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Abstract. We introduce the Coupled Aerosol and Tracer model is used to simulate carbon monoxide and particulate
Transport model to the Brazilian developments on the Re-material (PM5) surface fluxes and atmospheric transport
gional Atmospheric Modeling System (CATT-BRAMS). during the 2002 LBA field campaigns, conducted during the
CATT-BRAMS is an on-line transport model fully consistent transition from the dry to wet season in the southwest Ama-
with the simulated atmospheric dynamics. Emission sourcegon Basin. Model evaluation is addressed with comparisons
from biomass burning and urban-industrial-vehicular activi- between model results and near surface, radiosondes and air-
ties for trace gases and from biomass burning aerosol partiborne measurements performed during the field campaign,
cles are obtained from several published datasets and remogs well as remote sensing derived products. We show the
sensing information. The tracer and aerosol mass concentranatching of emissions strengths to observed carbon monox-
tion prognostics include the effects of sub-grid scale turbu-ide in the LBA campaign. A relatively good comparison to
lence in the planetary boundary layer, convective transport byhe MOPITT data, in spite of the fact that MOPITT a priori
shallow and deep moist convection, wet and dry depositionassumptions imply several difficulties, is also obtained.

and plume rise associated with vegetation fires in addition ta
the grid scale transport. The radiation parameterization takes
into account the interaction between the simulated biomasi
burning aerosol particles and short and long wave radiation:

The atmospheric model BRAMS is based on the Regionalgjomass burning (vegetation fires) is a major anthropogenic
Atmospheric Mode_llng System (RAMS), W'th_ several im- o 00 of greenhouse gases, aerosols and pollutants to the at-
provements associated with cumulus convection representarhos'ohere during the dry season (July to October) over South
tion, soil moisture initialization and surface scheme tuned for p yarica (Andreae, 1991; Artaxo et al., 2002; Andreae et
the tropics, among others. In this paper the CATT-BRAMS | "5004). Besides the contribution of greenhouse gases to
the global warming, smoke aerosols have an impact on the
radiative budget and cloud microphysics (Kaufman, 1995;

Correspondence tdS. R. Freitas Rosenfeld, 1999; Andreae et al., 2004; Koren et al., 2004)
BY (saulo.freitas@cptec.inpe.br) affecting the hydrologic cycle and boundary layer properties

Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2844 S. R. Freitas et al.: CATT-BRAMS model description and evaluation

(Longo et al., 2006a). In addition, smoke aerosols as well adttp://www.lbaeco.orp field campaigns Smoke, Aerosols,
ozone formation by biomass burning emission precursors ar€louds, rainfall, and Climate (SMOCC) and Radiation,
observed to frequently make the air quality of the neighborCloud, and Climate Interactions in the Amazon (RaCCl) dur-
areas even worst than for the South American Megacitiesing the dry-to-wet transition season took place. The pa-
like S3o Paulo Metropolitan Region (Brazil Health 2006: an per is organized as follows. It includes a description of the
analysis of the health situation in Brazil, 2006, Artaxo et main BRAMS implementations developed by the authors to
al., 2002). The emissions associated with several hundre@nprove the atmospheric simulation over tropical and sub-
of fires every day during the burning season and transportetropical areas of South America. We decided to touch this
by the atmospheric motions, produces a huge plume of consubject because there is no paper that fully describes the new
tinental scale covering large areas around »44® km? of atmospheric components of the BRAMS modeling system,.
South America (Prins et al., 1998; Freitas, 1999; Freitas efThe general features of the entire modeling system are de-
al., 2005b, 2006). scribed in Sect. 2 of the paper. Model configuration for the
Numerical modeling is an important tool to study and 2002 dry season simulation is introduced in Sect. 3. Section 4
forecast the impact of trace gases and aerosols on atmaxplores model results and validation of these results based
spheric evolution and air quality. Several atmospheric pol-on observed data from the meteorological point of view as
lutant transport models on regional and global scales havevell as a general discussion about its performance. Model
been proposed in the literature. Chatfield et al. (1996) useesults for carbon monoxide and aerosol particulate material
the Global-Regional Atmospheric Chemistry Event Simu- with size diameter less than 2.0 are evaluated using near
lator (GRACES) to introduce a conceptual model of how surface direct measurements, airborne and remote sensing re-
fire emissions and chemistry produce the African/Oceanidrieved data in Sect. 5. The final discussion and conclusions
plumes. The Georgia Tech/Goddard Global Ozone Chemare reported in Sect. 6.
istry Aerosol Radiation and Transport (GOCART) model is
an example of a global transport model. Chin et al. (2000)
employed GOCART to simulate the atmospheric global sul-2 Model description
fur cycle. Chatfield et al. (2002) present a connection be-
tween tropical emissions and an observed subtropical plumdhe model described in this paper is the CATT-BRAMS.
of carbon monoxide at remote areas over the Pacific OcearBRAMS is based on the Regional Atmospheric Modeling
using the GRACES and MM5 models. MOZART (Model of System — RAMS (Walko et al., 2000) version 6 with sev-
Ozone And Related Tracers) is an “off-line” global chem- eral new functionalities and parameterizations. Throughout
ical transport model appropriate for simulating the three-this text, while describing CATT-BRAMS, the original term
dimensional distribution of chemical species in the atmo-RAMS will be used when the discussed parameterization was
sphere (Brasseur et al., 1998; Horowitz et al., 2003). Grelloriginally from the RAMS model, and the BRAMS term only
et al. (2000) describe a multiscale complex chemistry modefor the aggregated Brazilian developments.
coupled to the Penn State/NCAR nonhydrostatic mesoscale RAMS is a numerical model designed to simulate atmo-
model (MM5-CHEM). Other regional and fully coupled “on- spheric circulations at many scales. RAMS solves the fully
line” transport models based on atmospheric models useompressible non-hydrostatic equations described by Tripoli
the Regional Atmospheric Modeling System (Freitas et al.,and Cotton (1982), and is equipped with a multiple grid nest-
2005b; Wang et al., 2006) and the Weather Research & Foreing scheme which allows the model equations to be solved
casting Model (Grell et al., 2005; Fast et al., 2006), to namesimultaneously on any number of two-way interacting com-
a few. putational meshes of increasing spatial resolution. It has a set
In this paper we describe and evaluate the Coupledf state-of-art physical parameterizations appropriate to sim-
Aerosol and Tracer Transport model to the Brazilian de-ulate processes, such as surface-air exchanges, turbulence,
velopments on the Regional Atmospheric Modeling Systemconvection, radiation and cloud microphysics. BRAMS fea-
(CATT-BRAMS) 3-D atmospheric transport model. CATT tures introduced by the authors include an ensemble version
is an “on-line” transport model fully coupled to the BRAMS of a deep and shallow cumulus scheme based on the mass
atmospheric model and has been designed to study emidlux approach (Grell and Devenyi, 2002, hereafter GD). The
sion, deposition and transport of gases and aerosols a®riginal RAMS cumulus scheme was not based on mass flux
sociated with biomass burning in South America (SA). approach, and for this reason was difficult to consistently in-
BRAMS is derived from the Regional Atmospheric Mod- clude convective transport of tracers. Besides, the standard
eling System (Walko et al.,, 2000) and contains a set ofRAMS scheme, based on Kuo (1974) approach (Tremback,
new features to better represent the tropical and sub-tropical990), has strong coupling with the large scale moisture con-
physical processes that drive the atmosphere over this revergence, which is not in fact the main mechanism that gen-
gion. Here, this modeling system is used to simulate theerates convection on Amazon forest and cerrado areas during
2002 dry season in SA, when and where the LBA (Largethe dry season. In addition, Kuo scheme does not account for
Scale Biosphere-Atmosphere Experiment in Amazonia —shallow non-precipitating convection.

