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Abstract. Intra-seasonal variability of smoke aerosol optical AOD decreased from 0.34 to 0.19 when extreme AOD events
depth (AOD) and downwelling solar irradiance at the surface(FMF AODss0nm> 1.0) and Cuiak were excluded from the
during the 2002 biomass burning season in South Americanalysis. Downward surface solar irradiance comparisons
was modeled using the Coupled Chemistry-Aerosol-Tracerslso followed similar trends when extreme AOD were ex-
Transport model with the Brazilian developments on the Re-cluded. This highlights the need to improve modelling of the
gional Atmospheric Modeling System (CCATT-BRAMS). regional smoke plume in order to enhance the accuracy of
Measurements of total and fine mode fraction (FMF) AOD the radiative energy budget. An aerosol optical model based
from the AErosol RObotic NETwork (AERONET) and so- on the mean intensive properties of smoke from the south-
lar irradiance at the surface from the Solar Radiation Net-ern part of the Amazon basin produced a radiative flux per-
work (SolRad-NET) were used to evaluate model resultsturbation efficiency (RFPE) 0f-158 Wnm2/AODs50nm at

In general, the major features associated with AOD evolu-noon. This value falls between154 Wit 2/AODss0nm and

tion over the southern part of the Amazon basin and cerrade-187 WnT2/AODssonm the range obtained when spatially
ecosystem are captured by the model. The main discreparnvarying optical models were considered. The 24 h average
cies were found for high aerosol loading events. In the north-surface radiative flux perturbation over the biomass burning
eastern portion of the Amazon basin the model systematiseason varied from55 W2 close to smoke sources in the
cally underestimated total AOD, as expected, since smokeouthern part of the Amazon basin and cerrade16 W2
contribution is not dominant as it is in the southern portion in remote regions of the southeast Brazilian coast.

and emissions other than smoke were not considered in the
simulation. Better agreement was obtained comparing the

model results with observed FMF AOD, which pointed out

the relevance of coarse mode aerosol emission in that rel Introduction

gion. Likewise, major discrepancies over cerrado during high

AOD events were found to be associated with coarse modd Ne aerosol direct radiative effect (DRE), which consists of
aerosol omission in our model. The issue of high aerosolcattering and absorption of solar radiation, plays an impor-
loading events in the southern part of the Amazon was refant role in Earth’s radiative energy budget (Haywood and
lated to difficulties in predicting the smoke AOD field, which Boucher, 2000; Menon, 2004; Ramanathan et al., 2001). De-
was discussed in the context of emissions shortcomings. ThéPite the advances achieved during recent decades regard-
Cuialh cerrado site was the only one where the highesti”g the role of aerosols in Earth’'s climate processes, the
quality AERONET data were unavailable for both total and modeling of aerosol DRE in climate models is still a chal-
FMF AOD. Thus, lower quality data were used. Root-mean-lenging task (Schulz et al., 2006, Forster et al., 2007). Es-

Forcing (DRF) diverge considerably among climate models,
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ranging from+0.04 to—0.41Wn12 (Schulz et al., 2009). AERONET data. An estimate of RFPE from an independent
The relationship between aerosol optical properties and raempirical approach based on pyranometer measurements and
diative forcing efficiency, forcing per unit of optical depth, a radiative transfer closure experiment is also presented. Fi-
has been pointed out as a key aspect concerning model dially, we evaluate the surface RFP induced by the regional
versity (Schulz et al., 2006, 2009), particularly for regions smoke plume on a 24 h basis and at specific times of day.
dominated by carbonaceous and dust aerosols (Kinne et alAiming at consistent terminology, radiative flux perturbation
2006). Over South America in particular, while some models(RFP) was adopted to denominate the impact of aerosol di-
simulated spatial variability in DRF from-2 to —2 Wm 2, rect radiative effect instead of radiative forcing (RF) follow-
others exhibited lower geographical variation (freff).2 to ing Lohmann et al. (2010) suggestion. Conclusions are pre-
—0.4Wn12). Biomass burning is a major source of carbona- sented in Sect. 5.
ceous aerosols to the regional atmosphere, yet characteri-
zation of observations and model representation of smoke
aerosol emissions and spatial and temporal variability of2 Modeling system description
abundance and intrinsic optical properties are still uncertain
(Kinne et al., 2006; Reid et al., 2005; Longo et al., 2010). CCATT-BRAMS consists of a numerical system designed
Kinne et al. (2006) found the biomass burning season into predict and study emission, deposition and transport of
South America to start and peak too early in models usedherosols and other tracers at a regional scale. CCATT is
by the Aerosol interComparison project (AeroCom, Textor an on-line Eulerian transport model and BRAMS is an at-
et al., 2007) when compared with ground-based and satelmospheric circulation model based on the Regional At-
lite observations. The study also pointed out that models inmospheric Modelling System (RAMS, Walko et al., 2000)
general underestimate the strength of the biomass burningiith specific developments and parameterizations for South
season. American tropical regions (Freitas et al., 2009). CCATT-
The present paper describes results of a modeling efBRAMS is fully coupled in order to solve the transport
fort aiming to simulate the South American regional smoke of gaseous compounds and aerosol particles simultaneously
plume produced during the 2002 biomass burning seasorwith the atmospheric state evolution using exactly the same
The study was conducted using the Chemistry-Coupledimestep as well as dynamics and physical parameteriza-
Aerosol and Tracers Transport model with the Brazilian de-tions. The model includes gaseous chemistry, photochem-
velopments on the Regional Atmospheric Modeling Systemistry, scavenging and dry deposition. The resultant 3-D
(CCATT-BRAMS, Freitas et al., 2009; Longo et al., 2010, aerosol loading is used as an input to the optical-radiative
2013) developed at the Brazilian National Institute for Spacetransfer module in order to simulate the aerosol direct and
Research for regional studies of air quality impact on pub-semi-direct radiative effects. Therefore, aerosol impacts on
lic health, weather forecasting and climate processes. Thene energy budget and atmospheric thermodynamics are con-
presented results focus on the simulation of the AOD of thesidered (Freitas et al., 2009; Longo et al., 2006). The mod-
regional smoke plume and the associated radiative flux pereling of smoke aerosol particles is the focus of the present
turbation (RFP) of the solar radiation at the surface. Down-study, therefore only biomass burning emission sources were
ward solar radiation at the surface is a fundamental compoeonsidered.
nent in the diurnal cycle of the energy budget. The ability of
the model to correctly simulate the AOD field is crucialtoan 2.1 Emission
accurate modeling of the solar radiation field. To evaluate the
CCATT-BRAMS results, collocated observations of AOD Smoke emissions were prescribed using the Brazilian
from the AERosol RObotic NETwork (AERONET, Holben Biomass Burning Emission Model (3BEM, Freitas et al.,
et al., 1998) sun photometers and downwelling solar irradi-2005; Longo et al., 2010). The 3BEM smoke particles emis-
ance at the surface from Solar Radiation Network (SolRadsions are based on a database of fire pixel counts and
NET, Schafer et al., 2002) pyranometers are used. The paburned area derived from the combination of remote-sensing
per is divided as follows: Sect. 2 presents a description offire products from Geostationary Operational Environmental
the CCATT-BRAMS system with a particular focus on the Satellite-Wildfire Automated Biomass Burning Algorithm
emission sources prescription and optical-radiative module(GOES WF ABBA product; Prins et al., 1998), the Brazil-
Section 3 describes the experimental data and methods. Ré&n National Institute for Space Research (INPE) fire prod-
sults and discussion are presented in Sect. 4. The first redct, which is based on the Advanced Very High Resolu-
sults that are presented and discussed are comparisons k@n Radiometer (AVHRR) aboard the NOAA polar orbiting
tween model-calculated and observed seasonal variability ofatellites series (Setzer and Pereira, 1991), and the Moderate
aerosol optical depth, followed by an evaluation of mod- Resolution Imaging Spectroradiometer (MODIS) fire prod-
eled downwelling solar fluxes at the surface. Next, we dis-uct (Giglio et al., 2003). The three fire product databases
cuss RFP efficiencies (RFPE) as parameterized in CCATTare combined using a filter algorithm to avoid double count-
BRAMS based on optical properties models derived froming of the same fire, by eliminating additional fires within
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Fig. 1. Geographic locations of analyzed experimental sites depicted along the mean field of aerosol optical depth (AOD) at 550 nm during
the 2002 biomass burning season in South America obtained from MODIS aboard the TERRA satellite.

