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Table 2
Relation between CO/NOR emissions and socio-economic index {determination
coeffickents),

INDEX Emissions
COfkg m*5') NOx (kgm 35t
Human Development indes 0.42 0.34
Gross Domestic Praduct [doblars) 064 0.74
Urban population (millions inhabitants) 062 0.5
Papulation déensity (inhabitants kim %) 083 0.849
Vehicle density {wehicies km %) 0.Ea nas

difficult to compare them and extrapolate to the other cities, Also,
the RETRO and EDGAR global inventories use different treatments
for non-methane hydrocarbons (MMHC): while the EDGAR data-
base aggregates them in a single group, RETRO divides them into 22
distinct species categories. Therefore, for hydrocarbons and other
chemical species, correction factors were applied for each grid
point based on the ratio between the original and updated CO
emissions. The ratios of emission of non-methane volatile organic
compounds (NMVOC) with relation to those of NOx from the
original global inventaries presented a difference on the order of
15% with relation to the local emissions. Thus, the values of NMVOC
were adjusted by 1.15 factor in the regional database proposed in
this work.

The impact of the inclusion of information from local invento-
ries in the regional map and extrapolation to Brazilian cities
without inventories is more evident in medium and large urban
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areas in the Central, South and Southeast regions of Brazil, which
contribute the mast to COP and thus have a higher vehicle density
(Fig. 3). Another factor that contributes to this difference, princi-
pally in the Southeast region, is the discrepancy between the local
inventory information and the global RETRO and EDGAR databases
(Table 3). For example, NOx emissions for 530 Paulo in the CETESB
inventory and the global databases vary by a factor of 2. Total CO
emissions for Buenos Aires and Bogotd do not differ much among
the inventories, but present a very distinct spatial distribution in
the two cities. Due to their size of their urban areas, the urban area
detection methodology can be applied at horizontal resolutions of
20 km. In finer grids, the spatial distribution methodology based on
the urban area analysis results in a more realistic representation of
the urban contribution. Fig. 4 shows the updated pre-processed
emissions on the 5 km grid and the satellite image with a resolution
of 1 km. The level of detail of the representation of the urban area
will depend on the spatial resolution of the grid and the number of
points used in the construction of the convex polygon over which
the emissions will be distributed.

4.2, Evaluation of the regional inventory

Large quantities of chemical compounds are emitted to the
atmosphere by anthropogenic and biogenic processes. In the
atmosphere, these trace gases are subject to various transport
mechanisms and complex physical-chemical transformations, the
latter being responsible for the formation of secondary pollutants.
Therefore, it is important to evaluate the dynamics and

1. Seo Pauio
2. Sorcceba
3. Campanas
4. Sa0 Jose dos Campos
5. Rio de Janero

6. Porio Alegra
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Fig. 2. Mubile source emissions of CO and NOx (kg m~* s7'] = vehicle density fthousands of vehicles km ) lar the analyzed cities [frcations indicated on map}.

156



M.E Alonso er al [ Atmaospleric Envisomment 44 (2000 ] 50725083 5077

128

185

45

158

TIW O BEW  BOW  S4W  EW  AZW MW 3aW

BOD
oo
aon
BO0
£00
300
-~ 200
100
80
0

0

TIW  BEW  EOW 540 4HW &I J5W 30w

Fig. 3. Emissions of CO [« 10 kg m ’day ') from original (A) and extrapolated (B) inventories on a 20 km grid covering South America.

thermodynamics of the model, through its representation of micro-
and meso-scale meteorological phenomena. The resulting emis-
sions in the updated inventory are evaluated by comparison of the
mixing ratios of CO, NOx and O3 simulated by the model with direct
observations.

421 Meteorological conditions and evaluation of model
performance in the simulation of general atmospheric conditions
January 2005 was marked by three active episodes of the South
Atlantic Convergence Zone (SCAZ), triggering an increase in
precipitation in some states. including 5ao Paulo and southern
Minas Gerais. In July, the average monthly precipitation was low in
Southeast Brazil, particularly in the North and Center-West of the
state of Minas Gerais. Values slightly above the mean were
observed in the north of 530 Paulo, due to the approach of cold
fronts originating in the South Pole. The month of October was
marked by above average precipitation in the state of 53o Paulo, but
precipitation was below historical values in the states of Rio
de Janeiro and Minas Gerais (CPTEC — http:{fclimanalise.cptecinpe.
br/%7erclimanl/boletim). In general, the experiments coherently
represented the spatial distribution of precipitation, but over-
estimated its intensity. The monthly total precipitation simulated
for the month of fanuvary {Fig. 58), principally in the Center-South of
Brazil. showed good agreement with the observed total {Fig. 5A).

Table 3
€0 and NOx emission from RETRO and EDGAR global inventories and the South
American local inventodies (L1

Cities €O (Gg year ) MNOx (G year 'y
L RETRO EDGAR Ll RETRO EDGAR

530 Paulo 1464 103% 1215 316 112 101 Brazl
Sda José dos Campos 43 25 &8 B 6 ]

Campinas 282 151 114 58 13 7

Porta Alegie 196 158 82 34 32 20

Saracatra 5140 46 o4 6

Rio de Janeira 314 536 70 60 66 72

Buenos Aires S69 G931 458 82 &3 88 Argentina
Santiaga 205 463 570 47 58 50 Chile
Bagoid 458 457 3151 o 32 41 Colembia

The experiments also show good performance in simulating
maximum and minimum temperatures. Fig. 6 shows daily
minimum and maximum temperatures for lanuary 2005 as
observed at the Campo de Marte airport (SBMT) in the city of S3o
Paulo and simulated in the experiment AS-INV. Since pollutant
removal and dispersion processes are strongly affected by the
behavior of the Planetary Boundary Layer (PBL), the PBL height
simulated on the finest spatial resolution grid is also evaluated. The
PBL height was estimated from potential temperature and
humidity radie-sounding profiles conducted every 12 h at the
SBMT station. In general, the simulations represented well the daily
variahility of the PBL. The average height simulated for the month
of January was on the order of 950 m, while observed values varied
between 800 and 1500 m, with an average of 1087 m.

422, Comparison of simulated CO, NOx and 0, mixing ratios
with observations in urban areas

CO and NOx mixing ratios simulated by the model were
compared with observed values. In general, CO and total
NOx = NO 4 MO are little influenced by chemistry on a time scale
aof a few hours and are therefore good indicators for evaluation of
emissions (Zdrate et al., 2007). The new regional inventory clearly
affected the simulated CO and NOx mixing ratios, and resulted in
a significant improvement in model performance in relation to the
abservations (Figs. 7 and 8), In Figs. 7 and 8 the error bars represent
the standard deviations of the mean observed and simulated
values, which were calculated differently for each of the analyzed
cities. For Sdo Paulo the standard deviation measures the spatial
variability, that is, represents the average values of all the stations
in the metropolitan area, For the city of Belo Horizonte, which has
only one surface station, the standard deviation represents the
variability of the average hourly values.

The diurnal cycle of CO and NOx is also well represented, with
Maximum concentrations corresponding to the hours of most
intense traffic, both in the Metropolitan Region of 530 Paulo and the
city of Belo Horizonte. However, the removal of these species
during the daytime, which is the period of maximum convective
activity, was overestimated, principally during the month of
October. The experiments using the original emissions showed low
agreement with the observations for twa primary reasons: the poor
spatial representation of emissions at finer resolutions, and
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Fig. 5. Accumulated precipitation [mm ) ebserved (Institute Naciomal de Metearolagia — INMET] [A] and simutated on the 80 kin grid 8], for the month of fanuary 2005,

underestimated emissions values. The diurmal cycle of ozone was
well represented in both experiments, with maximums around
14:00 local time in the two analyzed cities. Although CO and NOx
mixing ratios are systematically underestimated in the CONTROL
experiment, O3 values are in general well represented, except for
slight overestimation during the nighttime (Fig. 9).

The 03 mixing ratios in both experiment are of the same order
because of the non-linearity of the impact of NOx on the ozone

concentration. Ambient NOx and NMHC mixing ratios are directly
related to the instantaneous rate of production of Os, but its exact
dependence varies with the assumptions and conditions used in
generating the isopleth plot. With the increasing of NOx mixing
ratio above a threshold, which depends on the NMHC mixing ratio,
ozone production decreases.