Atmos. Chem. Phys., 9, 2843861, 2009 www.atmos-chem-phys.net/9/2843/2009/


http://www.lbaeco.org

S. R. Freitas et al.: CATT-BRAMS model description and evaluation 2845

An operational off-line soil moisture estimation using (in a form of tendency equation)
RAMS based surface parameterization and remote sensing_ - -

. . . - K as s
rainfall product was developed to daily provide the initial — = adv PBL
condition of this parameter (Gevaerd and Freitas, 2006). In f ;
addition, the trigger function of the convective parameteri-
zation uses the turbulence kinetic energy (TKE) of RAMS I I

ot ot

Planetary Boundary Layer (PBL) parameterization to mod- as s as

ulate the maximum distance that air parcels can go up from (5) deep™ (5) shallow 5) chem

their source level and, based on that, determine if a grid col- conv conv CO

umn will be able or not to sustain convection. GD scheme M Y v
toget_herwnh soil moisture |n|t|aI|zat|on_data a_nd the trigger- Worps + R + Qpr. (1)
function based on TKE improved the simulation of Amazon S =~

basin moist convection spatial distribution as well as its tem- vi Vit v

poral occurrence (Gevaerd et al., 2006a, b). We also imwheres is the grid box mean tracer mixing ratio, term (I)
proved BRAMS land use, soil type and normalized differ- represents the 3-d resolved transport term (advection by the
ence vegetative index (NDVI) data sets. The land use mapnean wind), term (ll) is the sub-grid scale diffusion in the
for the Amazon basin was updated with data provided by thePBL, terms (lll) and (IV) are the sub-grid transport by deep
PROVEG project (Sestini et al., 2003) while the soil type in and shallow convection, respectively. Term (V) is applied
Brazil uses data from RADAMBRASIL project (Rossato et to CO which is treated as a passive tracer with lifetime of
al., 2002). The NDVI is derived from the MODIS (Moderate 30days. Term (VI) is the wet removal applied to P
Resolution Imaging Spectroradiometer) data based on 2001term (VII) refers to the dry deposition applied to gases and
2002 years, processed by the Terrestrial Biophysics and Reaerosols particles and, finally, VIl is the source term that
mote Sensing Lahtlfrs.arizona.edy converted to BRAMS  includes the plume rise mechanism associated with the veg-
data format and structure. The biophysical parameters maxetations fires (Freitas et al., 2006, 2007). The advection at
imum stomatal conductivity, leaf area index, albedo, rough-grid-scale uses the RAMS model formulation, a forward-
ness, biomass and soil heat capacity, soil porosity, hydraulizipstream scheme of second order (Tremback et al., 1987).
conductivity and moisture potential at saturation and root dis-The parameterized sub-grid transport diffusion in the PBL
tribution associated with the vegetation and soil parameteriuses also formulations contained in the RAMS model. Sub-
zations of RAMS were adapted for tropical and sub-tropicalgrid convective tracer transport by shallow and deep moist
biomes and soils, using observations or estimations obtainedonvection, which is fully consistent with the respective con-
in recent field campaigns, mostly associated with the LBAvective parameterizations, is also taken into account (Freitas
program. Particularly, a correct description of the root dis- et al., 2005b). Freitas et al. (2007) demonstrated that includ-
tribution for the Amazonian forest was essential to simulateing convective transport of CO was essential do match model
a realistic Bowen ratio during the burning season as showedimulations with CO data from MOPITT instrument (Mea-
in Freitas (1999). The original parameterization defined asurements of Pollution in the Troposphere, onboard the Earth
too shallow root distribution for the Amazonian forest. As Observing System Terra satellite), on the upper atmospheric
the evapotranspiration by the trees is strong and the seasdavels over South America.
is characterized by a low rainfall amount, the correspondent For smoke aerosol, a generic particle (without elemen-
soil layer dries out very quickly. As a consequence, the stom+al composition specification) was assumed, with an average
atal activity and the transpiration are reduced to a minimummass density of 1.35gcm (according Reid et al., 1998a)
The original parameterization produces a warmer, drier andaind spectral optical properties following the AERONET
deeper PBL (up 2.5km) during the day, which is not consis-Amazonian climatology from Procopio et al. (2003). Wet re-
tent with the typical pattern Amazon PBL even during the dry moval of smoke aerosol particles is associated only with deep
season (Nobre et al., 1996). Its impacts on the tracer simueonvection and coupled to the associated cumulus scheme
lation are then an unrealistic strong dilution in the lower partin accordance with Berge (1993). Dry deposition processes
of the troposphere and a weak transport to the layers abovere simulated using the resistance approach following We-
by suppressing cumulus convection (Freitas, 1999). sely (1989) and Seinfeld and Pandis (1998). It is fully cou-
CATT is a numerical system designed to simulate andpled to the RAMS surface parameterization, including the
study the transport and processes associated with biomagmtches approach (Walko et al., 2000). CATT is also coupled
burning emissions. It is an Eulerian transport model fully to the Brazilian Biomass Burning Emission Model (3BEM,
coupled to BRAMS. The tracer transport simulation is madeLongo et al., 2007), which provides on a daily basis the total
simultaneously, or “on-line”, with the atmospheric state evo-amount of trace gases and aerosol particles emitted by veg-
lution, using exactly the same time-step as well as dynamicaétation fires, as well as the quantities needed for estimation
and physical parameterizations. The general mass continuitgf the effective injection layer of the fraction released during
equation for tracers solved in the CATT-BRAMS model is the flaming phase. The data provided by the 3BEM model
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3 Model configuration and results for 2002 dry season
Model Top CATT-BRAMS 3D Eulerian model grid box / simulation
20-30 km
o i Simulations for the 2002 dry season were performed with
inflons — TR T |mass CATT-BRAMS, and model results were compared with in-
plume rise

