section 4.

2. Models, observational data and experiment design

2.1. Models

2.1.1. ECHAM6-HAM2.1 model
The ECHAM6-HAM2.1 is a sixth-generation climate model that

represents the dynamics, microphysics, transport, and radiative
feedbacks of the main atmospheric aerosols: sulfate, BC, primary
organic aerosol (POA), and secondary organic aerosol (SOA), sea salt
and mineral dust (O'Donnell et al., 2011, Giorgetta et al., 2013.).
Emissions in this model are calculated on-line for dust, along with
sea salt and dimethyl sulfide (DMS), while they are prescribed for
other natural and anthropogenic emissions. HAM2.1 calculates the
optical depth, number concentration andmass concentration of the
aerosols. The model takes a modal approach for calculating
dynamically the optical properties of aerosols mode by mode
assuming different compositions in the same mode to be in an
internally mixed state.

The Mie-scattering size parameter and volume-averaged
refractive indices for each mode are derived from the chemical
composition and particle size. The derived parameters are then
passed on to a look-up table that is based on Mie-theory assuming
24 spectral bands for shortwave and 16 bands for long-wave radi-
ation. The extinction cross-section 4, single scattering albedo u,
and asymmetry parameter gwere obtained from the look-up tables
that are then re-mapped to the bands of the ECHAM radiation
scheme (Stier et al., 2005). The effects of aerosols on radiation are
considered for both short and long waves; BC refractive indices
were updated by Stier et al. (2007). Synthesized parameters are
then derived for the calculation of radiative transfer, assuming
external mixing of different modes.

2.1.2. CAM5-MAM3 model
A modal aerosol model (MAM) (Liu et al., 2012) of the National

Center for Atmospheric Research (NCAR) Community Atmosphere
Model version 5 (CAM5) represents the dynamic of the main at-
mospheric aerosols in CAM5, with seven lognormal modes
(MAM7), and with three lognormal modes (MAM3). In this work,
CAM5-MAM3 version is used which includes sulfate aerosols (SU),
BC, primary organic aerosol (POA), dust (DU), sea salt (SS) and
secondary organic aerosols (SOA). The Rapid Radiative Transfer
Model for GCMs (RRTMG) radiation parameterizations scheme is
used in CAM5 (Iacono et al., 2008). Aerosol radiative effects are
treated in RRTMG through the specification of their optical prop-
erties within each spectral interval. Aerosol optical properties are
parameterized in terms of wet refractive index and wet surface
mode radius according to Ghan and Zaveri (2007), except that
volume-mixing rule is used to calculate the volume mean wet
refractive index for mixtures of insoluble and soluble particles.
Refractive indices for most aerosol components are taken from
OPAC (Hess et al., 1998), but for black carbon the value (1.95, 0.79i)
from Bond and Bergstrom (2006) are used.
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2.2. Observational data

2.2.1. Ground-based measurements
Observational AOD and Angstr€om parameter data (level 2.0)

were obtained from the AERONET measurements for four locations
in Brazil (see Fig. 1): S~ao Paulo (23�S 46�W), Cuiab�a (15�S 56�W),
Rio Branco (9�S 67�W) and Alta Floresta (9�S 56�W). These stations
were chosen because they contain the most complete AERONET
dataset (2001e2006). Fig.1 shows the four Brazilian regions (South,
Southeast, Midwest, Northeast and North). AOD is a key parameter
in aerosol measurements; it provides a measure to quantify the
amount of aerosols present in the atmospheric column (Holben
et al., 2001). AERONET measurements are obtained using solar
photometers and are site specific. The measurements are per-
formed at various wavelengths and are timed at intervals of 15 min
with an accuracy of ±0.015 s. AERONET products are available in
different levels of processing: level 1.0 (raw data), level 1.5 (auto-
mated cloud tracking data), and level 2.0 (data with guaranteed
quality). In this work, we have used level 2.0 data to eliminate cloud
interference and ensure data quality.