The comparison of observed maximums and minimums with
values simulated by the experiment SA-INV, shown in Figs. 10-12,

- JANUARY
z L
.
i,,.= AEE A ?
A 3 . ! i [ . : L I A . &9 & Maaimumuatue simulated
a - § . . .
[ ] Ll . @ [
gz} L o | Y EH i 8 LI TR | . = Warienum value senultod
A Ll i 4 = g g B R i s ohsered
I
E B Mk value observed
12 -
1 T 3 4 & 6 7 B 9 101117 13 14 15 16 17 18 19 20 21 22 23 24 75 26 IF 28 2% 0
day

Fig. & Maximum and minimum observed and simulated temperatures for

the month of January 2005 ar the SBMT station located in the city of 8io Paulo,
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demonstrates that the model consistently represented the daily the simulated spatial distribution of CO and MOx emissions from

variability of concentrations in the Metropolitan Region of Sao Paulo. large urban centers and on the ozone generated from chemical

reactions. The regional and global scales impact of megacities has
423 Impact of the inclusion of local emissions on the regional been much discussed recently {ex. Guttikunda et al, 2003;
distribution of CO, NOx and Ozone Lawrence et al, 2007: Butler and Lawrence, 2009) and a good

The addition of vehicle emissions from local South American spatial representation of emissions is of extreme importance in the
inventories in the global database caused a significant impact on study of these impacts. Fig. 13 shows the percentage difference in
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Fig. 8. Hourly average NOx mixing ratios observed and simulated i the experiments CONTROL and SA-INV in the Metropolitan Region of S3o Paulo and in the city of Beky
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the monthly average maximum concentration of CO, NOx and
azone during peak hours for the month of October, as simulated by
the experiments CONTROL and SA-INV on the 80 km grid, super-
imposed on the average monthly wind field. The percentage
difference is more evident near the major cities of the Central,

South, and Southeast regions. The inclusion of local inventories and
extrapolation to other Brazilian cities impacted the spatial distri-
bution of CO and MNOx concentrations by more than 25% in exten-
sive areas around the large urban centers. For O, the percentage
difference was most evident in the Southeast region of Brazil,
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Fig 13, Percentage dilference among monthly average CO, NOx and 0y mixing rafos in peak hours for the month of October, simulated by the experiments CONTROL and SA-INV on

the B0 km grid, and the average monthly neas-surface wind field inm a0

where emissions of ozone precursors in the new inventory are
significantly higher than in the RETRO and EDGAR global invento-
ries. The patterns of percentage differences for the months of july
and January were similar to those of the month of October.

5. Conclusions

In general, the global scale emissions inventories are lacking in
detailed representation of local scale emissions, primarily in
regions with little available data, as is the case in South America. It
is therefore an important task to incorporate local inventories and
data into the global databases. In the present study, a methodology
is discussed for the construction of a regional inventory for the
South American continent, with the aim of incorporating infor-
mation from the municipal inventories in the global RETROJEDCAR
emissions maps. The first challenge lies in the low number of
municipal inventories, due to the rapid urban expansion in South
America. This problem was resolved by extrapolating the available
information to municipalities without inventories, with the aim of
constructing a more complete and consistent regional database.
Vehicle emissions of CO and NOx from available local inventories
were extrapolated to locations without inventories based on
correlations with vehicle densities.

Nevertheless emission inventory at national level also depends
upon many factors such as wvehicle technology. socio-economic
characteristics, transport policy etc... This information is intrinsi-
cally included in each respective local inventory. Therefore, the
fitting function of the local inventories points should contain this
information at least in a first approach. Also, at this stage, the
extrapolation was performed only for the Brazilian cities, because
of the easier data accessibility and since a reasonable homogeneity
of the local characteristics is expected. Meanwhile, this work has
been extended to extrapolate these data to other South American
cities without inventories. and maybe some factors will have to be
added in order to better represent the local characteristics for
different countries.

A comparison between vehicle emissions from local and global
inventories in the analyzed South American cities showed consid-
erable differences, confirming what has been discussed in other
studies.

A method for detection and analysis of the urbanized area of
a city was proposed and incorporated in the emissions prepro-
cessor of the CCATT-BRAMS model, which allowed a more precise
distribution of emissions at fine resolutions. An algorithm was

applied to obtain a convex polygon based on an analysis of the
urban class of a soil coverage remote sensing product, which was
then used to distribute vehicle emissions. This tool is automatic and
applicable at any resolution. The radius of influence prevents
neighboring cities from being represented as a single area, which is
extremely important in densely populated areas, This method
permits the consistent use of the same emissions inventory from
the local to large scale.

The results of the evaluation of the regional inventory, through
analysis of CO, NOx and O mixing ratios in the cities of Sdo Paulo
and Belo Horizonte, showed a significant gain in the numerical
representation of the local atmospheric chemistry composition,
suggesting that the uvpdating of the global database with local
inventories is essential in order to obtain a good coupling between
local and regional scales. The overestimation of simulated NOx and
03 values for January {which are summer holidays with reduced
vehicle traffic in Sdo Paulo) in the experiment AS-INV suggest the
need to include monthly and weelkly variability factors, influenced
primarily by the patterns of urban traffic on these time scales. It is
noted that for Belo Horizonte, the emissions values in the regional
inventory are extrapolated, because no local inventory is available
for this city. The good performance of the experiment suggests
a good effectiveness of the extrapolation technigue,

Regional modeling is an important tool in the analysis and
prediction of the chemical composition of the atmosphere. The use of
emissions databases that integrate specific information about urban
centers into broader databases is shown to be relevant for a good
representation of emissions in chemical weather forecasting models
on local and regional scales. It is demonstrated that the inventory
proposed in this work improves the performance of atmospheric
chemistry simulations on the local scale and significantly affects the
regional spatial distribution of tropospheric Oy and its precursors.
The tool proposed in this work enables a good distribution of
emissions at various levels of detail, and can be consistently applied
to a wide range of spatial resolutions. In the future, the extrapolation
will be expanded to additional South American cities without
inventories that were not included in this first version.
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Abstract The preprocessor PREP-CHEM-SRC presentad in
the paper 15 a comprehensive tool aiming & prepanng emis-
ston fields of trace gases and aerosols for use in atmosphernc-
chemistry tramsport models. The considersd emissions are
from the most recent databases of urban/industrial, biogenic,
biomass burning, volcanic, biofuel use and burning from
agricultural waste sources. For biomass burning, emissions
can be also estimated directly from safellite fire detections
using a fire emission model included in the tool. The prepro-
cessor provides emission fields interpolated onto the trans-
port model grid. Several map projections can he chosen. The
inclusion of these emissions in transport models is also pre-
sented. The preprocessor is coded using Fortrang0 and G and
is driven by a namelist allowing the user to choose the type
of emissions and the databases,

1 Introduction

Atmospheric chemistty composition studies with numerical
simulations are widely conducted due tothe increasing avail-
ability of atmospheric-chemisty transport models and com-
putational resources. Emissicn inventories of trace gases and
aerosols provide surface as well as upper level mass flies

m Correspondence to: S. R. Freitas
- (saulo.freitas@ cptec.inpe.br)

S

for the mass continuity equation (MCE), which are crucial
needed information for these numerical studies. To provide
this informaticn, several international programs and groups
have been developing emission inventories of the most rel-
evant primary atmospheric trace gases and aerosols. For
example, we can cite the Global Fire Emissions Database
(GFED, van der Werf et al., 2006) for biomass burning and
the "REanalysis of the TROpospheric chemical composition
overthe past £0y1r" (RETRO, http://retro.enes.org) for urban
emissions. The numerical simulafion of atmespheric chem-
istry composition is done with advanced models where the
MCE is solved on- or off-line (Zhang, 2008) with several
spatial resolutions and geographical projections, on either re-
gional or global scales. Inthis paper, we introduce a software
tool, named PREP-CHEM-SRC, version 1.0, developed to
provide gridded emissions of trace gases and aerosols with
a flexible spatial resclution, several projections and suitable
for regional and global models. Emission fields generated
by this system have been used with CCATT-BRAMS (Fre-
itas et al., 2008, Longo et al., 2011), WRF-CHEM (Grell et
al., 2005), and the Flow-following finite-volume Icosahedral
Model (FIM, Bleck et al., 2010). The emission preprocessor
was also implemented for use with the Brazilian Center for
Weather Forecasting and Climate Studies (CPTEC) global
circulation model.

This paper is organized as follows. Section 2 covers all
arailable inventones of emissions from anthropogenic and
bicgenic sources as well as the chemical species available in

Published by Copemicus Publications on behalf of the European Geosciences Union.
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the database of this software tool. In Sect. 3, we briefly de-
scribe a possible way to infroduce the emission contribution
in the MCE. Secticn 4 describes the system and its function-
alities. Our conclusions are discussed in Sect. 5.

2 Emission inventories

This section is devoted to describe all types of emis-
sions currently available within the PREP-CHEM-SRC sys-
tem. This covers emissions of gases and aerosols from ur
banfindustrial, biogenic, biomass burning, volcanic sources
and from biofuel use and burning of agricultural waste.
For urban/industrial and biogenic emissions from several
databases are available and may be chosen by the user. For
biomass burning, it is possible to use the Global Fire Emis-
sicns Database with a 8 days or a cne month reschution or
the Brazilian biomass burning emission medel tool (Longo
et al., 2010). This model provides emissions with very high
temporal and spatial resolutions from satellite fire detection.
Volcanic emissions include ashes for erupting periods and
S04z degassing for both eruptive and non-eruptive periods.

Depending on the modeling system the user may select all
emission optons (anthropogenic, biogenic, biomass burning,
etc) or select only part of the entire available set. WRE-
CHEM, for example, has several other emission preproces-
sors, depending on the location of the domain in which the
model will be run. The user may choose to combine his or
her own anthropogenic emission preprocessor with only the
biomass bumning emissions from our system.