by shallow cumulus

situ observations and remote sensing retrieved data. The
model was configurated with 2 grids: the coarse grid with
140km horizontal resolution covering the South American
and African continents, its main purpose was to simulate the
TR W intermittent smoke inflow from the African fires to South
America and to coordinate with and compare to the long-
Fig. 1. Several sub-grid processes involved in gases/aerosols trangange transport of smoke from fires in South America to
port and simulated by CATT-BRAMS system. the Atlantic Ocean; and a nested finer grid with horizontal
resolution of 35km, covering only SA. The vertical resolu-
tion for both grids varies telescopically with higher resolu-
is used by the CATT embedded plume rise model (Freitas etion at the surface (150 m) with ratio of 1.07 up to a maxi-
al., 2006, 2007) in order to determine term VIl of Eq. (1).  mum vertical resolution of 850 m, with the top of the model
Figure 1 illustrates the main sub-grid scale processes inat 23km (a total of 42 vertical levels). The soil model is
volved in the trace gas/aerosol transport and simulated b¥omposed of 7 layers with variable resolution, distributed
the CATT-BRAMS system. Additionally, CATT-BRAMS  ithin the first 4m of soil depth. The total length of the
includes a radiation scheme that takes into account the intime integration was 135 days, starting at on 15 July 2002
teraction between aerosol particles and short and long wavgt 00:00 UTC. For the atmospheric initial and boundary con-
radiation. A consistent description of the smoke and its inter-ditions, the 6 hourly CPTEC T126 analysis fields of hori-
action with short- and long-wave radiation make the CATT- zontal wind, geopotential height, air temperature and water
BRAMS model reliable for atmospheric feedback studies ofvapor mixing ratio was used for the model initialization and
the smoke aerosols (Longo et al., 2006a, 2007). to provide the necessary boundary condition using the tra-
BRAMS started as a software research project sponditional RAMS scheme, the 4DDA (four-dimensional data
sored by the Brazilian funding agency FINERtp://www.  assimilation) technique. Initial soil moisture was taken from
finep.gov.by during 2002 and 2003. Project goals in- the Gevaerd and Freitas (2006) estimation technique, with
cluded software enhancements to achieve production qualjata available atww.cptec.inpe.br/brantn a near real time
ity code, maintaining research flexibility and improving the pasis. The soil temperature was initialized assuming a verti-
easiness to modify code characteristic. Since then, succegally homogenous field defined by the air temperature closest
sive BRAMS versions are widely used in production modetg the surface from the atmospheric initial data.

at regional and statewide weather forecast centers and in Figure 2A ShOWS the dominant Vegetation Characteristic
research mode for the atmospheric and environmental scipf the regional nested grid. Figure 2B introduces the ini-
ences at universities all over Brazil. Follow-on projects suchtjg| water content (mm) in the first 4 m of soil depth used to
as GBRAMS (Souto et al., 2007) and SegHidro (Araujo etjnjtialize the model soil moisture field. The horizontal dis-
al., 2005) disseminated BRAMS as a platform for computertripytion of the soil moisture shows strong correlation with
sciences research (e.g. Fazenda et al., 2006). Continuoyge typical rainfall pattern during the dry season in SA. As
collaboration and joint projects with RAMS development expected, wet soils are found in the northwestern part of
team maintained RAMS and BRAMS VerSionS SynchronizedSA f0||owing the migration pathways Of the Convective Sys_
and kept consensus on software structure decisions over thgms: wet soils are also in the southeastern part of SA as-
years. BRAMS is supported and maintained by a softwaresociated with precipitation of mid-latitude transient systems;
team at the BraZiIian Center for Weathel’ Forecasts and Cl|and Very dry SO”S in the Centra' and northeastern parts Of SA
mate Studies (CPTEC) that continuously transform researchyetween the two wetter regions. The vertical PBL diffusion
contributions (e.g. Freitas, 1999; Freitas et al., 2000, 2005bparameterization of RAMS used in this simulation was based
Souza, 1999; Freitas et al., 2005a) generated at universitiegn the Mellor and Yamada 2.5 closure (1982) formulation,
and research centers into production quality code to be incorghjich prognoses TKE. Two tracers emitted by biomass burn-
porated in future code versions. BRAMS is an open sourceng were included in this model simulation: carbon monox-
software freely available dtttp://www.cptec.inpe.br/brams  jde (CO) and aerosol particulate material with size diame-
ter less than 2.am (PMys). The biomass burning emis-
sions sources were distributed spatially and temporally and
assimilated daily using the vegetation fire locations detected
by remote sensing. CO and BMlfields were initialized
using horizontally homogeneous profiles associated with a