Measurements of AOD from the AERONET stations are carried
out at 500 nm, while MODIS (satellite) products and the data
simulated by ECHAM-HAM and CAM5-MAM3 models are at avail-
able at 550 nm. AERONET AODs at 550 nm are computed using the
Angstr€om exponent available from the same instrument at
Fig. 1. The locations studied: S~ao Paulo (23�S 46�W), Cuiab�a (15�S 56�W), Rio Branco (9�S 6
440 nme675 nm using the equation:

t2 ¼ t1
.
e
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�aln
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l2

��
(1)

where t2 is the AOD at 550 nm, t1 is the AOD at 500 nm, a is the
Angstr€om exponent between 440 and 675 nm, l1 corresponds to
500 nm, and l2 at 550 nm.

The Angstr€om parameter was obtained from AOD data
measured at AERONET stations to compare land measurements
with values simulated by the models. The Angstr€om parameter was
determined, according to Equation (2):

a ¼ �ln
�
tl1
tl2

��
ln
�
tl1
l2

�
(2)

where tl is the AOD at two wavelengths l1 and l2. The Angstr€om
parameter provides important information about the particle size.
For relatively large particles, i.e., particle size comparable to
wavelength, a is small (a < 1, dust for example); whereas for small
particles, the AOD varies more strongly with wavelength and
typically a > 1. In addition, a has a dependence on moisture that
causes the particles to increase in volume and subsequently
decrease the Angstr€om exponent.

In this analysis, version 2 (http://aeronet.gsfc.nasa.gov/), Level 2
7�W), and Alta Floresta (9�S 56�W). The stars in the map depict the locations studied.

http://aeronet.gsfc.nasa.gov/


Fig. 2. Comparison of mean annual simulated AOD at 550 nm of CAM5-MAM3 and
ECHAM-HAM models with the MODIS sensor for the period of DJF in 2001e2006 in
Brazil.
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of AERONET data was used, first the AOD is calculated for 550 nm
and 865 nm according to Equation (2), startingwith AOD at 550 nm,
a is the Angstr€om parameter between 440 and 675 nm and AOD at
675 nm, a is the Angstr€om parameter between 500 and 870 nm,
respectively, obtaining a at 550e865 nm to be comparable with the
ECHAM-HAM model (Smirnov et al., 2000; Colarco et al., 2010).

2.2.2. Satellite measurements
Satellite observations of AOD are obtained fromMODIS that has

a scanning radiometer with 36 bands ranging between 0.4 mm and
14.4 mm, on-board Terra and Aqua satellites of the National Aero-
nautics and Space Administration (NASA). The bands have spatial
resolutions of 250 m (band 1 ¼ 0.65 mm and band 2 ¼ 0.85 mm),
500 m (band 3 ¼ 0.45 mm, band 4 ¼ 0.55 mm, band 5 ¼ 1.24 mm,
band 6 ¼ 1.64 mm and band 7 ¼ 2.11 mm) and 1000 m (Kaufman
et al., 2002; Platnick et al., 2003). Daily products L3 global 1� MG
were used. Monthly data of AOD with 1� � 1� of spatial resolution
from 2001 to 2006 (Terra), band 4 ¼ 0.55 mm belonging to the
visible region. These data were interpolated for comparison with
the models.

2.3. Experiment design

The ECHAM-HAM and CAM5-MAM3 models have been inte-
grated for the period 2000e2006. The first year was used for spin-
up, and the other years were considered for the analysis of the
results. The spatial and vertical resolutions for ECHAM-HAM are
1.9� � 1.9� lat/lon and 31 vertical levels respectively. Sea surface
temperature (SST) and sea ice concentration (SIC), anthropogenic
emissions of aerosols and precursor gases were used fromAeroCom
II (Stevens et al., 2013; Stier et al., 2005; Lohmann and Hoose,
2009). The spatial and vertical resolutions for CAM5-MAM3 are
1.9� � 2.5� lat/lon and 30 vertical levels. The SST, SIC, anthropogenic
emissions of aerosol and precursor gases were used from AeroCom
II. Both models use the same database for surface emission (Aero-
Com II for year 2000). However, CAM5-MAM3 also considers the
emissions in vertical for all aerosols and their precursors used in the
model.

The ECHAM-HAM uses emissions vertically for BC from aircraft
and BC, OC and SO2 from wildfire. The CAM5-MAM3, besides the
mass emissions, also jointly uses emissions by particle number
divided by the accumulation and Aitken modes (Neale et al., 2010).
Table S1 to Table S13 are in the Supplementary material for a better
understanding of the emission of aerosols and gases in the ECHAM-
HAM and CAM5-MAM3 model. Tables S1 and S2 show the surface
emissions for BC, Tables S3 and S4 show emissions for OC and
Table S5 shows emissions for SO2 of anthropogenic origin from the
Aerocom II. Table S6 shows the anthropogenic surface emissions of
the sulfate for accumulation and Aitken modes in the CAM5-MAM3
model. Table S7 shows the surface emission for Dimethyl Sulfide
(DMS).