21 Urban-industrial emissions

For the urban/industrial emissions, three alternative emission
datasets are available, which include different time horizons,
resclutions and set of species.

One of the anthropogenic emission inventories used within
the PREP-CHEM-SR.C system is provided by the “REanaly-
sis of the TROpospheric chemical composition over the past
40yr (RETRO, hitp/fretro.enes.org), a long-term global
modeling study of tropospheric chemistry funded by the 5th
Eurcpean Commission Framework Programme. The emis-
sion data has a 0,57 » (0.5 spatial resclution and global cov-
erage, with monthly temporal resolufion, and is based on the
year 2000. The emission units are kg[species] m—2 dy—L.
The Table 1 provides a list of chemical species arailable in
the anthropogenic inventory.

The second database proposed for anthropegenic emis-
sicns 1s provided by the "Emission Database for Global
Atmospheric Research” (EDGAR, hitp:/fedgarjre.ec.eurcpa
eu, Olivier et &l., 1996, 1999). This program provides past
and present global anthropogenic emissions of greenhouse
gases and air pollutants. The available species are N0, CO2,
CO, CHy, S04, SF6, NO, and NMVOC with a 1° x 1° spa-
tial resolution. The emissions do not vary in time and are

Geoscl. Model Dev.,, 4, 419-433, 2011
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based on the year 2000, A recently releassd new version of
EDGAR, version 4, will be included in the database of the
FREP-CHEM-SRC system in an upcoming version.

Additionally, forthe South A merican continernt, a regional
urban emission inventory suitable either for local and re-
gional scale applications is also available. This database
integrates information from local vehicle emission imvento-
ries using socio-economic data, extrapolation of emissions
for cities lacking local inventories, and the geographic distn-
bution of emissicns a different spatial resolutions (Alonso et
al., 2010).

For asrosols, emissions of organic carbon (OC), black car-
bon(BC), 502 and DMS ata1® x 1° resclution on a monthly
basis from the Goddard Chemistty Aeroscl Radiation and
Transport (GOCART) model database are provided.

22 Biogenic emissions
221 Biogenic emissions from GEIA A chivity

The first database proposed for biogenic or natural
emissions is the GEIAfACCENT Activity on Emis-
sion Databases, httpe/fwww.aero.jussiew.frjprojey ACCENT/
description.php). Emission sources from land, vegetation
and occeans are provided with a 1% » 1° spatial resolution
and monthly temporal resolution. Emissions for Acetone,
CoHa, CaHg, CgHg, CaHg, CO, CH3OH, DMS, NO, Isc-
prene, Terpenes and NV OC are available. The emission units
are kg[species] m—= dy~ L.

222 Biogenic emissions from MEGAN

The alternative hiogenic emission dafabase is derived by
the Modsl of Emissions of Gases and Aercsols from Na-
ture (MEGAN, Guenther et al., 2006). MEGAN 15 a mod-
eling system for estimating the net emission of gases and
asrosols from terrestrial ecosystems into the atmosphere.
Driving variables used by MEGAN to calculate the fluxes
include land cover, weather, and amospheric chemical com-
position. The data was provided by the GEIAJACCENT
Activity on Emission Databases, hitp:/ fwww. aero.jussiew. fry
projetf ACCENTdescription.php.  The data covers the en-
tire world with a 0.5° x 0.5° spatial resolution. The tem-
poral coverage is from January to December 2002 with a
menthly time resolution. Emission rates are provided for
the following species: CO, CHa, CoHy, CaHg, CaHg, CaHg,
CH3OH, Formaldehyde, Acetaldehyde, Acetone, cther Ke-
tones, Toluene, Isoprens, Moncterpenes and Sesquiterpenes.
The emission units are kg [species] m—2 dy .

23 Biomass burning emissions and the smoke plume
Tise model

Emissions from wild- or deforestaion fires are provided us-
ing two methodelogies.

www.geoscl-model-dev.net/4f 419/2011/
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Table1. List of chemical species available in the anthropogenic inventory developed by the RETRO program.

Acids CeHip

Alcohols  CsHyo

Benzene  CgHya_plus higher alkanes
CzHz Chlorinated Hy drocarbons
CzHy co

CzHg Esters

CaHg Ethane

Ethene Other Aromatics
Ethers DtherVOC
Ethyne Toluene

Ketonss Trimethylbenzens
Methanal Yylena

NCx

Other Alkanals

23.1 Prazilian biomass burning emission model

The first option is based on the Brazilian Biomass Buming
Emission Model (3BEM, Longe et al., 2010) which is in-
cluded in this software tool. In this methodelogy, for each
fire pixel detectad by remote sensing, the mass of the emitted
tracer is calculated by the following expression, which takes
into consideraticn the estimated values for the amount of
abore-ground biomass available for buming (o), the combus-
tion factor (6], the emission factor (EF) for a certain species
() from the appropriate vegetation ty pe, and the buming area
(erfipe ) fOT BACh DUmMing event.

M[""Izcrwg-lﬁ@-EP{é-uﬁm (1)

In this model, a hybrid remote-sensing fire product is
used to minimize missing remcte sensing observations. The
fire database actually used is a combination of the Geosta-
tionary Operational Environmental Satellite - Wildfire Au-
tomated Biomass Buming Algorithm (GOES WE_ABBA)
product (cimss.ssec.wisc.edu/goes/burnfwfabbahitml: Prins
et al., 1998), the Brazilian National Institute for Space Re-
search (INPE) fire product, which is based on the Ad-
vanced Very High Resolution Radiometer (AVHER ) aboard
the NOAA polar orbiting satellites series (www.cptec.inps,
brjqueimadas; Setzer and Pereira, 1957), and the Moderate
Resolution Imamng Spectroradiometer (MODIS) fire prod-
uct (modis-firsumd.edy; Gigho et &l., 2003). The three fire
product databases are combined using a filter algonthm to
aroid double counting of the same fire, by eliminating addi-
tional fires within a circle with a radius of 1 km. The burnt
area of fires detected inthe GOES WF_ABEA product is esti-
mated from the instantansous fire size for each non-saturated
and non-cloudy fire pixel, from which it is possible to re-
trieve sub-pixel fire characteristics. For GOES WE_ABBA
detected fires that have no information about the instanta
neous fire size, a mean instantaneous fire size of 0.14 km?
(calculated from the GOES ABBA database of the previ-
ous years) is used. For fires detected by the MODIS and
AVHRR systems, a mean value of 0.22 km? of burnt area is
used (Longo e al., 2010).

The fire detection maps with latitude and longitude are
merged with 1 km resolution land cover data (Belward, 1996,

www.geosci-model- dev.netf4/415/2011/

Sestini et al., 2003) to provide the assccided emission
|EF) and combustion (8) factors through a lock-up table.
The comesponding aboveground carbon density (o) is de-
fined from the carbeon in live vegetation data estimated us-
ing Olson et al. (2000) and updated by Gibbs (2008) and
Gibbs et &l. (2007) using the Global Land Cover D atabase
(GLCZ2000). For the Amazon basin and neighboring ar-
eas, the estimation of aboveground carbon density done by
Sastchi et al. {2007) with 1 ki spatial resolution is used. The
land cover map for the Amazon basin was updated with data
provided by the PROV EG project (Sestini et al., 2008) and it
1z based on the year 2000.

The emission and combustion factors for each biome are
based on A ndreas and Merlet (2001) and Longo et al. (2009).
In particular, Andreas and Merlet (2001) provides emission
factors for 110 chemical species enutted during burning of
tropical forest, extrafropical forest, savamna, pasture, char
codal production andagricultural waste, as well as emission
factors measured in controlled laboratory experiments. The
mean combustion factor for sach biome cited above is also
provided. Ses Table 2 for a complete list of species available
within the PREP-CHEM-SRC system.

The total emitted mass of each chemical species per grid
bax is calculafed by summing the individual mass (given by
Eq. 1) over all fires in that grid box. The emission units are
kg[species] m~2 dy—1.