Az ~ 100
1000 m
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(B) initial water content (mm)
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Fig. 2. (A) The dominant land-cover type used by model simulations at regional grid (35 km resol(@pfhe initial water content in the
4 m soil depth of model soil parameterization.

background situation and the model ran during a period ofimpact of these CO emissions on the central part of the con-
15 days with sources for the spin-up. Lateral boundary continent and border of Amazon forest is found to be between
dition was defined as constant inflow and radiative variablel0 and 30 ppb in a 3-monthy (August-September-October)
outflow. In this study, three sources of information on fire mean basis. On the other hand, biomass burning contributes
locations and properties were used: the Wildfire Automatedwith CO that exceeds 100 ppb. Additionally, in the areas
Biomass Burning Algorithm product (Prins et al., 1998), the where SMOCC-RaCCl field campaign took place, this con-
Brazilian National Institute for Space Research fire producttribution is larger than 300 ppb in the same 3 month average.
(www.cptec.inpe.br/queimadasand the MODIS fire prod- These model results corroborate a report of methane and CO
uct (Giglio et al., 2003); see Longo et al. (2007) for more airborne measured in both fresh smoke plumes and regional
details. Emissions from urban-industrial-vehicular activi- haze dominated by smoke in Brazil, which did not find any
ties and biogenic sources were not included in this paperstatistically significant difference in the ration of methane
since in the areas were we focused model discussion antb CO between fresh and aged smoke (Reid et al., 1998a,
evaluation, biomass burning is by far the most importantb). According to these authors, this is a good indicator that
source. In that region, urban-industrial-vehicular activities the regional hazes studied (which were within the model do-
are not well developed and biogenic process do not comimain) were not significantly affected by urban anthropogenic
pete with the biomass burning processes used for land ussources.

changes during the dry season. Anthropogenic CO sources _.
are mostly concentrated in the southeastern part of Brazil, Figure 3 shows an example of model output for £V

Buenos Aires and Santiago areas, and in the Northwesterﬁertggg;’ mttegratlt_ed (mg mzt) art] 03h(,:0 fUngckon il Octo- d
part of the South American continent, composing the main er » Streamilnés are at a heignt ot 1.9 km above groun

South American megacities and economical developed arI_eveI (a.g.l.). The red box defines the nested grid domain with

eas. In a separated simulation using urban anthropogenic km resolution where i.t is possible to visualize the_ finer
prescribed by the “REanalysis of the TROpospheric chem—scaIle structure. The prlcal merI.out'put, representing the
ical composition” (RETROhttp://retro.enes.ojgand bio- tracer (CO and PMs) sumulated distribution and wmq fields,
genic as described by GEIA-POERMp://mww.aero jussieu. expresses the connection between the atmospheric flows and

fr/projet/ ACCENT/POET.phpinventories (not shown), the the Sm9ke transport. The role pla_yed by the antic_yclonic
circulation centered over the Atlantic Ocean promoting the
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PM2.5 column (mg,/m* parameter percent persistence clearly depicts the main areas
. g/m*2) . .
037210CT2002 — lev=1.9325 km heavily dominated by smoke. The accumulated number of
— B ‘%7“ fires per grid box observed by remote sensing in this time pe-
’ S riod and the three-month time average wind field at 1500 m
a.g.l. are also shown. Not surprisingly, the main areas dis-
turbed by fires at the western and central part of Brazil appear
with PP around 90%, which implies long term presence of
high levels of air pollution, which may cause health problems
in the local communities and impact on weather patterns. In
the Northeast Region of Brazil, in spite of the huge number
of fires, the PP is relatively low due the continuous venting
of clean oceanic air carried by the trade winds, besides the
low amount of the available fuel load in the vegetation. The
trade winds carry out pollutant-laden air to the west, invading
I 51w pristine areas of the Amazon basin and changing the chemi-
cal composition, the cloud microphysical properties, as well
Fig. 3. Biomass burning particulate material with diameter less thanas the surface and atmosphere radiation budgets. The Andes
2.5um vertically integrated (mg m?). An example of model re-  Mountains on the east side of SA, together with the SASH,
sults for 03:00 UTC on 21 October 2002 at grids 1 and 2; the red boximpose a long range transport of smoke from its source ar-
defines the domain of grid 2 with horizontal resolution of 35km.  eas to the south and southeast parts of SA, thus disturbing
larger areas downwind in the subtropics. The PP also shows
) ] the two major areas of inflow and outflow: to the north of
smoke exchange between South American and African cong,e Equator a PP of 15% associated with the inflow of smoke
tinents is seen as well as the long range transport of biomasg,m African fires; and a smoke outflow from SA fires to the

burning emissions from Shuttp://www.atmos-chem-phys.  g4,thern Atlantic Ocean and to the African Continent (not
net/9/2843/2009/acp-9-2843-2009-supplement.zip shown).