We highlight the main differences in the emissions in both the
models, while ECHAM-HAM include DMS emissions in the ocean,
CAM5-MAM3 considers only DMS emitted in the continent.
ECHAM-HAM has emission of BC from aircraft in the vertical.
Similar to ECHAM-HAM, CAM5-MAM3 considers SO2 emissions
over the surface, in addition it also considers energy, industrial and
vertical volcanic sources and the sulfate emissions are categorized
into accumulation and Aitken modes in the energy, industry, forest
fire, grassfire and volcanic sectors. Though not included in this
work, CAM5-MAM3 also has separate emissions in two modes,
Aitken and accumulation, over the surface for BC, OC and SO4

2- from
forest and grass fire and SO4

2- from volcanic and energy sector. In
addition to the emissions shown in Tables S1, S2, S3 & S4, Table S6
categorizes the emissions in both the modes.
3. Results and discussions

3.1. Seasonal AOD variation over South America

Figs. 2e6 show the seasonal mean AOD values for the period
2001e2006 measured by MODIS satellite (Terra) and simulated by
CAM5-MAM3 and ECHAM-HAM over South America. These figures



Fig. 3. Comparison of mean annual simulated AOD at 550 nm of CAM5-MAM3 and
ECHAM-HAM models with the MODIS sensor for the period of MAM in 2001e2006 in
Brazil.

Fig. 4. Comparison of mean annual simulated AOD at 550 nm of CAM5-MAM3 and
ECHAM-HAM models with the MODIS sensor for the period of JJA in 2001e2006 in
Brazil.
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show that both models underestimate AOD over South America
during wet and dry season, whereas during dry season the CAM5-
MAM3 perform much better than ECHAM-HAM. It is interesting to
observe in Figs. 2e6 that the maximum AOD values observed over
southern Amazon, Rondônia and northern Mato Grosso (around
10�S and 58�W), which is a the main Brazilian deforestation region,
is well simulated by CAM5-MAM3 model, and shows that the
highest concentrations of aerosols occur during ASO and SON
(transition season) over Central of South America, around Central
Brazil and Amazon Figs. 5 and 6. In ASO, values for concentrations
are between 0.6 and 0.7 in all states of Rondônia and its boundary
with the state of Mato Grosso owing to intense anthropogenic
biomass burning (Artaxo et al., 2002), which is associated with
agriculture practices (to clear areas for agriculture or maintain



Fig. 5. Comparison of mean annual simulated AOD at 550 nm of CAM5-MAM3 and
ECHAM-HAM models with the MODIS sensor for the period of ASO in 2001e2006 in
Brazil.

Fig. 6. Comparison of mean annual simulated AOD at 550 nm of CAM5-MAM3 and
ECHAM-HAM models with the MODIS sensor for the period of SON in 2001e2006 in
Brazil.
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pastures for livestock). For DJF, both themodels underestimate AOD
for practically every continental area of South America, with a small
overestimation by ECHAM-HAM in the extreme north of South
America. CAM5-MAM3 as well as the ECHAM-HAM simulations
continue to underestimate the values, except in the states of Mato
Grosso, Mato Grosso do Sul and South of Goi�as and Rondôniawhere
CAM5-MAM3 overestimates. However in JJA, the two models
continue to underestimate AOD, but there is an overestimation over
the coastal region of the Atlantic Ocean in the northeast region,
probably due to the overestimation of the two models in the
transportation of dust from the North African continent to South
America. Differences in the results from both the models for DJF,
MAM and JJA stations can be seen, but for the station with the
highest concentration of aerosols in South America in SON and ASO,
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there is an intensification of negative bias over South America, an
arc region of deforestation located on the edge of the Amazon
Forest, where fires have an intra and inter-annual variability,
directly associated with land use and land cover and with agricul-
tural expansion. This region has significant importance in the global
atmospheric circulation, characterized by deep convective motions,
carrying heat and water vapor to the atmosphere of temperate
regions. Biomass burning aerosols modify the radiation budget at
the surface by absorbing and scattering incoming solar radiation.
Over this region, bothmodels are not able to represent properly the
seasonality of aerosols emissions from biomass burning (see Fig. 8),
such as black carbon and primary organic aerosol (POA) that are
emitted in higher concentrations during the dry season, over the
Amazon region. As a matter of fact, in both models the emissions
are underestimated in the dry season, when there is an increase in
Fig. 7. MODIS sensor x CAM5-MAM3 and ECHAM-
forest fires, resulting in lower values of the simulated AOD against
the measured values.