a circle with a radius of 1 km. For detected fire pixels, the 2.2 Model configuration
emitted mass is obtained combining the amount of available
above-ground biomass and combustion and emission factor€ CATT-BRAMS was configured and run with two domains
for specific species in accordance with vegetation type. TheFig. 1). The first consisted of a larger domain with 140 km
fire detection maps are merged with 1 km resolution land uséiorizontal resolution covering South America and Africa
data (Belward, 1996; Sestini et al., 2003) to provide the as-aiming to capture inflow of smoke from Africa and transport
sociated emission and combustion factors through a look-upf South American smoke to remote areas of the southwest-
table. The emission and combustion factors for each biomeern portion of the Atlantic Ocean. The second, a nested grid,
which include tropical forest, cerrado and pasture, are basedonsisted of a smaller domain covering only South Amer-
on Andreae and Merlet (2001) and Longo et al. (2009). Theica and with a horizontal resolution of 35km. For both do-
total emitted mass of aerosol particles per grid box is cal-mains, 42 vertical levels were included, with vertical res-
culated by adding the individual mass over all fires in thatolution varying from 150 m in the lower troposphere to a
grid box. The emission units are kgrhday 1. The diurnal maximum of 850 m in the upper troposphere. Atmospheric
cycle for the biomass burning emissions is prescribed usingnitial and boundary conditions were assimilated from the 6
a Gaussian function centered at 18:00 UTC (Freitas et al.hourly analysis of the global circulation model CPTEC T126
2011), which is based on the typical diurnal cycle of fire (100 km in the horizontal resolution) from the Brazilian Cen-
occurrence over South America (Prins et al., 1998). A de-ter for Weather Forecasting and Climate Studies (Cavalcanti
tailed description of the 3BEM model is presented in Longo et al., 2002) using the RAMS 4DDA (four-dimensional data
et al. (2010) and Freitas et al. (2011). For the present studyassimilation) assimilation technique.
only emissions of carbon monoxide (CO) and smoke fine
mode particles, i.e. particles with a diameter smaller than2.3 Optical-radiative module
2.5um (PMs), were considered. In areas heavily affected
by biomass burning, in the southern region of the AmazonThe CCATT-BRAMS optical-radiative module is based on
basin and the cerrado ecosystem, fine mode aerosols com- modified version of the Community Aerosol and Radia-
tribute, on average, to 90% and 85 %, respectively, of thetion Model for Atmosphere (CARMA, Toon et al., 1989; Co-
total aerosol optical depth in the visible spectrum (@&as larco et al., 2002). The original CARMA version simultane-
2011). Moreover, fine mode particles dominate the intensiveously considered an aerosol microphysics scheme and a two-
radiative properties of the regional smoke plume (Reid et al. stream radiative transfer module for both solar and terrestrial
2005). Although only smoke emissions were considered inspectral regions. Major standard microphysical processes,
the present study, it is worth mentioning that the CCATT- such as coagulation, condensational growth and particle sed-
BRAMS system is able to treat distinct aerosol types. imentation, were included. Aerosol size distributions were
prescribed using several bins and including different chemi-
cal elements. Aerosol particles were treated as spherical and
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(a) physics scheme was simplified while the radiative transfer
. ' ' ‘ ‘ module was kept with minor modifications. The major mod-
ification from the original version refers to the prescription
3.00F & 1 of the aerosol size distribution and intensive spectral optical
© Balbina properties, specifically the extinction efficien@@dxt ), sin-
250l e Belterra | gle scattering albedawg,) and asymmetry parameteg; .
OE ©  Rio Branco Currently, typical spectral optical properties are obtained pre-
= ®  Alta Floresta viously from off-line Mie calculation assuming smoke par-
§ 2.00¢ (35 O Abracos Hill T ticles as homogeneous spheres and using as input clima-
£ © ® Cuiaba tological size distributions and complex refractive indices
g 1501 - O- Reference 1 from AERONET sites. The smoke aerosol mass concentra-
g tion forecasted by CCATT-BRAMS is converted to number
E Lol concentration in the optical-radiative module assuming a pre-
: scribed density 4o = 1.35gcnT3, Reid et al., 1998). The
aerosol size distribution is assumed to be a unimodal lognor-
0.50f 1 mal function based on climatological size distribution param-
,g_ 8 8 88 eters obtained from AERONET retrievals. Prior prescription
0.00 . . _ 2=90- '.a ----8---8. of smoke optical properties in CCATT-BRAMS using this
0 500 1000 15\9/(;%126?1(;?}1 ¢ nzni())o 3000 3500 4000 approach was based on the study of Procopio et al. (2003).
(b) They developed a set of dynamic aerosol optical models
g 100 - - ‘ defined by aerosol optical depth using AERONET sites at
% 0.95 %mm . o Alta FIoresta_and Abracos Hil!. Raso _(2011), using several
o %0 0 o © ©0 AERONET sites and longer time series, extended the devel-
g 0.90 \ e o o 06 00 ° ° ¢ opment of aerosol optical properties aiming to represent the
i o : spatial variability across the major biomass burning areas in
2 08 \'o 6-g < 30 - o---9°" T South America. Figure 2 shows the typical spectral depen-
E" 0.80f ® e - HER dence of optical properties for the sites in these areas, specif-
. 5;5'1 - S ically, the southern and northeastern Amazon basin and cer-
) % rado. Main features are the higher absorption of aerosol par-
o70f S e 8 8- ticles from cerrado, the consistency between the sites in the
- o8 8, 6---" 6‘ - southern Amazon basin and the difference between the two
g 0o M o éB‘ e | sites in the northeast Amazon. The reason for this difference
g 0.60 ;; o 8, . . is not yet well understood. The higher absorption of cerrado
> A smoke aerosol has been associated with the dominance of
g 03 s 8 1 flaming phase combustion (Yamasoe et al., 1998; Dubovik et
g O e .
E 0.50[ 05 o 1 al., 2002). These spectral optical models were calculated us-
2 ° ing an average aerosol size distribution and complex refrac-
05 500 1000 1500 2000 2500 3000 3500 4000  tive index in a Mie code (Wiscombe, 1980). The spatializa-
Wavelength (nm) tion of the spectral optical models in CCATT-BRAMS was