- T ——— W
60S + v v v v v v 7
90W BOW 70W 60W 50W 40W 30W 20w 10W O 10E 20E 30E 40E 50E 60OE

4.2 Model surface energy budgets and atmospheric re-

4 Transport patterns and atmospheric model results _ )
sults and evaluation with observed data

4.1 A conceptual model of how the typical South Amer-
ican Synop’[ic systems drive the transport of biomass The main biomes disturbed by firesin SA, Amazon moist for-

burning emissions during the dry season est and wooded grassland (savanna, also named “cerrado”),
present remarkable differences in the Bowen ratio (B) during

Climatologically, from June to September, Central Brazil is the dry season. Because the root distribution of the Amazo-
dominated by a high-pressure area with little precipitationnia trees allows water removal from deep soil layers during
and light winds in the lower troposphere (Satyamurty et al.,the dry season, there is no restriction to keep the evapotran-
1998) and with convection in the Amazon basin shifted to spiration as high as the typical values observed during the
the northwestern part of South America. These conditionsvet season (Hodnet et al., 1996). As a consequence, dur-
are associated with the westward displacement of the Souting the daytime the latent heat flux (LE) is approximately
Atlantic Subtropical High (SASH) and the northward motion 3 times the sensible heat flux (H), giving a~B/3 (von
of the Intertropical Convergence Zone (ITCZ) during the aus-Randow et al., 2004). Figure 5A shows the typical diur-
tral winter. However, on a day-to-day basis, several transienhal cycle of the fluxes LE and H observed during the dry
systems may change this mean picture, thereby altering theeason for a forest site (von Randow et al., 2004). Nobre
typical pattern of the smoke transport. The position of theet al. (1996) describe the typical time evolution of the PBL
SASH determines the inflow of clean maritime air into the over the Amazon forest. The well developed mixed layer in
biomass burning area, playing an important role in definingthe afternoon reaches about 1200 m a.g.l. However, in ar-
the shape of the regional smoke plume as it is the primaryeas of deforestation, in which the original land cover is re-
mechanism responsible for the dilution of the polluted air. placed by pasture, B is higher and, together with induced lo-
Approaching cold frontal systems from the south are respon<al circulations, determines a deeper mixed lay€2Z00 m
sible for disturbances in atmospheric stability and in the winda.g.l.). For “cerrado” areas, Miranda et al. (1997) describe
field. These changes define the main corridors of smoke exthe typical surface fluxes during the dry season (Fig. 5B).
port to oceanic areas. Figure 4 introduces the fraction (or th&'he maximum values for the surface fluxes H and LE-are
percent persistence, PP) of the total simulation time (August400 and 100 W m?, respectively, with B-4. Usually, the
September and October 2002) when the simulated aerosohixed layer over cerrado in this time period reaches 2500 m
optical thickness (AOT) at 500 nm channel is above 0.5. Thea.g.l., as determined from the operational radiosonde of the
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Percent persistence: AOT 500 nm>0.5
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Fig. 4. In red contours, the 3-month percent persistence of AOT at 500 nm greater than 0.5. Indicated by color shading is the total number of
fires per model grid box. The vectors correspond to the 3-month mean wind field at 1500 m a.g.l.

local airports. Three-month (August, September and Octo-Z; is lower over the ocean and in the areas affected by persis-
ber) time average of H and LE model simulation are showntent rainfall systems. Over the Amazon basin theahges

in Fig. 5 for typical forest (2S, 65W) and “cerrado” (15S, from 1000 to 1500 m. Zincreases in the transitional areas
48 W) sites. The model results are in good agreement wittfrom forest to deforestation and cerrado areas. On the central
the corresponding observations, which assures a realistic dggart of Brazil, Z peaks at approximately 2500 m.

scription of PBL properties for these biomes. The spatial dis- \odel basic dynamic and thermodynamic quantities
tributions of H and LE as simulated by the model are shownyere evaluated using upper air observations with ra-
inFig. 6. These results are also the three-month time averaggiosondes launched during the SMOCC/RaCCl campaign.
at 15:00 UTC, which correspond to the daily peak value of ot two locations in Rondnia (Brazil), Ouro Preto do

H and LE. The model was able to consistently simulate theépeste (62.37W, 10.75 S) and Reserva Biobica do Jaru
typical B for both forest and cerrado areas. At the southerngy 9w, 10.14 S), Six radiosondes were daily launched
part of Brazil, the high soil moisture associated mostly with daily at approximately 00:00, 06:00, 12:00, 15:00, 18:00 and
large-scale rainfall from mid-latitude cold fronts was respon- 100 UTC at two locations in Roddia (Brazil), Ouro Preto
sible for the low B, as expected. The impact of the describedyg Oeste (62.37W, 10.75 S) and Reserva Bidgica do Jaru
energy budget on the afternoon PBL depth is introduced ing1 9 w, 10.14 S), with a total of over 200 radiosondes for
Fig. 7. The depth of mixed layer (¥at 18:00 UTC is shown  gach |ocation. Model air potential temperature, relative hu-
and corresponds to the same time average mentioned beforg,igity, water vapor mixing ratio and zonal and meridional
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Fig. 5. The diurnal variability of sensible (H) and latent (LE) heat 20S -
fluxes as observed at a typical Amazon basin forest(aifeand in

central Brazilian cerrado are#B) during the dry season. At the

forest site (A), the shaded zone represents the two methodologies
used by von Randow et al. (2004) for flux estimation. Model results

are also shown using discrete dots (LE) and crosses (H). 30S

%
37.50

358 -

Fig. 7. The mixed layer depth obtained from the model TKE ver-
tical profile. The result corresponds to the 3-month average at
18:00 UTC.

moving the bias, which would only account for the difference
in altitude. The low level wind speed differences (Fig. 10)
are relatively small but may also be explained by the effect
of local circulations, at least in the first 2-3km, approxi-
mately. At upper levels, the unbiased RMS is relatively small
compared to the standard deviation, suggesting good agree-
ment between model and observations. The moister lower
Fig. 6. The spatial distributions of LEA) and H(B) as simulated ~ {roposphere is associated with a lower STD for the model
by the model. The results correspond to the 3-month average aiesults, with an unbiased RMS larger than the model STD.
15:00 UTC. The relatively low values are (less than 1.5 gkgcould be

due: (1) the model does not include the absorption of water

vapor by hygroscopic aerosol (Roberts et al, 2002); and (2)
winds were compared with the respective observation dataadiosonde observations are highly variable in the lower tro-
through the mean and standard deviation (STD), as showposphere in terms of moisture, due to possible upward paths
in Fig. 8, Fig. 9 and Fig. 10. Only the Ouro Preto do Oestein cloudy and non-cloudy areas that are not reproduced by
results are shown, since those for Jaru are very similar. the model, which does not resolve individual clouds. The