Fig. 7 depicts the annual correlation between observed and
simulated AOD over South America. As shown in Fig. 7, the CAM5-
MAM3 model has a positive correlation for almost every continent
in South America except for the region of northeastern Brazil and
for some areas in the Atlantic and Pacific Ocean. The ECHAM-HAM
model show lower correlations, present major errors over the
North, Northeast and Southeast regions of Brazil. It is verified that
there are not great variations in the performance of the twomodels
for the result of the simulations of each year. The CAM5-MAM3
model simulated the AOD over Brazil better than the ECHAM-HAM.
We can summarize that although both models underestimate the
aerosol concentration during September to March (wet season)
over South America, during dry season (JJA) the CAM-MA3
HAM AOD correlation in 2001e2006 in Brazil.



Table 1
Coefficient of determination (R2) for monthly AOD observed data from MODIS
sensor and AERONET station and simulations with ECHAM-HAM and CAM5-MAM3
model.

AOD

CAM5-MAM3 ECHAM-HAM

MODIS AERONET MODIS AERONET

S~ao Paulo 0.80 0.72 0.39 0.41
Cuiab�a 0.80 0.75 0.32 0.65
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performs much better than ECHAM-HAM, mainly around the
Amazon and Central Brazil. Since the aerosol emissions used here
are based on monthly climatological values, it is expected that the
daily variation of local sources and the interaction between the
individual fire episodes and specific transportation patterns cannot
be reproduced accordingly.

Table 1 shows the coefficient of determination (R2) for monthly
AOD observed data from MODIS sensor and AERONET station and
simulations with ECHAM-HAM and CAM5-MAM3 model.
Rio Branco 0.86 0.72 0.77 0.15
Alta Floresta 0.82 0.74 0.69 0.47
3.2. Monthly AOD variation over some AERONET stations

The monthly AOD long term means for the period 2001e2006,
as measured by MODIS and AERONET stations at the four sites and
the simulation results from ECHAM-HAM and CAM5-MAM3
models are shown in Fig. 8. The results over four sites show that the
AOD simulated from both models are closer to observations during
the period from January to June and November and December
(when forest and agriculture fires decrease), while not representing
well the period with the highest number of fire occurrences, i.e.,
from July to October. The CAM5-MAM3 model shows a fairly good
representation of AOD for this period, even though the results are
underestimated. These results are consistent with values of coef-
ficient of determination, R2, for monthly AOD values, shown in
Table 1.

S~ao Paulo being the seventh most populated city in the world
has higher AOD levels during DJF (Fig. 8a) compared to the other 3
cities considered in this study. Vehicular sources amount to 39% of
particulate matter of the total 4500 tons emitted annually (CETESB,
2014). In the other 3 cities, AOD increases 2e4 times during the
biomass-burning season from August to October, as shown in
Fig. 8. Average number of fire occurrences (data available on the CPTEC/INPE website) and
Floresta, comparison of the simulated AOD with the ECHAM-HAM and CAM5-MAM3 with t
550 nm), for the period from 2001 to 2006.
Fig. 8bed. The predominant air circulation transports the smoke
resulting from biomass burning in the Amazonian states of Par�a,
Rondônia, Amazonas, and Acre to the west of South America,
namely Peru, Bolivia and Paraguay (Artaxo et al., 2002; Andreae and
Merlet, 2001; Hoffer et al., 2006; Freitas, 2014) contributing to an
increase in air pollution levels in these neighboring countries.