performed based on the concept of anisotropic areas of influ-
) L ence described in Hoelzemann et al. (2009). Elsewhere in the
spectral dependence of smoke aerosol optical propertie@)i ex-

tinction efficiency,(b) single scattering albedo and asymmetry pa- model domain, not COYerEd by the anisotropic areas of influ-
rameter obtained from a Mie code using as input the average siz€NC€ a reference optical model was adopted. This approach
distribution and complex refractive index from each AERONET Was identified as dynamic aerosol optical model representa-
site. The reference optical model (dashed black line) was obtainedion. On the other hand, the parameterization of smoke in
using averaged size distribution and complex refractive index fromCCATT-BRAMS using fixed optical properties for the entire
the sites inside the burning areas of the southern part of the Amazomodel domain based on the reference optical model was de-
basin (Rio Branco, Abracos Hill and Alta Floresta). signed as static aerosol optical model representation. The ref-
erence optical model was obtained using as input to Mie cal-
culations the average of size distribution and complex refrac-
internally mixed. Mie calculations were performed on-line tive index from sites located in the southern Amazon basin
with radiative transfer in order to provide the aerosol ex- (Rio Branco, Abracos Hill and Alta Floresta). Smoke from
tinction, scattering and absorption spectral coefficients. Theahe southern region of the Amazon basin is the main contrib-
original scheme turned out to be expensive and prohibitiveutor of biomass burning aerosol particles to remote regions
to run in an operational mode. Therefore, the aerosol micro-of South America (Freitas et al., 2005; Longo et al., 2009).

Fig. 2. Dynamic optical models (coloured circles) describing mean
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Table 1. Geographic locations of the experimental sites, dominant biomes and available data.

Site Lat €) Lon (°) Alt.(m) Dominant ecosystefn Experimental Data

Balbina —-1.92 —-59.48 80.0 Tropical Forest next to the Uatuniver  AOD (L2.0¥

Belterra —2.65 —-5495 70.0 Tropical Forest AOD (L29)

RioBranco  —9.96 —67.87 212 Tropical forest Shortwave fRJ(LZ.O), AOD (L2.0f
Rebio Jaru  —10.083 -61.93 162 Tropical forest surrounded by pasture AOD (12.0)

Abracos Hill —10.76 —-62.36 200 Dominated by pasture areas Shortwavé {lug.0), AOD (L2.0f
Alta Floresta —9.87 -56.10 277 Transition: Tropical forest to Cerrado Shortwavé’f(tan.O), AOD (L2.0f
Cuiaka —-15.73 -56.02 210 Cerrado Shortwave fRJ(LZ.O), AOD (L1.5f
SantaCruz —-17.80 —63.18 442 Mosaic of dry forest and savanna AOD (L2.0)

@ Based on South America biomes map from Stone et al. (1@93yranometer Kipp & Zonen CM 2£,CIMEL CE318 sunphotometer.