Figure 11 depicts a statistical evaluation of the meteoro-first argument would account for a moister model and the

logical data available from the vertical profiling at the Ouro latter for the relatively high RMS.
Preto do Oeste (OPO) site. In average the model yields a Figure 8 also indicates a difference in stability between
warmer near surface layer (Fig. 8) and a moister lower tropo-model and observations: the model is less stable in lower
sphere (Fig. 9) (below 600 hPa4 km). The removal of the levels and more stable in upper levels than the observations.
bias leaves the RMS of about@ for the near surface tem- This indicates that some effect on the vertical dispersion of
perature and between 0.5 antCifor the rest of the atmo- tracers may be expected. A warmer and moister surface
sphere and 1.5 g kg for the water vapor mixing ratio at low would indicate that surface parcels are more easily lifted in
levels. Considering the model grid size of 35 km and the factthe model; however a warmer and more stable middle to
that OPO lies in a small valley with topography features notupper troposphere in the model would reduce cloud top and
resolved by the model, such differences in temperature mighthus the depth to where clouds transport surface emissions.
be expected, especially near the surface level, even after réhis will be discussed further in Sect. 5.1.
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The model evaluation concerning the simulated total rain-Fig- 10. The same as Fig. 8 but for zonal wind (A, my and
fall, from convective and large-scale systems, is based ofneridional wind (B, ms?).
the estimates provided by the Global Precipitation Climatol-
ogy Project “One-Degree Daily Precipitation Data Set” prod- the case if a systematic behavior of any of the closures can
uct (GPCP, Huffman et al., 2001). Figure 12 shows the 3-be identified. However, in this work, not statistical training
month (August, September and October) mean rainfall raténethods were used yet.
(mm day 1) as estimated by the GPCP product and as sim-
ulated by the CATT-BRAMS model. The model was able to
consistently simulate the main patterns of rainfall, but with 5
some disagreement in terms of mean rate. The model simu-
lation of the_ITCZ over th_e ocean appears with a lower rain—5.1 Model evaluation with SMOCC/RaCCl 2002 sur-
fall rate, while over land it is higher compared to the GPCP face and airborne measurements
retrievals. In the Southern region of Brazil and over the At-
lantic Ocean, the model also simulates weaker rainfall ratesy, ihis section, we present model results for tracers on the

However, rainfall retrievals from satellite also present limi- 35 1 resolution regional grid, as stated above. CO and
tations. For example, underestimation of precipitation ratesPM25 near-surface measurements were made at the Ouro
associated with clouds with low top height in the Amazon prato do Oeste pasture site, during the SMOCC/RaCClI
basin, and overestimation associated with rain falling in dryqq campaign from 10 September to early November 2002
environments with consequent re-evaporation, like in SOUth'(Fuzzi et al., 2007). The Pp particle mass concentra-
ern Brazil and Northern Argentina. tion was measured with a TEOM (Tapered Element Oscilla-
Note also that if we have confidence in the observationstion Mass Balance) instrument near surface level with a 30-
the GD scheme may be statistically trained with observa-min temporal resolution from 10 September to 4 November
tions to weight the ensembles that are used to determine th2002. Figure 13 shows two time series with a comparison
location and strength of the convection. This is especiallyof surface CO and Pk from the model and observation.

Model PM3 5 and CO results and comparison with ob-
served data
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Fig. 12. (A) 3-month mean of rainfall rate as estimated by the GPCP
product. (B) The same quantity as simulated by CATT-BRAMS
model.

Fig. 11. Statistical evaluation of meteorological data for Ouro Preto
do Oeste: potential temperature, water vapor mixing ratio, zonal
and meridional wind. STD is the standard deviation and RMSE
(UB) is the root mean square error after removing the bias (unbi-
ased). Comparison of simulated CO profiles in the PBL and
lower troposphere with observed data were performed using
An intercomparison of the PMs and CO model results at  SMOCC/RaCCl campaign airborne measurements (Andreae

12:00 UTC with the daily average of the measurements val€t al., 2004). The airborne component of SMOCC/RaCCl
ues centered at 12:00 UTC reveals good agreement in ternf@ok place in the Amazon Basin during September and Oc-
of the general pattern of the temporal evolution and valuestober of 2002. Carbon monoxide (CO) measurements dur-
The linear regression of the P\ and CO observed values ing SMOCC/RaCCl were obtained onboard the INPE Ban-
versus modeled values are also shown and presents high ca#€irante aircraft using an Aero-Laser (AL5002) instrument
relation (R%~0.7). During the SMOCC/RaCClI field cam- operating at 1 Hz. The typical maximum altitude reached by
paign, three very well characterized regimes of rainfall werethe SMOCC/RaCCl aircraft was 5 km. The measurement ac-
observed. The period from 10 September to 8 October stillcuracy is better thas:-5%; details can be found in Guyon et
shows the dry season characteristics with low precipitationdl. (2005). Figure 14 shows comparisons for sixteen flights.
rates and a high number of fires, not only in Roni state, The mean and STD of the observed CO profiles are shown;
but all over the Amazon basin and Central Brazil. This pat-note that STD represents the actual variability of the concen-
tern is clearly reflected in the surface-level aerosol particletrations, not the measurement error.