Along with Mato Grosso, these four Amazonian states also
report the highest number of fire occurrences in South America. In
the region of Cuiab�a (Mato Grosso state), forest fires and biomass
burning in urban areas are common (mainly for clearing land and
burning garbage) and are intensified during the dry season. The
cleaner air prevailing in the rainy season in Rio Branco and Alta
Floresta changes significantly in the dry seasonwith large emission
and higher concentration of aerosols resulting from biomass
burning (Andreae et al., 2002). In the dry season, the particle
number increases from a typical 200e300 particles cm�3 to
10,000e20,0000 particles cm�3 (Artaxo et al., 2002). In the wet
season, the concentration of particulate matter, PM10 (~10 mm or
average AOD at 550 nm, for 4 cities in Brazil, S~ao Paulo, Cuiab�a, Rio Branco and Alta
he observed measurements from MODIS and AERONET station (500 nm calculated for
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less), is typically between 10 mgm�3 and 12 mgm�3 while it reaches
extremely high values, around 600 mg m�3, in the dry season. These
high aerosol concentrations are hazardous to human health, and
also impacts clouds and the radiation balance (Kaufman et al.,
1998).

Long-term measurements over a region provide a temporal
profile of the prevailing atmospheric properties. NASA's AERONET
programmaintains an operational network of 10 solar photometers
in Brazil. The strong change in surface radiation fluxes has impor-
tant effects on several aspects of the Amazonian ecosystem. A net
surface cooling of 2 �Ce3 �C as well as heating at 2e3 km altitude
can be modeled by means of aerosol layer. This effect stabilizes the
vertical temperature profile and reduces the convective transport
of water vapor to higher levels of the troposphere. The radiation
field is also strongly affected with a decrease in direct solar radia-
tion at the surface, and an increase in diffuse solar radiation
reaching the forest (Artaxo et al., 2009).

As shown by Oliveira et al. (2007), a slight increase in the at-
mospheric aerosol increases the fraction of scattered and direct
radiation. Therefore, the vegetation improves the efficiency of the
use of solar radiation and also increases the net primary produc-
tivity (NPP), defined as the net flow of atmospheric carbon to
vegetation per unit time. Clean conditions, characterized by AOD
~0.1 at 500 nm to AOD ~1.2, indicate an increase in NPP from 30% to
50% in the dry season and 24% in the wet season in Rondônia. Once
AOD at 500 nm exceeds 1.2, a reduction in the total flow starts to
decrease carbon assimilation, and with an AOD about 3e4, the
vegetation no longer assimilates carbon due to the high reduction
Fig. 9. Mean Angstr€om parameter (a) at 550e865 nm, for 4 regions in Brazil, S~ao Paulo, C
(calculated from the observed AOD) and measurements of AERONET station and simulation
of solar radiation flux (Oliveira et al., 2007; Artaxo et al., 2009). The
highest values of AOD in September for Rio Branco (0.81) and Alta
Floresta (0.87) found in this study complements the number of fire
occurrences, 236 and 237 respectively, for these sites during the
same period. Fig. 9 shows the mean Angstr€om exponent to be
greater than 1 for all the four sites, which is typical for the small
particles originating from biomass burning and fossil fuels
(Smirnov et al., 2000; Colarco et al., 2010). For the region of S~ao
Paulo, aerosols from vehicular emissions, especially from diesel
vehicles, release gases that lead to the formation of small particles
(secondary aerosols). According to Silva et al. (2012) and Fajersztajn
et al. (2013), among all of the air pollutants, aerosols (primary and
secondary) are the most harmful to health. In San Francisco, Cali-
fornia, though just over 10% of cars use diesel as fuel, over 60% of
the secondary organic aerosols (SOA) harmful to human health are
generated. The S~ao Paulo Metropolitan city has a fleet of 7 million
vehicles of which approximately 6% are powered by diesel. In
addition, it is route to a traffic of heavy, diesel-fueled vehicles
moving between the greatly industrialized countryside of S~ao Paulo
state and the coast, presenting similar characteristics as California
concerning the production of SOA from this type of fuel (CETESB,
2014; Gentner et al., 2012). From the measurements taken in
2012 in the city of S~ao Paulo (Almeida et al., 2013), it was found that
the most abundant observed species were the organic and BC,
representing 86% of the total mass of aerosols (49.3% and 36.9% for
organic and BC, respectively), implying the relevant impact of use of
the diesel as vehicle fuel. Other species contributed to 5.6%, 4.3%,
3.4%, and 0.4%, for SO4

2-, NO3
�, NH4

þ, and Cl�, respectively, justifying
uiab�a, Rio Branco and Alta Floresta, comparison of the observed Angstr€om parameter
s with the ECHAM-HAM model in the 2001e2006 period.
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the mean value of 1.4 for the Angstr€om parameter from AERONET
measurements and 1.5 simulated by ECHAM-HAM with fine mode
particles.