Spectral aerosol optical depth (AQPis calculated based regarding location, dominant ecosystems and experimental
on the aerosol mass loading field provided by the CCATT-data from each site are provided in Table 1. Observed to-
BRAMS transport module and the spectral extinction effi- tal aerosol optical depth (AOD) data were taken from the
ciency factor stored in lookup tables. The AQBlong with  AERONET direct sun inversion database. The uncertainty
woy. andg, are used as input in the CARMA radiative trans- of the AERONET aerosol optical depth is stated to vary
fer code in order to simulate the aerosol direct radiative ef-from 0.01 to 0.02 (Eck et al., 1999). The fine mode frac-
fect. The CARMA two-stream radiative transfer is treated by tion (FMF) AOD product computed from the spectral de-
dividing solar and infrared radiation into 32 and 19 wave- convolution algorithm (SDA) methodology (O’Neill et al.,
length narrow-bands, respectively. Gaseous absorption angl001, 2003) was also included in the analysis. The SDA al-
emission are calculated using an exponential sum formulagorithm is based on the AOD spectral dependency from 380
tion (Toon et al., 1989). All major radiatively active atmo- to 870 nm to estimate FMF AOD, which is expected to allow
spheric constituents — water vapour, ozone, carbon dioxida more consistent comparison with CCATT-BRAMS prog-
and oxygen — are taken into account. Cloud optical prop-nostic of AOD for smoke PMs5 particles. The highest qual-
erties are parameterized according to Sun and Shine (1994ly products (level 2.0) from the network were prioritized,
and Saviarvi et al. (1997) using liquid and ice particle con- which are pre- and post-field calibrated. The exceptions were
tent provided by the CCATT-BRAMS cloud microphysical total AOD and FMF AOD from the Cuidgbsite and FMF
module. Aerosol indirect effects were not considered in theAOD from the Alta Floresta site, for which level 2.0 prod-
present study; therefore, the analyzed aerosol radiative imucts are unavailable, therefore level 1.5 data were used. Mea-
pacts are strictly associated with the direct effect. CCATT-sured broadband downwelling solar radiation at the surface
BRAMS was run three times. First, the aerosol direct radia-was obtained from SolRad-Net. The absolute uncertainty of
tive effect was not simulated. For the second run, the aerosgbyranometers ranges between 2% and 3% (Schafer et al.,
effect was turned on considering the static aerosol opticaR002).
model representation based on the reference optical model The comparative analysis of AOD between AERONET
(Fig. 2). The third run also included the aerosol radiative ef-and CCATT-BRAMS was performed based on daily aver-
fect; however, spatially varying optical properties were pre-ages, while surface solar irradiances under “clear sky” con-
scribed following the aerosol optical dynamic model repre-ditions were compared at specific times, 12:00, 15:00 and
sentation described above and spatially distributed based oh8:00 UTC. Solar irradiance at the surface under “clear sky”
the areas of influence described in Hoelzemann et al. (2009)onditions is defined as the pyranometer measurements per-
The impacts of the aerosol direct radiative effect were evaluformed in absence of clouds along the path of the Sun direct
ated by analyzing differences among the runs including andbeam and under minimal influence of cloud diffuse enhance-
excluding aerosol radiative effects. All results analyzed inment effect. The latter condition is an acknowledgment that
this study are related to the smaller domain. to fully prevent cloud contamination in the Amazon basin is
a challenging task. Observed irradiances were averaged over
30 min intervals centered at the mentioned times. Samples
3 Experimental data and methods with large temporal variations in the solar irradiance at the

h hical | . fth vzed . surface were assumed to be cloud contaminated, and were
The geographical locations of the analyzed AERONET siteSp o retore excluded. Additional criteria adopted to perform

are depicted ip Fig. 1 using as backgrou'nd the mean field o loud screening are further described in oz et al. (2011).
AODss0nmduring the 2002 biomass burning season from theCloud fractions in the Amazon basin are considerably high

Moderate Resolution Imaging Spectroradiometer (MODIS)even during the dry season (Asner et al., 2001). This very
aboard the TERRA satellite (Levy et al.,, 2010). Details
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likely explains the scarcity of clear sky conditions over a 4 Results
large period of time. For both AOD and surface solar irra-
diance, model results were collocated with the experimen4.1 Aerosol optical depth and solar flux comparisons
tal stations assuming a window size of 9®0 km centered
at each site. Additionally, downward solar irradiance at the A major feature of AOD throughout the biomass burning sea-
surface was calculated for Rio Branco, Abracos Hill, Alta son is its high spatial and temporal variability induced by a
Floresta and Cuigbusing AOD and column water vapour set of complex processes, such as random and intermittent
(CWV) from AERONET as input to the Santa Barbara DIS- emissions sources, atmospheric transport and removal pro-
ORT Atmospheric Radiative Transfer (SBDART, Ricchiazzi cesses and variation of the intrinsic properties of particles
et al., 1998) a column radiative transfer code. For cloudlessiue to aging and mixing processes (Eck et al., 2009; Reid et
conditions and at a given sun geometry, AOD and CWV vari-al., 2005). Figure 3 compares model-calculated A6¥am
ation are expected to explain most of the variability in down- and observed total (Fig. 3a) and FMF (Fig. 3b) A§36hm
welling solar irradiance at the surface. SBDART is an effi- over distinct AERONET sites. In general, a significant agree-
cient column code for closure experiments that has been usehent between model and observations is seen concerning
to study radiative transfer in smoky environments in Souththe evolution of aerosol optical depth for the sites in the
America (Procopio et al., 2003, 2004; Ro® et al., 2011). southern part of the Amazon basin and cerrado. This sug-
Rosario et al. (2011) were able to reproduce the observedyests that the model is able to capture major features of
variability of solar irradiance when instantaneous AOD andthe chain of processes mentioned above in those regions.
CWYV from AERONET were prescribed as inputs. The SB- However, as expected, a better agreement is obtained when
DART results were included in the comparison analysis be-modeled results are compared with FMF A§Bhm espe-
tween CCATT-BRAMS outputs and pyranometer measure-cially for the Cuiald site. Likewise for Belterra and Bal-
ments. Mean surface radiative flux perturbation (RFP) on aina sites, which are located in the northeastern Amazon
24 h basis and at specific times of day was estimated averagpasin (Fig. 3b). Over these two sites the model results are
ing the instantaneous difference between modeled downwardystematically lower when compared with AERONET total
surface solar irradiance over the biomass burning season irAODss0nm (Fig. 3a), which point out the greater relative im-
cluding and excluding the smoke aerosol radiative effect. Theportance of coarse mode to the total AOD during the biomass
dependence of RFP efficiency (RFPE) on the adopted optiburning season in comparison with the southern part of the
cal model was evaluated accordingly to the methodology ofAmazon basin. As can be seen in Fig. 1, the northeastern
Hansell et al. (2003) and Stone et al. (2011). The methodegion is marginally affected by the regional smoke plume.
is based on linear fitting of aerosol optical depth versus theAOD peaks in November, mostly associated with local emis-
difference between downwelling solar irradiance at the sur-sions. In the present study only fire emissions were consid-
face considering and neglecting the aerosol direct radiativeered. Therefore, one would expect the model to underesti-
effect. The slope of the linear fitting provides an estimate ofmate total AOD in that region. Hereinafter, the analysis fo-
RFPE. An independent empirical RFPE was also calculatectused on the southern Amazon basin and cerrado sites. These
based on a synergy between pyranometers, sunphotometesise located inside the core of the regional smoke plume. Re-
and SBDART. Pyranometer measurements were defined tgarding these sites, the critical aspect seen in the comparison
represent downwelling solar irradiance at the surface undewith the total AOG50n,m (Fig. 3a) is that the model struggles
the influence of the aerosol radiative effect. Collocated col-to capture high AOD events, especially over Alta Floresta
umn water vapour from sunphotometers, ozone from the Toand Cuiak (Fig. 4a). As mentioned, the agreement between
tal Ozone Mapping Spectrometer (TOMS) and broadbandmodeling and observation over Cu&ls largely improved
surface albedo taken from the observational study of Berbetvhen modeled AOD is compared with observed FMF AOD
and Costa (2003) were used as input to the SBDART ra<{Figs. 3b and 4b). This improvement is essentially driven by
diative transfer code to simulate the solar irradiance at thehigh AOD events. Over Cuigbthese high AOD events sup-
surface without aerosol influence. The independent empiriposedly include a large contribution of coarse mode aerosols,
cal RFPE was obtained as the slope from the linear fittingwhich are not taken into account in the model. An analysis
of the difference between measured irradiance at the surfacef the Angstom exponent values during these events (not
and aerosol free irradiance calculated as a function of obshown) supported the coarse particles contribution hypothe-
served AOD. This case is free of assumptions about aerosdis. Opposite to the southern region of the Amazon basin, the
optical properties. cerrado region (Cuid is characterized by large portions of
exposed soil, which under windy conditions is likely to en-
hance soil dust emission. On the other hand, it is worth keep-
ing in mind that AERONET data for Cuiabare from level
1.5, which is only automatically cloud cleared and not man-
ually inspected. Therefore, a possible cloud contamination
cannot be ruled out. Regarding Alta Floresta, the discrepancy
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Fig. 3. Comparison of intra-seasonal variability of daily mean Aerosol Optical Depth (AOD) at 550 nm modeled by CCATT-BRAMS with
(a) total and(b) Fine Mode Fraction (FMF) AOD measured by AERONET sites during the 2002 biomass burning season in South America.
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Fig. 4. Modeled daily mean aerosol optical depth at 550 nm (A&f3m CCATT-BRAMS) versus observe(h) total and(b) fine mode
fraction (FMF) AODs50nm (AERONET) over AERONET sites. Bars consist of standard deviation and represent daytime variability of AOD.