23.2 The Global Fire Emissions Database

The second methodology available for biomass burning
emissions is based on Giglio et al. (2006) and van der Werf
et al. (2008). These authors use burnt- area estimates from re-
mote sensing, a biogeochemical model, and emission factors
from the literature to estimate fire emissions duning the &
yr period from 1997 to 2004 This dataset, called the Global
Fire Emissions Daabase (GFEDvZ), has a 1% » 1° spatial res-
olution and a 8-day or one-month temporal resolution. Inthis
case, the GFEDvZ emissions are inferpolated to the model
grid and the same list of species described in the Table 2 is
available. The emission units are kg[species] m—2 dy—!.
Figure 1 illustrates the typical output of the PREP-CHEM-
SRC system for biomass burning. It shows the spaial

Geosci. Model Dev., 4, 419-433, 2011
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Table 2. List of species available within the PREP-CHEM-SR.C system for biomass burning emissions.

co, n_butans

co -butans

CHy 1_pentene
NHMC 2_pentene

Cz Hg " _pentane

CzHa 2 Me Buiene
CoHg 2_Me butane
CzHy pentadienes
CzHg Isoprene

C3Hg cyclopentzne
1_butene cyclopentadiens
i-butens 4 me ] _pentens
tr_2_butens 2.me_1 _pentene
cis_2_butene 1_hexens
butadiene hexadienes
Hexanonss Aciylonitrile
Heptanones Propionitrils
Octanones pyrrole
Benzaldehyds trimethylpyrazole
Furan methylamine

2 Me Furan dimethylamins

3 Me Furan ethylamine
2_ethylfuran trimethylamine
24 dime furan  n_pentylamine
25 Dime furan  2_me_ 1 buiylamine
Tetralydrofuran ~ PMas {particulate

matter < 2.5 mm diameter)

2.3 _dihydrofuran  BC (black carbon)

n _hexane Butanols
isohexanes cyclopentanol
heptane phenol

octenss Formaldehyde
terpenes Acetald

benzene Hydroxyacetaldehyde
toluene Acrolein
xylenes Propanal
ethylbenzens Butanals

styrene Hexanals

PAH (polyoyclic Heptanals
aromatichydrocarbons |

Methanol Acefons

Ethanol 2 Butanone

1 Propanol 2_3_Butanedions
2_propansl Pentanones

NHz Heptanones
HCH Octanones
cyanogen Benzaldshyds
502 Furan

DMS Hz

Cos NOx

CHaCl NOy

CHsBr Na0

CH,l benzofuran

Hg Propanoic

TC {total carbon) OC (organic carbon)

TPM (tofal particulate matter)

biomass burning CO emission estimation (mgm—2dy~—!)
generated using this emission tool averaged ocwer 3 months
(& ugust-September October 2002) at a 35 km horizontal spa-
tial resolution. Panel (a) shows the estimation obtained by
3BEM, and in panel {b) GFEDvZ is shown. These two
biomass buming emissicn inventories show general agree-
ment, with mest of the emissions being located in the area
around latitude 10° 3 between longitude 67° W and 50° W,
on the border between the Amaron forest and the main area
of intense land use and land cover change for cropland and
pasture. Mevertheless, there are strong disagreements in
some places (especially in the west side of SA). The choice
of the database redlly depends on the application. For ex-
ample, 3BEM is more suitable for chemical weather studies,
since its spatial resolution can be as fine as the pixel size of
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the saellite sensor used for the fire detection, has atemporal
resolution of one day or less, and also due to the fact that the
emissions are placed only in regions where firtes were in fact
observed (Longo et al., 2010).

PREP-CHEM-SRC also provides the data needed to drive
the smoke plume rise model described in Freitas et al. (2008,
2007, 2010). This plume rise parameterization has been in-
corporated in the CCATT-BRAMS, WRF-CHEM and FIM
models, and 15 used to interactively determine the effective
injection height of vegetation fires emissions during the flam-
ing phase. The information comprises the mean fire size per
biome type and per gnd box as well as the partition of trace
gases and aerosol mass enutted during the flaming and smol-
dering phases.

www.geoscl-model-dev.net/4f 419/2011/
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Fig. 1. Spatial distribution of the CO emission estimations in mgm—2 dy—! averaged over 3 months (A ugust-September-October 2002) from
the two biomass burning inventones available within the PREP-CHEM-SRC system: (A) 3BEM, (B) GFEDvZ. (Figure adapted from Longo

etal., 2009).

24 Volcanic emissions
241 Volcanic ernption

During volcanic eruption, volcanic ash transport and disper
sion models are used to forecast the location and movement
of ash clouds over hours to days. To determine ash emis-
sion fields duning these events, the PREP-CHEM-SRC sys-
tem uses the database developed by Mastin et al. (2005). This
database provides a set of parameters to model voleanic ash
cloud transport and dispersion during eruptions. Thers is in-
formation on 1536 volcanoes around the world comprising
location (latitude, longitude and height) and the correspond-
ing parameters plume height, mass eruption rae, volume
rate, duration of eruption and the mass fraction of erupted
debris finer than about 63 um are provided. The emission
tool provides the place of the volcano in the nearsst maodel
grid box and the corresponding emission parameters (mass
eruption rate, plume height and time duratbon). Te the user
is left the work to implement the vertical distribution of the
erupted mass within the atmespheric transport model. Within
our modeling transport system, 75 % of the erupted mass is
detrained in the umbrella cloud and 25 % beneath. The base
of the umbrella cloud 1s roughly located &£ 73 % of the plume
height: (P. Webley, personal communication, 2009).

242 Volcanic SO; degassing emissions

The daa provided by the AEROCOM program (http:
Jwrwrw-1scedods.ceafriaerocom/A EROCOM _HCjvolg/f,

Diehl, 2008; Diehl =t al., 2011) contains volcanic SO2 emis-
sions and other vanables for all days from 1 January 1979to
31 December 2007 for all volcanoes with historic eruptions

www.geosci-model- dev.netf4/415/2011/

listed in the Global Volcanism Program database provided
by the Smithsonian Institution. There is one file for each
year which contains the number of events for each day of
that year over the entire world. For each event the volcano
name, date, height above the mean sea level, cloud column
height, longitude, latitude and daily emission rate of SO5 are
provided. There is also a separation between eruptive and
nen-emptive volcanic emissions.

PREP-CHEM-SRC places the emission from each volcano
in the grid bex which surrounds its geographical location.
The total emission is calculated by summing the emissions
of &l velcanoes within the grid cell. Next, the total emission
and the minimum and maximum column heights of the set
of velcanoes within the grid cell are provided. The units are
kglS0z]lm—2dy 2,

25 Emissions from biofuel use and burning of
agricultural waste

In addition to biomass burning emissions, biofuel use and
agricultural waste burning inventones developed by Yevich
and Logan (2003) are also available. This inventory covers
the developing world with a 1° x 1° spafial resolution, and
provides the amount of biomass burned annually per grid bax
in units of Tg dry matter. This information is uniformly con-
verted to daly biomass burmed and then used to calculae
emissions of chemical species using the Andrese and Mer
let (2001) emission factors.

Geosci. Model Dev., 4 419-433, 2011
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3 Including emissions in a transport model

In this section we discuss how to include emissions in atmo-
spheric chemistry transport models.

The advective form of the mass continuity equation, after
Reynolds decomposition and neglecting melecular diffusion,
reads (e.g., Seinfeld and Pandis, 1998)

A%,  _ 0§, 10(psiuly  __
_—'I+Hi J+T#= @y (2)
a1 I ax; S
AU o
o

where 5, 15 the grid bex mean tracer mass mixing ratio of
species n, term (1) represents the 3-D resclved transport term
{advection by the mean wind, given by &;), term (I1) is the
subgrid scale transport by the unresolved flows (s.'_;u: are the
turbulent fluxes) and (III) is the forcing, respectively. The
quantity g is the grid box mean of the dry air density. The
forcing is normally split in sink (&), emission ( £} and the
net production or loss by additional physical and/or chemical
processes (PL):

Qy=R+ E+FL, (3)

Here our focus is how to determine the emission (E) in
terms of the mass fhuees described in Sect. 2.

3.1 Cold/low buoyancy emissions

Most of the emissions from urban processes, transporta
tion (over the land and ocean), charcoal production, wasts
agricultural burning, biogenic, and cthers, typically have
low buoyancy compared with the environment, since they
are relessed into the amosphere near the surface. For
this kind of emission, with a prescribed fhx (F,, with
units kg[p]m—2dy~') given by the comesponding in-
ventories, the contribution to the mixing ratio tendency
{kg[nlkglair]~! dy—1) for atracer n can be sxpressed as
Fy -
E, (k)= #t] bzp’ =ty (4)
0. & = 1(above)

where Az isthevertical thickness of the first physical model
layer whers the tracer y will be released and & denctes the
vertical layer If the emission source is located above the
first model vertical layer, as would be the case for tall chim-
neys with a height greater than the thickness of this layer,
Eq. (4) must be changed accordingly. The umt of the emis-
sion rate £, in Eq. (4) 15 kg[n] (kg[air] dy)~*. To express
the emission rae per second instead of per day, the user
has two cheices. If the diumal cycle of the process that
is emitting the tracer is constant, Eq. (4} must be divided
by 86400sdy~'. However, several processes releass trac-
ers af non-homogenous rates during the day. Consequently,
the user should develop a diumal oycle function r(t) which
oheys the following constraint

85400
[ ritidr =1, (B)
o
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Fig 2. A double Gaussian function used to determine the diumal
cycle of urban emission.

In this case, the instantaneous emission rate will be given by
Fy —r(t). &k =1 (surface)

E’.,Ui‘.r =1 #lkg) Az

(6]
0, k = 1 (above)

with units of kg[n](kg[air]s)~!. For emissions from mo-
biles sources in urban areas, r (1 ) could, for example, be rep-
resented by a double Gaussian function with one peak in the
mormng and ancther cne i the late afternoon, representing
the typical rush hours in the cities, as illustrated in Fig. 2.
In case of a constant daily emission, rir) 15 simply given by
1/85400.