and CO measurements performed in Ramd. During this The flights considered in this study took place over the
period, high values of CO and PM were observed. The state of Rondnia and North of Mato Grosso, one of the areas
maximum values were as high as 4000 ppb and; 21602, with the highest occurrence of vegetation fires in the Amazon

respectively, with the time series characterized by strongbasin. With fire spots widespread in the experimental area,
variability. Although the diurnal evolution of the boundary the smoke spatial and vertical distribution was strongly inho-
layer contributes to this high variability, it mainly indicates mogeneous, as shown by the STD of the mean observations
the proximity of fires to the measurement site. The peaktaken for the same vertical layers of the model. Very often
values are typically the plumes that still have not been sig-the climbing and descending profiles show large differences,
nificantly dispersed. This may indicate that the observationrevealing the inhomogeneity of the aerosol concentration ei-
was not representative of the regional scale; nevertheless thtber due to the presence of isolated smoke plumes or very
model values are within the STD of the mean observationthin smoke layers detrained from convective systems and fire
range. Following this period, from 8 to 30 October there wasplume rise. As expected, the model resolution of 35 km did
an increase in precipitation and a consequent reduction of thaot allow the point-by-point reproduction of the effect of sub-
occurrence vegetation fires. In Rdda state, fires wererare grid phenomena in the profiling. Nevertheless, it very well
but there were a few hot spots still observed in the region. Bysucceeded in representing the mean pattern of each airborne
the end of October, the onset of the wet season drastically reprofile, with the model results almost always falling within
duced the number of fire counts everywhere in South Amerthe STD of the observations. The overall model performance
ica. This pattern is clearly reflected in the surface-level COcan be evaluated in Fig. 15, where the mean CO observed
and PM s measurements performed in R@mik and also in  profile and its STD are presented together with the mean CO
the model results. For both periods, the model agreementmodel. The model result is very consistent with the observed
are fairly good. mean, being always inside of the STD range. Figure 15 also

Atmos. Chem. Phys., 9, 2843861, 2009 www.atmos-chem-phys.net/9/2843/2009/



S. R. Freitas et al.: CATT-BRAMS model description and evaluation 2853

3000 3000
——CO - model
2500 - m s ——CO-obs |- 2500 7
3
S 2000 © 2000 7
2 -
Z 2 1500 - .
o 1500 2
© S 1000 |
1000 | 8 l | y=12x+644
d R?2=0,7
500
500
0 ‘ ‘ ‘ ‘ ‘
0 ‘ ‘ w w w w w w 0 500 1000 1500 2000 2500 3000
1-Aug  16-Aug 31-Aug 15-Sep 30-Sep 15-Oct 30-Oct 14-Nov 29-Nov CcO (ppb) - model
200 250
——PM2.5 - model
e T ——PM2.5 - obs »
o 200
&> 150 o
%v 125 I 150
3 S
e >
n 100 -
g‘ Z 100 4 I
75 o) _
o g y= 12,O>< -05
i i R?=0,7
50 a %0 ll
25 |
0 ‘ ‘ ‘ ‘
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 50 100 150 200 250
1-Aug  16-Aug 31-Aug 15-Sep 30-Sep 15-Oct 30-Oct 14-Nov 29-Nov PM2.5 (ug/m®) - model

Fig. 13. Time series with comparison between near surface CO (ppb, top) and BM m~3, bottom) observed (black) and model results
(red). The measurements were daily averaged and centered at 12:00 UTC. The error bars are the standard deviations of the mean values. T
model results are presented as instantaneous values at 12:00 UTC.

indicates that the model is able to accurately capture the ver5.2 Model comparisons with MOPITT data
tical distribution of the observed concentrations.

It is important to emphasize the difficulty for an “on-line” Model performance on larger scales, including upper tropo-
and coupled model to simulate observed profiles such asphere levels, is evaluated in this section, using data retrieved
those associated with biomass burning, in view of the non-by the MOPITT instrument. MOPITT retrievals of tropo-
linearities of the processes and the uncertainties in estimatspheric CO mixing ratio (ppb) are reported for 7 pressure
ing the emission sources. Among the relevant uncertaintieevels, from the surface to 150 hPa (Deeter et al., 2003). The
are: the realistic representation of the radiative transfer irmodel results, after applying the averaging kernel and a priori
the presence of aerosols, the adequate representation of warofile, and using retrievals witk’50% a priori contribution,
ter and heat surface fluxes that are strongly controlled by thend MOPITT data were monthly averaged. This was done
soil moisture content and the PBL evolution, as well as anbecause MOPITT data have large horizontal areas without
appropriate spatial and temporal distribution of the emissiorvalid data due to swath width and cloud cover Fig. 16 shows
source strength, including the plume rise mechanism. Aghe comparison for the months August, September and Octo-
seen in Sect. 4, there are differences between model and olber on five vertical levels (850, 700, 500, 350 and 250 hPa)
servations concerning the stability in lower and upper layersat the large scale grid. The quantity depicted in the above-
However, the results for the CO profile do not show a con-mentioned figure is the relative model error (ME) defined as
sistent bias that could be explained by the different impact
of stability in the cloud transport of tracers. Also important ME=100 x COmopitt—COmodel @)
is the appropriate definition of the regional boundary inflow COmopitt '
and outflow through advective transport. In particular, the
impact of dynamic feedback between aerosol and radiativétccording to the above definition, positive values mean that

field on CO simulation is discussed at the Companion papemodel results are underestimated in reference to the MO-
(Longo et al., 2007). PITT retrieved data and vice-versa. August is one of the dri-

est months with few cases of convective systems over SA.
Therefore ME is small and within a range of 10% above
500 hPa (Fig. 16A, B and C). Below 500 hPa (Fig. 16D and
E) and on the central and north part of SA, ME is within a
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Fig. 14. Comparison between CO (ppb) observed during sixteen flights of the LBASMOCC/ RaCCl field campaign (black solid line repre-
sents the mean while the grey zone shows the standard deviation range) and model results (red).

range of less than 20%, with only few places with larger er-due to the typically stronger influence of the assumed a priori
rors. Southward 30S, ME presents higher absolute values for retrieved surface level CO concentration than for higher
mainly in the lower levels. However, in this region it is very levels (Deeter et al., 2003). The very noticeable north-to-
difficult to assess the model performance because, since gouth variations in ME, especially at 850 and 700 hPa are due
is not usually affected by the biomass burning emissions into a well known aspect of the MOPITT method. The MO-
SA, the concentration of tracers is mostly determined by thePITT algorithm was designed to have very simple a-priori
lateral boundary condition at the model eastern border. Ad-assumptions. Aircraft observations suggest that lower tropo-
ditionally, MOPITT retrievals are less reliable in low levels spheric CO is relatively high with respect to the tropospheric
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CO profile in the Northern Hemisphere, and relatively low

in the Southern Hemisphere. MOPPITT has relatively more

information and does not require a-priori assumptions over 4000+
certain types of land areas. These observations help explain —— 0BS
the north-south trend in the ME and the fact that the trend is — MOD
most evident over ocean regions (Deeter et al., 2006). Over 3000+

Africa, the model has its worst performance, which is mainly
due to the relatively poor emission estimates for this conti-
nent. For the African continent only the MODIS fire product
was considered.