between model results and observation for the high AODcos Hill and Rio Branco, model AOD prediction was con-
events that occurred at the end of August persisted even whesistent with AERONET retrievals for the same period. Ta-
CCATT-BRAMS results were compared with AERONET ble 2 shows statistical parameters of the comparison between
FMF AOD. This suggests that the model struggled to pre-modeled smoke AOEyonmand AERONET fine mode frac-
dict smoke aerosol loading over Alta Floresta region duringtion AODssonm Statistical analysis was performed dividing
that period. It is noteworthy to highlight that over the other the data in three sets: (1) all stations (Rio Branco, Abra-
sites located in the southern of the Amazon basin, i.e. Abra€os Hill, Alta Floresta and Cuid), (2) excluding Cuiai
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Table 2. Statistics from comparison between model-calculated aerosol optical depth (AOD) and AERONET fine mode fraction (FMF) AOD.
(a) All FMF AODsg503mconditions; (b) only for FMF AOIB50,m < 1.0. Root-mean-square error (RMSE), the mean absolute error (MAE),
and the mean bias error.

(a) Al FMF AOD (550nm) Al Sites  All Sites (no CB) RB  AH AF CB

N 348 284 83 102 99 64

RMSE 0.34 0.31 0.18 0.27 0.42 0.45
MAE 0.23 0.19 0.12 0.18 0.26 0.36
Bias —-0.01 0.01 -0.03 -0.03 0.08 -0.09

(b) FMF AOD (550nm)< 1.0  All Sites Al Sites (no CB) RB  AH AF CB

N 292 240 78 84 78 52

RMSE 0.24 0.19 0.16 0.21 0.19 0.40
MAE 0.17 0.13 0.11 0.14 0.14 0.33
Bias —0.09 —-0.06 -0.04 -0.07 -0.07 -0.22