3.2 Hot/high buoyancy emissions

One important example of het and high buoyancy emissions
are those from vegetation fires. This process emits hot gases
and particles which are quickly transported upward due the
positive buoyancy produced by the combustion. The entire
fire process can be split in two main phases:

- smoldering with most of the emission released just
abowe the surface,

= flaming with most of the emission directed injected in
the PBL, free troposphere or even stratosphers.

In the methodology proposed by Freitas et al. (2008, 2007,
2010), a 1-D plume rise model is embedded in each column
of the 3-D low resolution atmospheric chemistry-transport
models (the hests) to interactively provide the smoke in-
jection height, the actual region where the trace gases and
aerosols emitted during the flaming phase of vegetation fires
are released in the smosphere,

Following this approach, the total emission flux (F,, in
units of kg[plm—2dy~!) is first determined, followed by

www.geoscl-model-dev.net/4f 419/2011/
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Fig 3. (A) An example of a simulated vertical cross section of biomass buming CO source emission on 18:00UTC 02 September 2002
at latitude 5.4° S (adapted from Freitas et al., 2007). It shows the surface emission associated to the smoldering phase as well as elevated
emission layers associated to the flaming phase. The panel (B) depicts a G aussian function centered at 15:00 LT used to determine the diumal

cycle of biomass burning emissions on South A merica.

the partitioning of mass emitted during the smoldenng and
flaming phases. Finally, the plume rise model determines the
smoke injection layer of the flaming phase. From the above,
the emission term of Eq. (2) can be expressed as

. K
s T
(= i)yl = 25 < 2lk) <ht 2

k=1

E,lk)= { (7

where Az, is the vertical thickness of the smoke layer,
[h = 32—*‘ R+ AT“'] is the vertical domain of the injection
layer prescribed by the smoke plume rise model and 5. is the
fraction (between O and 1) of the total mass released to the
amosphers during the smoldering phase. An example of the
spatial distribution of biomass burning CO source emissions
is given by Fig. 3a. It shows a vertical cross section of CO
emissions a 18:00 UTC on 2 September 2002 along latitude
5.4° 3 (see Freitas et &l., 2007 for more details), with sur
face emission associged with smoldering phase as well as
elevated emission layers associabed with flaming phase.

To conwert the time unit of emission to seconds, it is con-
venient to introduce a diurnal cycle for the biomass bumn-
ing emissions. The burning diwrnal cycle typically shows
a pealt between approximately 13:00 and 18:30local time,
with the fire activity peaking earlier for heavily forested re-
gions. The diumal fire cycle is dictated primarily by the di-
urnal cycle of human activity; however, for high fractional
tree cover, the diumal meteorological conditions limit igni-
tion to a relafively brief period of the day (Giglio, 2007). For
South American fires, a single Caussian function centered at
~18:00UTGC 15 normally used. This curve is based on the
typical diurnal cycle of fire occurrence over South America

www.geosci-model- dev.netf4/415/2011/

as reported by Prins et al. (1998). Figure 3b showsthe diurnal
cycle function r(t ) as used by the CCATT-BRAMS model.
For other tropical areas of the world, Giglio (2007) reports
the diurnal fire cycles for 15 regions which can be used to
describe the comesponding diumal cycle functions r (7).

4 System description and functionalities

41 Chemical mechanisms available, grid projection
and interpolation methods

FREP-CHEM-SRC is ready to provide emissions for the
chemical mechanisms RADM?2 (Chang et al,, 1989), RACM
(Stockwell et al., 1997), CBO7 (Yarwood et al., 2005) and
BRELACS (Crassier et al., 2000). The chemical mechanism
is determined during the code compilation by providing the
corresponding chemi _list. f90 file (see the README file for
further instructions).

Several options of map projection types (Polar
Stereographic, Gaussian, Lambert Conformal, Rectangular,
FIM model Icosahedral honzontal grid | for regional and
global grids are available with flexible spatial resolution.

The interpolation routines te create the emission fields on
the model grid box can use either nearest-neighbor interpola-
tion (when the model grid spacing is finer than the database
grid spacing) or bax averaging (when the model resclution
is coarser). Both methods are approximately mess conserva
tive.

The code is modular, user friendly, and self-explanatory
on how each kind of emission source is treated. A regular
user should be able to easily include new emission databases,

Geosci. Model Dev., 4 419-433, 2011
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[{A) Anthropogenic emission: grid 15 km
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Fig 4. Carbon monoxide anthropogenic emission field gensrated by the PREP-CHEM-SRC progran: Panel (A) for a regional grid with
15 km horizontal resolution, Panel (B) for a nested grid with 3km. The black box on Panel (A) represents the location of the nested grid in

the coarse domain.

such as aircraft emissions, for example. Feedback to the de-
velopers is welcome.

42 The software

The PREP-CHEM-SRC emissions tocl is coded using For
tran90 and C and requires HDF and NetCDF libraries. The
code package is comprised of Fortran90 and C routines and
a README file for further instructions. We make intensive
use of derived type data and medules, functionalities of For
tran®0, to provide clear, safe and easy understanding of the
data structure. The desired grid configuration and emission
inventones to provide trace gases and asrosol fluxes are de-
fined in a Fortran namelist file called " prep-chem-src.inp”.
The Appendix A provides a description of the parameters in
the namelist. The software has been tested with Intel and
Portland Fortran compilers under the UNIX/LINUX operat-
ing system.

43 Some examples of regional and global emissions

For regional models with nested grid capahility, emissions
for both coarse and fine grids are provided. Local updates for
megacities or inclusion of point and line sources can easily
be implemented. The product of this tool is a set of files with
gridded daily emission fhes (kgm2dy~!) and emission
related information fields.

Figure 4 introduces the first example of the model out-
put. In this case it is relaed to the anthropogenic emis-
sion of CO (described at Sect. 2.1) in the southeast region of
Brazil. The system was configured with 2 grids, the coarse
one (showed in panel a) with a 15 ki horizental resolution

Geoscl. Model Dev.,, 4, 419-433, 2011

covering mostly of 540 Paulo State with Parana State in the
south and Rio de ] aneirc and Minas Gerais stafes in the north.
The second and nested grid (panel b) has a 3 km horizontal
resolution and covers the more densely urbanized areas of
the Brazil, S8o Paulo and Rio de Janeirc Metropolitan Ar-
eas (MA), indicated by the letters SP and R] on the panel
At this resclution, the shape of the emission field resem-
bles much better the real urban islands of these M etropol-
tan Areas. Another remarkable feature & this resolution is
the emission related to the main highways and roads of this
area depicted by the red linss connecting SP and R] and oth-
ers urbanized locations. See Alonso et al. (2010} for more
details.

As an example of model output for a regional grid cov-
ering South America, Figs. 5 and 6 show SOz and MO
emission estimates for a specific day, respectively. Fig-
ure 5 shows sources of 802 estimated for 27 August 2002
on a rectangular projection grid with a spatial resolution of
0.2° % 0.2°. Panel ashows volcanic SO; emissions (in units
102 kgm=2 dy~!, see Sect. 2.4) along the Andes Mountains
on the east side of Scuth America Panel b shows the emis-
sion associabed with biomass burning as estimated using the
3BEM methodology; in this case fire counts from MODIS
and the WF_ABBA fire product were used (Sect. 2.3). H-
nally, Panel (c) illustrates the S0- emissions from urban and
industrial processes as prescribed by the EDGAR inventory
(Sect. 2.1). For NO, Fig. 6 shows the biogenic emission
{A) from GEIA (Sect 2.2), from biomass burning (5 ) from
3BEM (Sect. 2.3) and anthropogenic () from RETRO re-
vised with local sources of information according to Alonso
et al. (2010, Sect. 2.1).

www.geoscl-model-dev.net/4f 419/2011/
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Fig. 7. Carbon monoxide emission field generated by the PREP-CHEM -SRC program for the icosahedral grid (level G5, resolution around

250 km) of FIM Model.

Emissions processed on the global scale forthe FIM global
model icosahedral gnid 1s shown in Fig. 7. In this case,
anthropogenic (Sect 2.1) and biomass burning emissions
(Sect. 2.3, using the MODIS fire product) of carbon monox-
ide are processed on a G5 grid resclution, approximately
250km. Most emissions displayed in the left panel of Fig. 7
are associated with dense industrial and urban areas. On
the right, urban emissions over Europe and biomass burning
emissions associated with deforestation activities in north-
western A frica are presented.

5 Conclusions

In this paper we have described the functionalities of the new
FREF-CHEM-SRC chemical species preprocessol. FREP-
CHEM-SRC was designed to prepare emission fields from a
large set of source types and databases to be used in global
and regicnal transport models. To interpolate the emis-
sicn fields to the model grids, the user can chooss between
several map projections and debermine the spatia resclu-
tion in a flexible way. The types of emissions considered
are; urbanfindustrial, biogenic, biomass buming, volcanic,
biofuel use and burning from agricultural waste sources from
most recent dafabsses or determined from satellite fire de-
tections for biomass buming. For wbanfindustrial emis-
sions, the RETRO, EDGAR and GOCART databases can
be used. Biogenic emissions are from the GEIA andjor
MEGAN databases. Biomass buming emissions can be pro-
vided by the GFEDvZ database or by the 3BEM modsl us-
ing satellite fire detection products. PREP-CHEM-SRC also
provides the data needed to drive the plume rise parameteri-
zation used in the CCATT-BRAMS, WRF-CHEM and FIM

Geoscl. Model Dev., 4, 419-433, 2011

models. For volcances, ash and 502 degassing are consid-
ered. The way to include both the low and the high buoyancy
emission flmwes calculated by PREP-CHEM-SRC is also dis-
cussed. The main accomplishments of this new preprocessor
ares

- the easy use and grid configuration of the emission
fields on regional or global scales,

- the choice between different datahases,

- the choice between different chemical mechanisms.