From September to October the number of convective sys-
tems increases over SA and this fact is reflected in Fig. 16F,
G, H, L, M and N. There is much more CO above 500 hPa
over SA with a clear outflow to the Atlantic Ocean follow- 200 400 600 800
ing the westerly jets. The ME over SA is again within a CO (ppb)
range of less than 20%, with only few places with 30% or
larger errors. Over the Atlantic Ocean, ME is mostly less Fig. 15. Comparison between the mean CO (ppb) observed during
than 30%, which demonstrates the validity of the numericalsixteen flights of the LBA-SMOCC/RaCCl field campaign (black
results of the model. As pointed out by Freitas et al. (2007),solid Iine_ re_presents the mean while the grey zone shows the stan-
the transport of biomass burning CO to the upper tropospherdard deviation range) and the mean of model results (red).
is fairly dictated by deep convection and plume rise mecha-
nism. In that way, the model results demonstrate the relia-

bility of the numerical parameterizations of the former pro- rélative to the MOPITT CO retrievals (on the right), at 500,

Over SA below 500 hPa (Fig. 161, J, O and P), the model2T€ SParse, model and MOPITT data were time averaged over

performs satisfactorily as well, with the reasons for largerth€ days 6, 7, 8 and 9 September, approximately the duration
errors south of 30S and on low levels already discussed. In ©f the cold front system event. Figure 17A depicts the upper

summary, where the MOPITT data is most reliable, ME is tropospheric plume of model CO over the central and north-
less than 30% in absolute value. eastern part of SA and the South Atlantic Ocean. The resul-

tant enhancement of CO is around 2-3 times the 60 ppb of

5.3 Examples of the model performance from daily- background CO. The plume over the ocean is being carried
scale cases studies out from the sources area by the westerly jets. The model re-
sults can be evaluated through 17B with the ME at the same

Model performance on larger scales and on a daily basis i®réssure level over both areas, continental and oceanic. The

2000 -

ight (m)

.

he

1000 -

model and satellite retrievals. The levels 350 (Fig. 17C) and

transport mostly to the East (by the westerly jets) and to the

We revisited the 6 to 9 September 2002 cold front convectiveVest (by the trade winds), respectively. The correspondent
case already discussed by Freitas et al. (2005b), where th@odel performances are shown in Fig. 17D and F. Again the
model simulation of the effects of a mid-latitude cold front ME is mostly in betweer-20%.

on smoke and CO transport and distribution is described. A

short discussion is given here for convenience. An impor-5.3.2 A lower troposphere case

tant effect of a cold front approaching Central Brazil is the

northward transport of the regional smoke plume. Follow-Longo et al. (2006b) showed a continental river of smoke
ing the cold front approach, the polluted air in central Southbordering on the eastern side of the Andes Mountains on 27
America is replaced by a clean and cold air mass. The smok&ugust 2002. This smoke transport was detected by MODIS
is then pushed into the Amazon basin, changing the pristinend was associated with an event of Andes low level jets
air composition. Another effect is associated to the vertical(Vera et al., 2006). Figure 18A shows the river of smoke

transport and scavenging of chemical tracers due to convedn terms of MODIS aerosol column (mgTh) retrieval (Re-

tion triggered by instability areas caused by the cold front. Inmer et al., 2006). In spite of the existence of extensive white
order to evaluate the convective transport of CO, mostly assoareas (without valid data), mainly due to cloud contamina-
ciated with deep and moist convective systems, we use agaition, the continental-scale smoke plume traveling from the
the MOPITT data already introduced. Figure 17 presents théAmazon basin area to the southern part of SA and exiting
model CO mixing ratio (on the left) and the model error (ME) towards the South Atlantic Ocean following the circulation
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ahead of an approaching cold front (not shown) can be en- () yopis er. column (mg/m*2)  (8) Model er. column (mg/m+2)
1800227082002 ] Imo
|

visioned. Model results as a composite of the regional and
large scale grids are shown in Fig. 18B. The pattern of the '
continental-scale smoke plume are clear in this image and gl A
depicts the smoke inflow areas from Africa, the outflow to i
the South Atlantic Ocean, as well as the emission sources '®1.
from biomass burning regions. Also the modeled smoke pat- zos_h‘*
tern resembles very well the MODIS-retrieved pattern and :
indicates that the model dynamic works properly. Also this 30s1
comparison highlights the usefulness of a highly time- and sl
space-resolved, fire-location based emission model (Longo [ ,%_?
et al., 2007a) because the modeled smoke is then spatially " 70" W sov sov sow
and temporally injected into the atmosphere only where and

when fire; actually took place. We do not show a statisti—Fig_ 18. (A) MODIS aerosol column retrieval (mgTR) for 27

cal analysis between the MODIS aerosol product and mOde!;eptember 2002; white color denotes areas without valid data
simulation for this case; however, a quantitative visual com-(cjoud contamination, no sampling, etq®) Model biomass burn-
parison between the two results can be done from Fig. 18 anghg PM, 5 column (mg nt2) on 18:00 UTC 27 September 2002.
shows a high degree of model skill.

ON 1
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spheric component of this modeling system (BRAMS) hasEdited by: M. G. Lawrence

some implemented features that allow to realistically simu-
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