and keeping all the other sites and (3) for each station inthat emission biases caused by spatial error in satellite active
dividually. In spite of the better agreement obtained whenfire location data vary with regional distribution of fire type
the model results are compared with observed FMF AOD,and are prone to occur in heterogeneous landscapes. Alta Flo-
CCATT-BRAMS performance over Cuiabis lower than resta, once an entirely forested region, has been subjected to
over the sites in the southern of the Amazon basin, mainlyvery high deforestation rates. This resulted in a fragmented
for moderate and low AOD conditions. Table 2 also showslandscape containing forest patches surrounded by pasture
statistics excluding extreme events by defining a thresholdields. Emissions based on remote sensing of fire brought
(AODs50nm=< 1.0). Extreme AOD events represent roughly large improvements to smoke modeling in South America
20 % of the dataset. It is clear that the worst (RMSE.34)  when compared with conventional databases (Longo et al.,
and the best (RMSE 0.19) comparison between model out- 2010). However, the spatial and temporal scale of fire occur-
puts and observations when considering all stations are obrence might still impose a considerable detection error. Fig-
tained when the Cuidbsite and extreme events are included ure 5 compares the modeled A@49nm field with retrievals
and excluded in the analysis, respectively. by MODIS aboard the TERRA satellite from 24 to 29 Au-
Unlike sunphotometers, due to relatively coarse grid res-gust, the period characterized by major divergences between
olution, the model is not expected to capture highly densehe model and AERONET at Alta Floresta. MODIS well
and localized plumes, which could explain the divergenceknown tendency to overestimate AOD for South America re-
between model and AERONET observation over Alta Flo- gional smoke plume (Hoelzemann et al., 2009; Levy et al.,
resta during high AOD events. However, the persistence oR010) was corrected using Hoelzemann et al. (2009) linear
divergences over large time periods suggests that modelingegression parameters (slope and intercept) obtained compar-
aspects, beyond grid characteristics, may play an importaning AERONET and MODIS retrievals over South America
role in the observed differences. Given the magnitude of theduring biomass burning season. Regionally, the spatial dis-
differences, variability in particle intensive optical properties tribution of smoke is relatively well captured by the model,
are unlikely to play a major role. Emissions very likely are while locally, mainly in the emission sources areas, signif-
the critical aspect on this issue. Omission or misrepresentaicant differences are observed. MODIS overpass geometry
tion of fire spots can induce important errors in the emis-over Alta Floresta during the analyzed period was frequently
sions and consequently in the aerosol loading field. Imageproblematic, which is an issue for fire spot detection. This
acquisition geometry and cloud coverage conditions havecorroborates the hypothesis that major divergences between
been pointed out as important issues in this matter (Schroedehe model results and AERONET FMF AOD at Alta Floresta
et al., 2005, 2008). By comparing satellite fire spot retrievalsare very likely induced by emissions issues.
with aircraft observations over the southwest Amazon basin, Figures 6 and 7 show comparisons between model-
Pantoja and Brown (2007) showed that the divergences becalculated and observed solar irradiance at the surface un-
tween the two data sources were consistently associated wittler cloud-free conditions. Observational data is scarce dur-
omission of satellite fire spots. Hyer and Reid (2009) dis-ing the afternoon (15:00 UTC, 18:00 UTC) mainly due to the
cuss the role of satellite data products with varying spatialincrease in cloudiness. Consequently, the AOD signature on
resolution on biomass burning emissions modeling. Usingsurface solar irradiance is better identified looking at morn-
120-m land cover data for the Amazon basin, they estimatedng data (12:00 UTC). The SBDART estimation of solar irra-
the probability of accurate classification of individual fires at diance at the surface using AOD and column water vapour
88 % for MODIS and 74 % for GOES. They bring up the fact from AERONET sunphotometers as input is also plotted.
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Fig. 5. Comparison between spatial distributions of aerosol optical depth at 550 nmsg@R retrieved by(a) MODIS aboard Terra

satellite and modeled bp) CCATT-BRAMS from 24 to 29 August, period when major discrepancies occurred between the model results
and AERONET AOD retrievals.

Rio Branco Abracos Hill Alta Floresta

& 60 600 «— 80 800, Cuiaba
g CCATT-BRAMS 9. 'g ’ "
= ® SBDART S 600
5 4000 Cacmmeo g 2SR 00 "'f < v‘.ﬂ-ﬁl 600 A
5 l‘\ { -w ' g 40 Y 400 )
— L) —
T 200 v 17| 200 . 12| § 200 ' 122 it LR
- Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec 209ul Aug Sep Oct Nov Dec
<< m
|§ 1000l * "‘ 1000 “.. ‘g 1000 h\"..'- 1000 .‘.ﬁ %
2 < 348 y
8 800 'ﬂb".\ 800 ﬂ g 800 N".‘o 800 o '& 4
5 3 600 ¢
& 600 152 600 152] § 600 ¥ 157 40 <. 152
- Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec
lTrE\ 100! 100! ‘TE 100! 100

‘s oied
g 1.;-# 800 L e % 800 W.} 800 W
8 800 L+ e, 8 . 600 eV LT
c [ ) [ c [
= : ' S S 600 400 .
E oo 187 600 * 187| 8 4o se o 187 2 . 187
- Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec Jul Aug Sep Oct Nov Dec

Fig. 6. Modeled (CCATT-BRAMS, SBDART) versus observed downwelling solar irradiance at the surface under cloud-free conditions.
SBDART results were obtained using as input aerosol optical depth and column water vapour from AERONET.

Main trends in solar irradiance at surface are in general welradiance as a function of collocated differences between ob-
captured by the model. This is an outcome of the model'sserved and modeled AOD. The linear relationship highlights
ability to predict the major features of AOD variability. Nev- the dominance of aerosol optical depth as the major source
ertheless, non-negligible discrepancies still occur. Figure 8f uncertainty when it comes to modeling of solar irradiance
shows differences between measured and modeled solar iat the surface. Table 3 shows statistics of the comparison
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Table 3. Statistics from comparison between model-calculated 1200

broadband solar irradiance at the surface and pyranometer measure

ments. Root-mean-square error (RMSE), the mean absolute erro_—~ Abracos Hill

(MAE), and the mean bias error are presented. | ) )
1000 Alta Floresga

CCATT-BRAMS Irradiance (Wm

Solar Irradiance at All Sites All Sites All Sites All Sites

the surface (Wm2) (AOD<1.0) (noCB) (noCBand
AOD <1.0) 800+
N 260 206 194 156
RMSE (Wni2) 45 40 40 31
MAE (Wm~2) 33 30 29 24
Bias (Wn12) 6 11 0.7 7 600

between the model and pyranometers. Yet again, the bes 400y

scenario (RMSE=31Wn2) occurs when the Cuidbsite
and extreme AOD events are excluded from the analysis. -
When all data were considered the agreement between the 200% 400 600 200 1000 1200
model and the observations decreased (RMSEB WnT2). Ob d TIrradi -2

. . . . served Irradiance (Wm ©)
The Cuiala site performed worse for the irradiance intercom-
parison than the other sites, data not shown. The observegig. 7. Model-calculated (CCATT-BRAMS) versus observed down-
larger positive discrepancies may be related to cloud contamwelling solar radiation at the surface under cloud-free conditions
ination, in spite of the application of a cloud screening proce-at AERONET sites (Rio Branco, Abracos Hill, Alta Floresta and
dure to both pyranometer and sun photometer datasets. How=uiata).
ever, they are not expected to significantly alter the general
assessments of the present analysis. In summary, the compa __
isons show that CCATT-BRAMS was able to reproduce the '
main features of the AOD field associated with the regional
smoke plume and to capture its seasonal variability and im-
pacts on the downwelling solar energy at the surface. The
major difficulty seems to be related to extreme smoke events
(AODss50nm> 1.0). Although these events in general repre-
sent less than 20 % of the total AERONET samples from the
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modelling needs to be performed. Apparently, the daysinthe g -150
present study with major deviations coincided with smoky E im0 ’ ‘ ‘ ‘ ‘
areas being imaged under larger scan angles (W. Schroede "4 10 06 02 02 06 0.08

1.0 R
o AOD(550) . — AOD(550 AOD(550),,
personal communication, 2009). (55000 (5500 10q o

0.29

direct sun inversion, their impacts are significant. Therefore QP ¢

the aspects behind the struggling of the model need to be g ~%| e E 072
addressed. A conclusive analysis of the impact of satellite go —90r | R

scan geometry and spatial resolution and clouds on emission: g —120f ‘ o 03!