The code and mostly of the emission data base are avail-
able upon request to the 1st author, to the email address
(gmaicptec.inpe.br) or wrichemhelp.gsd@ noaa.gov.

Appendix A

Description of the parameters of “ prep-chem-sre.inp”
namelist file, version 1.0

www.geoscl-model-dev.net/4f 419/2011/
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Table Al. Parameters of “prap-chem-sre.inp” namelist file, varsion 1.0,
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Parameters and examples Description and comments
grid_type="pelar”’, This parameter (character) defines the grid projection on which the
emizsion fields will be gererated The options are
- *polar” = polar stereographic gnd
- “gg” = Gaussian grid
- "I = rectargular projection grid
- “lambert’= Lambert corformal grid
- “FIM" =FIM model icosahedral grid
ihour=0, The emission date using GMT time A1l parameters are integers.
iay=12,
mor=7,
year=2004
use_retmn=1, To select the anthropogenic sources datasets to be used (1 =yes, 0=

meim_data dir=" [EmissionyRETRO/antre’,
use_edgar=1 edgar data dir=" [EmissionyEDGA R /anthm’,

use_gocart=1,
gocart data_ dir="' (Emission/GOCART/emissions’,

use_bioge=1

hioge_dats dir=" /[Emission/biogenic_emissions’,
use_fwhawb=0,

fwbawb_data dir~" [Emission fwhawh *,
use_giedva=0,

gfedv?_data_dir= /Emission/GFEDv2- Bdays’,

use_bbem=1,
use_bbem_plumenise=1,

merge_GFEDvV2_bbem=0,

bbem _wiabba_data dir="/Emissionyfires_data/W F_ABBA wBH/IYL',
bhem_mod:s_data dir=' [Emisston/fires_data/MODIS/Fires ',
bbem_inpe_data dir=". /[Erissionyfues_data/DSA [Focos’,
bbem_exira_data_dir='. [Emission/fires_datafex,

weg_type_data_dir=' feurface_data/GL_IGBP_MODIS_INFEMODIS
carbon,_density_data dir=" fsurface data/GL_OGE_INPE/OGE’,
fuel data dir=" /surface_data/fuel/glc2000_fuel load ne',

USE_GOCART_BG=1,
GOCART BG_DATA _DIR= /EmissionfGOCART',

not) and to provide the directory path where the cormesponding input
data 15 located The parameters are integers and characters.

To define if GOCART emissions of OC, BC, 502 and DMS will be
used (1) ormot(0) and the pathwhere the rew data is located.

To select the hiogenic sources dataseis o be used (0=nof, 1=GEIA,
2=MEGAN) and the pathwhere the original data is located

To define if biofusl use and agricultursl waste burmng emissions will
beused (1) ornot(C), and the pathwhere the raw datais located.

To define if the GFEDw2 biomass buming inwentory 1s to be used (=1
ornot (=0} ard the path where the raw data is located

To defire 1f the 3SBEM hiomass Iuming irventory and smole plume rise
parameters will be used (=1) orrot (=0).

Defines if the merging of GFEDV 2 with 3BEM is desited (integer
1=yes, O=no). If yes, 3BEM is used over South A merica instead of
GFEDwZ.

Fire products for SBEM/3BEM- plumnerise emission models:

Path of WFABEA fire product The filtered fire product is rec-
ommended The last letier'{" is the prefx of the file name.

- Path of MODIS fire prochact and the prefrc of the file name
("Fires.").

Path of INPE/DSA fire product and the prefix of the file name
("Focos").

- Additional fire product provided by the user

Only for IBEM:
Land cover data set (dir+ prefo)

Only for 3BEM:

Carbon dersity data set (dir+ prefo)

Only for 3BEM: fuel load data provided by the user (dir + full file
name).

GOCART background data for Ha O3, OH and NOy (only for WRE
CheryFIM models with GOCART asroso] moduls)

www.geosci-model- dev.netf4/415/2011/
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Table Al. Continued.
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Parameters and examples

Description and comments

USEVOLCANOES=],

VOLCANC INDEX=1450
USE_.THESE VALUES='NONE',
BEGIN_ERUPTION='201004161200",

USE_DEGASS WOLCANOES=]

DEGASS VOLC_DATA DIR='/Emission/VOLC S0,

GRID_RESOLUCAO_LON=0.1,
GRID_RESOLUCAO LAT=01
NLAT=320,

LON_BEG =170,

LAT BEG =40,

DELTA LON=90,

DELTA _LAT=40,

NGRIDS =1,
NNXP = 275,50,85,45,

HNYP =250,60,74,45,
NXTNEST=0111

DELTAX = 5000,

DELTAY = 5000,

NSTRATX =123.4

NSTHATY =123.4
NINEST=1100,0,
NINEST=L1000

POLELAT = 65,

POLELON =-150,

STDLAT1 =65,

STDLATZ =65,

CENTLAT =65,—23, 27.5 175

CENTLON =-1580, —46, —80.5 —80.5

This sectionis to control emission of 4SH by emptive volcaroes. The
data iz based on Mastin et al (2008).

- USEVOLCANOES: 1=ves, 0=no (infeger).

- VOLCANO_INDEX: the reference mumber (integen of the vol
carg listed at Mastinet al (2008} database This mmberwill pro-
ride trough a lookup tahie asetof default parameters forinjection
height, durstion and smissionof ash

- USE.THESE VALUES: {character) if ' nore’, Mastinetal (2005)
datahase will be used If the user want to use a different set of
rumbers, them must be in text file within height, durstion, mass
ash (units are meters - seconds - ldlogrems). As example, afile
named ‘vahues &t with the et line: 110000 10800. 1 510

will replace the defanlt values by these mmberr ly setting
USE_THESE VALUES=' fvalues fxt'

- BEGIN_ERUPTION=begin time UTC of emuption ¥ Y ¥ ¥ MMD-
Dhhmm

This sectionis to control emission of 502 by emupiwre and non eruptive
volcanoes. The data is based on Diehl {2009, 20100 papers.
- USE DEGASS VOLCANOES=1=yes, 0=no (intager).

- DEGASSVOLC DATA DIR: charecter designing the pathof the
directory where the rew datais.

This section is only for grd type ‘II' or ‘gy’. The paremeter ‘nlat’ is
integer, all others are real
- GRID_RESCLUCAOQ. LON amd GRID_RESOLUCAO_LAT ame
the grid spacing in degrees.
- MLAT 15 the mmber of gnids on the latitudingl direction for a
Gaussian grid
- LON_BEG ard LAT BEG are the longitode and latitude in de-
grees of the 13t grid bow. The mnges are —180 to +180 and —20
to +50, respectvely.
- DELTA.LON and DELTA LAT are the total extension of the do-
main in degrees.  Set 360 and 180 degrees for glebal domains,
mspectively.

This section is only for regional grids.
- NGRIDS (infeger is the mmberof gnds to generate emissions.
- NMNXE NNYP (infegen are the mumber of xy gridpoints for each
desired grid.

- NXTNEST (integed is grid mumberwhich is the next coarser grid

- DELTAX, DELTAY (real) are the X and Y grid spacing (meters).

- NSTRATX, NSTRATY (integen) are the nest mtios between this
grd and the next coarser grid

- NINEST, NJNEST {integen are the grid point on the next coarser
rest where the lower soutlsvest comer of this nestwill start If
NINEST or NJNEST =0, use CENTLAT/CENTLON parameters.

- POLELAT, POLELON (reall are, if grid type is polar e laf
tude (in degress) of pole point If lamberi latlon of grid origin
(x=y=0)

- STDLAT], STDLATZ (real odly for Lambert-Conformall are
standard latitndes of projectionin degrees.

- CENTLAT CENTLON are the center (latitads, lomgiftnds, inde-
grees) of eachgrid

Geoscl. Model Dev.,, 4, 419-433, 2011
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TableAl. Continued.

Parameters and examples

Description and comments

PROJ_TOLL="YES,

LATI =—80, —90, —50,
LATF=+80, 430, 490,
LONI=—180, —180, —180,
LONF = 180, 180, 130,

CHEM OUT PREFIX ="TESTRACM,

CHEM_OUT FORMAT="vim', CONVERT_TO WRF = 'yes',

This section is only forvisualizatonusing Got DS softwars.

PROJ_TO_LL {characten s to define if a rectangular piojection is
desired: ‘'YES' or'NOT'.

LATI, LATE LONI, LONF (real degrees) are the corners of the
emission output domain foreach grid.