According to previous studies in the area (Ynoue and Andrade,
2004), the contribution of organic products and BC to the total
mass fraction is much higher than that observed for inorganic or-
igins. In the Cuiab�a region, the Angstr€om exponent increases from
June to October with the number of fire occurrences from biomass
burning and urban fires. The highest values of the Angstr€om
exponent, AOD and number of fire occurrences observed during the
months of August, September, and October for regions of Cuiab�a,
Rio Branco, and Alta Floresta indicate the strong dominance of fine
mode aerosols.

4. Conclusions

This paper focuses on assessing the performance of two of the
existing state-of-the-art climate models with online aerosol mod-
ule in representing solely the direct effect of aerosols over Brazil.
The authors do not intend to compare the models in totality. In fact,
the results presented here suggest improvements for better rep-
resentation of aerosols in the global models. Indirect effects of
aerosols have a larger influence on the atmospheric processes
however, given its wide domain and complexity, it is beyond the
scope of the present paper.

The importance of studying both observed and simulated
aerosol properties in Brazil is twofold. One, the primary sources of
aerosol particles are direct emissions of vegetation, biomass
burning and fossil fuels use. The secondary aerosol production in
the atmosphere is originated from emissions of Volatile Organic
Compounds (VOCs) from many sources, such as vegetation,
biomass burning, and fossil fuels, which undergo photochemical
processes. Other relevant factors for the concentration of aerosols
over South America and the neighboring oceans are: the transport
of Sahara desert dust and biomass burning from Africa to Northern
South America and tropical North Atlantic; the transport of aerosols
produced during biomass burning in Brazil to other countries in
South America and to the southern Atlantic Ocean.

In this study, we explored the ability of ECHAM-HAM and
CAM5-MAM3 models, focusing on comparing optical parameters
(both in spatial structure and amplitude) simulated by the models -
AOD and Angstr€om parameter - with directly satellite data and
observed measurements from four ground stations in Brazil.

The Angstr€om parameter is properly reproduced in most sea-
sons by ECHAM-HAM, indicating that the particle size distribution
is correctly simulated, with the exception of Cuiab�a, which shows a
difference in the measured and modeled Angstr€om parameter of
46%, where ECHAM-HAM overestimates the parameter for almost
the entire year, while for other regions the difference was around
17%.

The results show an underestimation of AOD values and an
absence of seasonality during the dry season. This underestimation
is also confirmed by spatial AOD maps in comparison with satellite
and terrestrial measurements products (Liu et al., 2012; Zhang
et al., 2012).

Perhaps one possible explanation for the better results of AOD
for the CAM5-MAM3 in relation to ECHAM-HAM is that the NCAR
model also considers the vertical profile of emissions and particle
numbers separated by accumulation and Aitken modes, in addition
to the surface emission of aerosols and their precursors. This is
probably a closer estimate of reality, than considering just the
surface emissions and vertical distribution emission only of black
carbon from aircraft and BC, OC, and SO2 from wildfire, as it is
considered in ECHAM-HAM. For all other emissions in ECHAM-
HAM, such as the energy sector, domestic or industry, only
surface emissions are considered.
It is important to note that a comparison of the aerosol mea-

surements and model results in Brazil is particularly difficult
because aerosol measurements are scarce. More detailed mea-
surements over the region are needed in order to adjust the models
to the regional characteristics of Brazil.

From the results based solely on the direct effect of aerosols, the
present study is not conclusive on the performance of both the
model in representing the processes related to the aerosol
component. A comprehensive study addressing the simulated in-
direct effects with varying the existing schemes for radiation,
convection and cloud microphysics and its comparison with the
ongoing implementation of the aerosol component in the Brazilian
Earth SystemModel (BESM, Nobre et al., 2013) is a focus of the next
article and would provide for more detailed analysis on the rep-
resentation of aerosol component over Brazil in a wide range of
existing global aerosol models.
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