. . . Fig. 8. Difference between downward observed and modeled sur-
4.2 Radiative flux perturbation efficiency and surface face solar irradiance versus difference between observed and mod-
RFP eled aerosol optical depth (AOD) as a function of observed AOD

. . - . ) under cloud-free conditions.
Radiative flux perturbation efficiency (RFPE) is a metric of

the sensitivity of the aerosol radiative flux perturbation to

aerosol types and is primarily controlled by intrinsic aerosolresta and Cuigbpreviously shown in Fig. 2. For the sites in-
properties. Figure 9 shows regression plots of AOD versusside the Amazon basin the RFPE varied betwed®4 and
differences between solar irradiance at the surface neglect-163 Wnm2/AODssonm The RFPE for the reference optical
ing and considering aerosol direct radiative effects. The remodel (-158 WnT2/AODss50nm) iS consistently in the mid-
sults are shown for noontime when the instantaneous RFP idle of the range. An independent empirical estimate based on
expected to be high. The slopes represent estimates of megyranometer and sunphotometer measurements for the south-
RFPE. Regressions are presented for the aerosol direct r&rn Amazon basin is also showa 141 WnT2/A0Ds50nm)
diative effect modeled using the reference optical model andn Fig. 9 labeled as observed. Smoke aerosol in cerrado
the optical models for Rio Branco, Abracos Hill, Alta Flo- (Cuiath) has higher RFPE«(187 WnT2/AODs50nm) mainly
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Table 4.Estimative of smoke aerosol Radiative Flux Perturbation Efficiency (RFPE) obtained in the present study and several estimates from
previously published studies.

RFPE (WnT2/A0OD,)*  Description Reference

—154 (. =550 nm) Abracos Hill This work

—163 (. =550 nm) Rio Branco This work

—163 (. =550 nm) Alta Floresta This work

—158 (. =550 nm) Southern Amazon basin (Model) This work

—141 (. =550 nm) Southern Amazon basin (Empirical)  This work

—187 (. =550 nm) Cerrado ecosystem This work

—145 (. =500 nm) Southern Amazon basin Schafer et al. (2002)
—210 (. =500 nm) Africa Savanna Schafer et al. (2002)
—1484+ 44 (. =550nm) Smoke/dust: Central Africa Gaet al. (2012)
—2234+39 (. =550nm) Africa Savanna Gdmeet al. (2012)
—152/194 § =500 nm) Boulder, Colorado Stone et al. (2011)

* at noon time

: ing climatological optical models, one can argue that it is
Rio Dranco likely due to the fact that the former has been obtained for
Alta Floresta particular years. Figure 10 shows 24 h smoke surface RFP
Cuiaba averaged over the biomass burning season. Results are pre-
Rof)iffvrgf sented for both model runs considering static and varying

optical properties models. As expected, major differences
between both approaches are seen downwind of the Ama-
zon basin. On average, single scattering albedos retrieved by
downwind AERONET sites are lower than values retrieved
inside the southern region of the Amazon basin. The spa-
- 28 tial range of daily mean surface RFP in the southern Ama-
g —200+ C o zon basin {35 to —50 Wm2) is consistent with Prdipio
® g e et al. (2004) results{34.5 to—48 Wn2). Regionally, the
o i % smoke surface RFP varies fron5 Wn12, in areas heavily
AF= ~163"A0Dg50,,*0.6 @% 88 affected by biomass burning emissions &0 Wnm 2 near
X o@ the southeast Brazilian coast. In the northwestern portion of
~300 AF= ~141"AODss00m~7-5 R ; the Amazon basin, the surface shortwave flux perturbation is
0.0 5  .op = 20 also—10Wn1 2. Figure 11 shows mean surface RFP at spe-
550 nm cific times (12:00, 15:00, 18:00 and 21:00UTC) in order to

Fig. 9. Linear fitting of aerosol optical depth at 550 nm versus the h'gh“ght_ the daytime cycle. I\./Ia'IXImum perturbatlgn occurs
difference between downward surface solar irradiance consideringi noontime (15:00 UTC) and it is arourdL.OO Wn< in ar-
(Irradaey) and neglecting (Irrashae) the aerosol direct radiative ef- €as close to the emission sources. The diurnal cycle of the
fect. For the observed case, denominated as the empirical approactinpact on the lower troposphere net radiative heating pro-
Irradser consists of pyranometer measurements and dgagwas  file is shown (Fig. 12) through a cross section at longitude
estimated using the SBDART code, prescribing water vapour ancs7° W, all along the South American continent, from clean
ozone from observations and turning off aerosol effects. The slopegireas in northern South America, crossing biomass burning
represent estimates of aerosol radiative flux perturbation efficiencyegions in central regions, and up to the northern region of
(RFPE). Argentina at 35S. The net effect is essentially a warming of
the atmosphere. As expected, higher impacts are observed at
noontime when a larger amount of solar energy is available.
due to its larger absorption. The obtained RFPE are com!Nét radiative heating rates when smoke is included can be
pared with values found in the literature (Table 4). Concern-Wice that of the aerosol free case. The net impact of both
ing the southern region of the Amazon basin, the obtainec? "¢duction in solar energy at the surface and enhancement
RFPE are higher than empirical values estimated by Schafef! radiative heating rate induced by the regional smoke on
et al. (2002) for Abracos Hill and Alta Floresta sites but con- the South American cllmat_e is still uncertlam and a sutyec_t of
sistent with the overall RFPE variability. Regarding the dif- [éS€arch. Accurate modeling of the spatio-temporal distribu-

ference between the empirical RFPEs and those obtained ufon Of the regional smoke loading and its intrinsic radiative