CHEM_OUT_PREFIX: output file pref (may inchude directory
pathi

CHEM_CUT_FORMAT: the format of the output use ‘vim’ for
CCATT-BRAMS, WRE-.CHEM or FIM. Binary it also available
by setting *bin' or &t foratect file WetCDF is under implemen:
tation

CONVERT_TOWRF: comert o WRF/CHEM {'yes’ or ‘mot,
character}.

www.geosci-model- dev.netf4/415/2011/
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FORECASTING TROPOSPHERE OZONE AND ITS

PRECURSORS FROM BIOMASS BURNING AND URBAN

EMISSIONS
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ICenter for Weather Forecasting and Climate Studies, INPE, Cachoeira Paulista, Brazil
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RESUMO

O nosso principal objetivo agui € apresentar a evoluc8o do produto de previsfo numénca de tempo
quimico desenvolvido no INPE e operactonal no CPTEC/INPE. O novo sistema inclui mecatismo
de reatividade quimica e, assun, faz prognostico de espécies secundanias formadas por processos
cinéticos e fotoquimicos Para o desenvolvimento deste sistema, o modelo “Coupled Aerosol-
Tracer Transport model to the Brazilian developments on the Regional Atmosphenc Modeling
System” (CATT-BRAMS) fo1 aperfergoado de modo a incluir na equagio de continuidade de
massa o termo de reatividade quimica. O novo sistema numeérnco inclu um pré-processador de
mecantsmos quimices, capaz de gerar automaticamente roftinas em Fortran 90 que implementam
0 mecanismo para serem compiladas com o codigo BRAMS Integradores numeéncos do sistema
de equagBes da quimica eficientes e no estado-da-arte foram implementados no modelo, Calculo
das taxas de fotolises interativo e on-line baseado no sistema FAST-TUV totalmente acoplado
com o modelo de aerossol, a microfisica de nuvens e parametrizagio convectiva fo1 também
mcluido no sistema Como condigdo inicial e de contorno, o sistema e capaz de assumilar dados
de modelos globats de quimica atmosfénica Emussies antropogénicas, biogénicas e de queimadas
sdo prescritas utilizando metodologias validadas efou inventanos publicados na literatura. O
sistema operacional for implementado no CPTEC/INPE produzindo diariamente 72 horas de
previsdo numérica de monoxido de carbono, 0zdnio, 6xdos nitroses, material particulado além
dos tradicionais produtos de tempo. Dicute-se alguns exemplos de eventos de poluigio do ar
capturados por este sistema durante a estagéo de querma (Julho-Outubro) de 2009 sobre a América
do Sul.

Palavras-chave: qualidade do ar, previsfo numénica, queimadas, emissBes urbanas, ozémo
troposfénco.
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ABSTRACT
An evolution of the numenical chemical weather forecasting product developed at INPE and
operational at CPTEC/INPE 15 presented here. The new system includes amechanism for chemical
reactivity and thus malkes the prognosis of secondary species formed by lkinetic and photochemical
processes To develop this system, the model “Coupled Aerosol Tracer Transport model to the
Brazilian developments on the Regional Atmospheric Modeling System (CATT-BRAMS) has
been improved to include the term of chemical reactivity 1n the mass continwity equation. The
new numenc system includes a preprocessor for the chemical mechanisms, able to automatically
generate Fortran 90 routines thatimplement the mechanism to be compiled wath the code BRAMS.
Efficient and at the current state-of-art numerical integrators of the chemical equations” system
have been implemented in the model. Calculation of photolysis and interactive on-line system
based on FAST-TUV fully coupled with the aerosol module, cloud microphysics and convective
parametenzation was also included 1n the system. Forimtial and boundary conditions, the system
1s able to assimilate data from global atmosphenc chemistry models. Anthropogenic, biogenic
and biomass burung emissions are prescribed using validated methodologies and/or inventories
from the literature. The operational system was implemented at CPTEC/INPE producing daly
72 hours of numencal forecasting of carbon monomde, ozone, nitrous oxdes, particulate matter
in addition to the traditional meteorological fields. We present and discuss some examples of ar
pollution events captured by the operating system dunng the burning season (July-October) of

2009 in South Amenca.

Keywords: air quality, numerical forecast, biomass burning, vegetation fires

1. INTRODUCTION

Biomass burning (vegetation fires) 1s a major
anthropogenic source of greenhouse gases,
aerosols and pollutants to the atmosphere during
the dry season (July to October) over South
America (Andreae, 1991, Artaxo etal, 2002) In
addition, smole aerosols particles have an impact
on the radiative budget and cloud microphysics
(Kaufman, 1995, Rosenfeld, 1999, Andreae et
al., 2004) affecting the hydrologic cycle and
boundary layer properties (Longo et al., 2006).
Smoke aerosols as well as ozone and other trace
gases associated with biomass burning emission
are observed to frequently make the air quality
1n the smoke affected areas even worst than 1n
the polluted South American Megacities, like
580 Paulo Metropolitan Fegion (Ignoth et al.,
2009, Brazil Health 2006, Artaxo et al., 2002).
The emissions associated with several hundred
of fires every day during the burning season and
transported by the atmosphenicmotions, produces
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asmoke plume of continental dimension covering
large areas around 4-5 10°km? of South Amenca
(Prins et al , 1998, Freitas et al , 2003)

Due the high impact the biomass bumning and
urban pollution might have en air quality and
atmosphenc dynamics, its numerical monitoring
and prediction constitutes relevant information

for the society.

2. METHODOLOGY

The operational air quality forecast system
implemented at the Brazilian National Institute
for Space Research is based on the CCATT-
BEEAMS model. This model 15 based on the
previous version CATT-BEAWS (Freitas et al,
2005, 2009, Longo et al., 2006) and includes
gas-phase chemistry The CCATT-BRAMS
system might be virtually configured with
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any chemical mechamism using a modified
version of SPACK (Simplified Preprocessor for
Atmospheric Chemical Kinetics, Djouad et al ,
2002) pre-processor. The numerical integrator of
the chemical mechanism 15 and efficient implicit
and multi-stage solver based on Rosenbrock’s
method (Hairer and Wanner, 1891). Currently
are implemented the versions BO3 2 (2nd order,
2 stages) and RODAS 3 (3rd order, 4 stages).
The time integration may use manual, splitting
or dynamic time-step for the chemistry. The
operator splittingusedtosolvethe mass continuity
equation may be defined as parallel (was used
originally by the BRAMS model to integrated the
dynamics), sequential and sequenfial symmetric.
The last 2 spliting operators were implemented
by the authors Photolysis rates are calculated on-
line using FAST-TUV (Kie et al , 2003) model

Dry deposition follows the resistance
formulation and accounts for the aerodynamic,
quasi-laminar layer and canopy resistances
(Wesely, 1989, Semnfeld and Pandis, 1998).
Sedimentation for aerosols use exactly the same
vertical advection scheme of the BRAMS model
dynamics. Wet deposition 1s parameterized
following Berge (1993) for PM2.5, Henry's law
1s used for the in-cloud gaseous and 1s fully

coupled with the convective parametenization,

For the stmulations presented below we used
the Regional Atmospheric Chemistry Mechanism
(RACM, Stockwell et al | 1997) with 70 species
and 237 kinetic and photolysis reactions, while
for the operational runs the Carben Bond
chemistry (Gery et al, 198%) mechanism (33
species, 81 reactions) i1s used instead for the
sake of computational cost. Boundary condition
for chemistry fields are provided by MOCAGE
global chemistry forecast model (Peuch et
al,, 1999). The CPTEC/INPE analysis data
provides initial and boundary conditions for the
meteorological mtegration.

CCATT 1s an Eulerian transport model fully
coupledto BRAMSE mesoscale model. The tracer
transport simulattonismade simultaneously (" on-
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line™) using exactly the same time-step as well
as dynamical and physical parametenizations
The general mass continuity equation for tracers
solved in the CCATT-BRAMS model is (in a
form of tendency equation):

Oy 8y Js s
or Of Jan O ferr H Jim
ary aony
\_v_l \_v_l
I I m
Oy a5
+ — +| = W
31? shalow 613 chem e
comm VI
‘—V—J ‘—v_.l
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+R +Q, +F

S T S Lo
v VI X

where ¥ s the grid box mean tracer mixing
ratio, term (I) representsthe 3-dresolvedtransport
term (advection by the mean wind), term (II) 15
the sub-grid scale diffusion in the PBL, terms
(III) and (IV) are the sub-gnd transport by deep
and shallow convection, respectively. The term
(V) accounts for the gas-phase chemistry. Term
(VI) 15 the wet removal, term (VII) refers to the
dry deposition applied to gases and aerosols
particles, (VIII) 15 the source term that includes
the plume rise mechanism associated with the
vegetations fires (Freitas et al, 2006, 2007) and,
finally, (IX) is the source term associated to
anthropogenic and biogenmic processes relevant
for this forecast. Figure 1 illustrates the man
sub-grid scale processes involved in the trace
gaslaerosol transport, emission, deposition and
photochemistry and simulated by this modeling
system. Additionally, CCATT-BREANS includes
a radiation scheme that takes into account the
interaction between aerosol particles and short
andlong wave radiation. A consistent description
of the smoke and its interaction with short- and
long-wave radiation make this model reliable
for atmospheric feedback studies of the smoke
aerosols (Longo et al., 2006)
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Model top CATT-BRAMS 3D Eulerian model grid box
20-30 km
o . .
hemist ‘:H-‘ convective tmup:-f
mass '( ) &
inflow plume rise L. convective transport

18 5|

in_the PBL 1)

Az ~ 100
1000 m

by shallow cumulus

), dry
d ldepom tion

Ax ~ 10-100 km

Figure 1- Several sub-grid processes involved in gases/aerosols trarspord, emission, deposition and photochemisty

and simulated by CCATT-BRAMS system.