000000

—2
noaer (Wm )

— Irrad

Irrad
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Fig. 10. Biomass burning season mean 24 h surface radiative flux perturbation calculated by averaging differences between downward
surface solar irradiance including and excluding the aerosol direct radiative ¢ffetising a static aerosol optical properties model and

(b) prescribing spatially varying optical properties models. The black boxes highlight the region where major differences are expected
between assumptiorfa) and(b).

properties remains a challenging task. Results of the present
study indicated that the CCATT-BRAMS model is able to
consistently simulate major features of AOD variability re-
lated to the regional smoke plume as well as the impact on
downward shortwave radiation at the surface. However, im-
portant deviations from observations are still occurring. On-
going studies are expected to tackle these issues.

5 Final remarks

The present paper describes a modeling effort to simulate the
aerosol optical depth of the regional smoke produced dur-
ing the 2002 biomass burning season and the associated sur-
face shortwave flux perturbation in the Amazon basin and
cerrado ecosystem. The CCATT-BRAMS model developed
at the National Institute for Space Research for air quality
and climate studies was used. CCATT-BRAMS is a fully
coupled on-line model, which allows feedbacks between
the aerosol radiative effect and other atmospheric processes.
Generally, comparisons between model-calculated variabil-
ity of AOD and data from AERONET showed significant
20 _ ; agreement. The model was able to capture the major fea-
BOW 75w 70w 65W 60W 55w S_t)\?lﬂ-l-ﬁw -M)W VJW BOW 75w 70w 65w B0W Eﬁw S50W 45W 40W 35w tures Of AOD throughOUt the burnlng Season Over mOSt Of
the analyzed AERONET sites. The main shortcomings were
Fig. 11.Biomass burning season mean surface radiative flux pertury,a ynderestimation of AOD in the northeastern region of the
bation at specific times calculat.ed by avergging Qiﬁerences betw.ee%\mazon basin and the difficulty of the model in capturing
the downwar_d surfac_e _solar irradiance including and excludlngextreme AOD events (AOonm> 1.0) in the cerrado re-
Ez)el%?cr)%sngglraeﬁ&;?dzlitg/g S;fg_(a) 12:00UTC,(b) 15:00UTC, gion (Cuiald) and the transition areas from primgry forest to
cerrado (Alta Floresta). The AOD underestimation over the
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Fig. 12. North-South cross section (red line Fig. 10) average profile of the differences (K}lagtween modeled net radiative heat-
ing/cooling rates including and excluding the aerosol direct radiative effect over the biomass burning s@gd@Gt UTC (b) 15:00 UTC,
(c)18:00 UTC andd) 21:00 UTC.

northeastern of the Amazon basin was primarily related tosmoke plume varied from-55 to—10 W2, from biomass

the omission of coarse mode aerosol in the model simulationburning areas to remote regions in the southeast of Brazil and
Likewise, the discrepancy between the model and observain the northwest portion of the Amazon basin. In areas close
tion during extreme AOD events over the cerrado. However,to the emission sources, the enhancement of the net radiative
over Alta Floresta region the divergences during high AOD heating rate by the regional smoke was as much as double
events are associated with the model's problem in predicthe aerosol-free condition. Our results pointed out the ability
smoke fine mode aerosols. Accordingly to the AERONET of CCATT-BRAMS to simulate major spatio-temporal fea-
direct sun inversion, extreme events represent roughly 20 %ures of the aerosol optical depth field associated with South
of conditions observed during the biomass burning seasonAmerican regional smoke, despite the simplified aerosol mi-
however, their radiative impacts are huge. They can reducerophysics adopted. The observed performance is a conse-
solar irradiance at the surface by up to 300 WiriThe main  quence of recent improvements of regional smoke dynamic
suspect of the model difficulty in capturing these events isin the model, particularly emission regionalization (Longo et
related to emissions estimation. The omission of fire spotsal., 2010) and the inclusion of sub-grid scale plume rise from
satellite geometry issues and localized emission sources veryegetation fires (Freitas et al., 2007). Nevertheless, short-
likely explains this deficiency. The root-mean-square errorcomings were also observed and emissions are still a critical
(RMSE) between modeled and observed fine mode fracaspect and a matter of continuing research. Ongoing devel-
tion AOD decreased from 0.34 to 0.19 when extreme AODopments of CCATT-BRAMS and its emissions module are
events and the Cuiabsite were excluded from the analy- expected to improve the modeling of regional aerosol chem-
sis. A similar trend was observed when the modeled down-istry in South America.

welling solar irradiance at the surface was compared with

pyranometer measurements. Better agreement was achieved

between CCATT-BRAMS and observations when the data®cknowledgementsThe first author wishes to thank CNPq (Con-
was restricted to irradiance measured for A@Em lower selhc_> Nac_ional de Desenvolvimento Cidicb e Tecnabgico) for

than 1.0. Ongoing modeling simulations and planned fu_the financial support (processes 140559/2007-8; 201177/2009-9).

ture field experiments are expected to allow more conclu- Additional thanks to AERONET and the SolRad-Net teams for
p P making available the data used in this study. M. Yamasoe ac-

sive analysis of this aspect. Radiative flux perturbation effi- knowledges FAPESP (Fundis de Amparca Pesquisa do Estado
ciency (RFPE) obtained using space varying optical modelgje 10 Paulo), process number 06-56550-5 and CAPES/PROEX
was compared with RFPE using a static optical model pre{coordenago de Aperfeicoamento de Pessoal diveN Supe-
scription. The static model consisted of typical optical prop- rior/Programa de Excéhcia Acaémica).

erties of smoke aerosol produced in the southern Amazon

basin. Major impacts on surface shortwave flux perturbationEdited by: G. Feingold

were observed downwind of the Amazon basin where smoke

aerosol plumes are on average more absorbing. Mean 24 h

surface radiative flux perturbation induced by the regional
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