Emission defined  for
anthropogenic, biegenic and biomass burning
as prescribed by RETRO (www.retro.enes.org),
GEIA-POET (www geiacenterorg) and 3BEM
mnventories, respectively The global scale
anthropogenic emissions database RETEO and
EDGAFEF has beenupdated and extrapolated using
South American local inventories (Sao Paulo
and Rio de Janeiro States, Santiago, Buenos
Aires, Bogota and others cities available, Alonso
et al., 2009). The mobile source emissions of

sources are

carbon monoxide and nitrogen oxides, available
in inventories, are correlated with some socio-
economic data and extrapolated to other cities 1n
Brazil For higher resolutions, the emissions are
distributed on the model gridusing a geometrical
algorithm that determines the limits of an urban
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area through land cover information from sensor
AVHRE/MNOAA (Glebal Land Cover Facility
glef umiacs.umd edu/data/landcover) and obtain
a convex pelygon to distmbute the emissions.
The figure 2 shows an example of the updated
inventory, 1n a 3 km grid covering the Zouth
America and and Southeastern region of Brazil.

The Brazilian Biomass Burning Emissions
Model (3BEM) is based on near real-time
remote sensing fire products to determine fire
emissions and plume rise charactenistics (Freitas
et al., 2007, Longo et al., 2007). Fire emissions
are updated on near real time and are spatially
and temporally distnbuted according to the fire
counts locations obtained by remote sensing
(mainly from the sensors AVHRER, MODIS and
GOES-12).
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Figure 2 - Carbon Monoxide (C0) from the updated urban emission inventory (kg {C0m’s) with emphasis on distribution
of emissions on 5 km grid covering the South Amenica and the Southeas tern region of Brazi.

The operational system follows the scheme
depicted 1n Figure 3. The fires observed by
remote sensing on the previous day and the tracers
concentration of the last run provide the source
emisston and the mnitial condition for the tracers.
The CPTEC (Center for Weather Prediction
and Climate Studies-Brazil) atmospheric and
MOCAGE chemistry global analysis and forecast
provide theinitial and boundary conditions for the
regional atmospheric model and chemistry fields

using 4DDA technique. The model configuration
has 2 gnds. The coarse gnd has a honzontal
resolution of 60 km covering the Zouth and
Central American continents Thenested gridhas
a 30 km honzontal resolution and covers mostly
South America The vertical resolution for both
grids is between 100 to 850 m, with the top of
the model at 21 km. Each time integration 15 96
hours (with of 72 hours forecast).

Operational Weather and Air Quality Forecast at CPTEC/INPE

3 RAMS
MOCAGE 25x25 -um
chemistry forecast (inclodes now
chemical fields)
CCATTBRANS |% | CCATT-BRAMS
previous run Initial and be weather/chemistry
CPTEC1x1 S fence
weather analysis || [ meteoralagical 24 h analysis + Data available on daily
and forecasts Fields 72h ok basis at
~, S e bitpedlrisambicnie.op e inge.be
Real time for South America
INPE e roduct | Emission | oo Kamlntian
m— — FENE for Latin America
biogenic
emissions Figure 3 - Chart describing the fools, models and data flux fo
:m = 1 . - =
i“mim,:"wﬂ prodice the opertional air qualily feracast af the CPTEC/ANPE
moisture, SST, (http://meioambiente.cple.inpe.br).
NDVI J
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3. INTERESTING CASES

An example of performance of this operational
system 15 showed at Figure 4 On Apnl 2008,
farmers of Argentina produced thousands of fires
which generated an enormous smoke plume (see
Figure4B MODISvisibleimage on 17/04/2008),
which strongly affect Buenos Aires air quality and
visibility (see Figure 4 C). The Figure 4 A shows
the real time forecast (initialized on 0O0UTC
16/04/2008) valid for 03UTC 17/04/2008 of the
smoke plume invading the metropolitanean area
of Buenos Airea This example demonstrates the
system dexterousness on simulating the smoke
emisstons and forecast smoke aerosol and trace
gases muxing rates distribution.

We also briefly discuss a more recent case
occurred on  04/10/2009. October typically
marks the transition from dry to wet season in
South America, but stll many fire spots were
observed. From this figure, one can see fires all
over the arc of deforestation, and also fires inside
the Amazon basin, mainly on the edge of the
main local roads and the Amazon River (Figure

5). Emission rates up to 10% kg [CO] m? 5! are
estimated, mainly over dense forest areas. The
left side of Figure 6 shows the emission rates of
CO at ~6.7 ki height {(upper panel) and ~9.3 km
(bottom panel) above local surface This elevated
smoke emission is associated to its initial strong
buoyancy provided by the fire heat flux during
the flaming phase The wvertical level of the
injection mass 15 determined by the plume nise
model embedded in each column of the CCATT-
BEAMS model (Freitas et al,, 2006). On the
right side of Figure 6, appears the forecast for
NOz (ppbv) mixing ratio at level ~6.7 km and
on 22 UTC 04/10/2009. This NOx was emutted
by the fires in the northern and northeastern parts
of Brazil. The impact on air quality as well in
the mid-troposphere chemistry 15 demonstrated
in Figure 7, where the upper panels show CO
and O3 mixing ratios (ppbv) near surface level

The strongest signals for both trace gases shown
are related with bicmass burning emissions

The relatively smaller CO and O, plume that
appears around latitude 23 5 and longitude 46
W, near surface level, 15 assoctated to Sao Paulo
metropolitan area urban pollution

Buenos Aire

A Near surface CO (ppby)

A
1
I
|
|
|
I

o

. Buenos Aires ™=

Figure 4 -(4) Real time forecasi of carbon monoxide over South America (valid for 03 UTC 17,04/2008) using CCATT-BRAMS at CPTEC/
INPE (hitp.//meipambiente.cplec.inpe.br). (B) MODIS visible image for 17,04,/2008. (C) Photograph of Buenos Aires on 17042008 (picture

taken by Natacha Pisarenko /AP via Bloomberg News)
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Hondn 00 de Cartono

Figure & - On the left side, elevated pyrogenic C 0 emissions estimaled by using real ime remote sensing fire products and a 100 plume rise
madeal. On the nght side, forecastaf NOx mixing ratio at level ~ 6.7 km above local surface and on 21UTC 04/10/2000.
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Biomass burning emussions typically increases  1s transported northwestward and southeastward
ozone mizing ratios from 10 ppbvbackground values by trade winds This transport indicates strong
to up 70 ppbv. At the mean troposphere (~67 km  implications of biomass burning emissions to the
above surface, bottom panels), the smoke plume nise  atmosphenc chemistry composition both in regional
myected huge amount of CO and O, precursors. Air and global scales.
masses ozone ennched, with mazimum of 75 ppbv,

carbon monoxide (ppbv
2200 UTC 04/10,/2009 height= 50 m

ozone E)ppbv)
2200 UTC 04/10/2009 height= 50 m

75 100 125 150 200 )0 400 500 700 15 2 0 40 45 5 0

corbon monoxide (ppbv)
2200 UTC 04/10/2009 height= 6.7 km

ozone Bppb-u)
2200 UTC 04/10/2009 height= 6.7 km

T

Figure 7 - Upper panels: real fime forecast of carbon monoxide (left) and ozone (right) mixing rafio (ppbv) on surface level for 2200 UTC
04/10,2000. Botton panals: the same butat the mean troposphere {~ 6.7 km above local surface).
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4. CONCLUSIONS

We describe the new weather and air quality
forecast system at CPTEC/INPE based on the
CCATT-BRAMS system. CCATT-BRAMS is
a new model version developed at IINPE that
includes state-or-the-art gas phase chemistry as
well as chemical mechanisms, emissions and
boundary condition pre-processor numercal
tools.

The new operational forecast started on
2009 at CPTEC/INPE, providing daily chemical
weather forecasting information ower South
Amernica at <wwwmeioambientel cptecinpe.
br> The system performance is under evaluation,
but so far it have demonstrated to be a powerful
tool 1n understanding the synoptic contrels on
the biomass burning and urban plumes transport
and has presented good prediction skills.

Current work focus on a new complete
aerosol module to mnclude emission, transport
and transformation of urban, soil dust, volcanic
and sea salt aerosols, as well as its impacts on
atmosphenic dynamics and ar quality. These
additional features then will be implemented at
the INPE forecast system on 2010
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