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Abstract. In this study, we model the evolution of biomass burning aerosols and investigate its optical properties.
Our model is driven by assimilated meteorology from the NCEP/NCAR reanalyses and constrained with
measurements collected during the Southern African Aerosol Regional Science Initiative campaign (SAFARI 2000).
To model the smoke aerosols properly, detailed simulations were conducted to determine the effects of various
aerosol transport processes (smoke injection height and diurnal cycle) and aerosol microphysical processes
(coagulation and evolving aerosol size distributions). Modeled smoke aerosol optical thickness, aerosol extinction,
and angstrom exponent were compared to satellite, aircraft and ground-based observations made over central and
southern Africa. The modeled aerosol distributions were found to be sensitive to injection heights greater than 3 km,
and the aerosol optical properties were found to be sensitive to the treatment of coagulation and the evolution of a
particle size distribution. The transport of smoke was found to be insensitive to the implementation of a diurnal
cycle on emissions. In addition, the model aerosol optical properties were comparable to observations at locations
and times where smoke plumes were present. However, our model under-estimated or over-estimated the optical
properties by up to a factor of two. Air mass back-trajectories at various locations were also conducted to compare
with our model results. The trajectories suggest that it is possible for the smoke aerosols to be present at the
locations where our model is identifying smoke plumes, but also that other aerosol species are likely to contribute to
the observed aerosol optical properties. These results will be useful in future applications relating to the transport
and evolution of smoke aerosols from biomass burning fires.

Introduction

Biomass burning has a large regional and
global impact on the distribution of trace
gases and aerosols in the atmosphere [Crutzen
and Andreae, 1990; Hobbs et al.,, 1997;
Scholes et al., 1996; Hao et al., 1990]. The
aerosols that come from both natural and
anthropogenic burning of vegetation have a
significant impact on the carbon cycling in
ecosystems, air quality, and the atmospheric
chemistry and radiation budget. It is believed
that a significant source of aerosols and trace
gases is produced from the burning of natural
vegetation in central and southern Africa
[Hao et al., 1990; Andreae, 1991]. Studies
have shown that the savannas of Africa
experience the most extensive biomass
burning in the world, thereby being the largest
source of aerosol black carbon (BC) [Dwyer
et al., 1998; Holben et al., 2001].

Biomass burning impacts our air quality
by degrading the visibility. Smoke aerosols
have been observed to degrade visibility both
locally and regionally. Studies have observed
smoke plumes being transported far distances
away from smoke sources [Posfai et al., 2003,
Colarco et al., 2004]. Figure 1 is a satellite
image of smoke aerosols being transported
across southern Africa and over the Indian
Ocean on September 4, 2000 [SeaWiFS
Project, NASA/Goddard Space Flight Center,
and ORBIMAGE].

Biomass burning also impacts the
atmospheric chemistry and radiation budget.
These fires produce large amounts of aerosol
and trace gas species (CO and NOy) that are
important  precursors to  photochemical
production of tropospheric ozone [Goode et
al., 2000]. In addition, studies have estimated
that the global mean surface forcing due to
smoke aerosols to be -0.2 Wm™ with an
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uncertainty as large as a factor of 3 and a
‘very low’ level of scientific understanding
(Figure 2) [IPCC, 2001]. In order to reduce
this uncertainty, more research on the
transport, evolution and radiative effects of
the biomass aerosols needs to be completed.

Project Description

In this study, we simulated the transport
and evolution of biomass burning plumes
using a three-dimensional transport model and
compared the model optical properties to in
situ and remote sensing observations. In
order to model the smoke aerosols properly,
detailed simulations were conducted to
determine (1) how the transport of smoke
aerosols was sensitive to aerosol emissions
and (2) how the model optical properties were
sensitive to the evolution of a particle size
distribution.  Four sensitivity tests were
conducted to test the model’s sensitivity to
aerosol emissions and evolving a particle size
distribution.

Sensitivity Test #1: This test investigates the
altitude at which the smoke aerosols are being
injected into the atmosphere. Observations
show that aerosols produced from fires are
being injected into the atmosphere at various
altitudes [Colarco et al., 2004; Schmid et al.,
2003; Haywood et al., 2003; McGill et al.,
2003]. Here the observations show smoke
aerosols being emitted from the surface to 5
km above ground level (AGL). The injection
height of aerosol emissions from biomass
burning are assumed to be associated with a
lift due to the release of thermal heat in the
fires, which is mainly dependent on the type
of vegetation being burned and combustion
type (smoldering or flaming) [Stock et al.
1996; Andreae and Merlet et al., 2001].

Four cases were conducted for this test,
each case using different methods of emitting
aerosols into the model. Figure 3 shows a
schematic of the four cases and where the
aerosols were emitted into the model for each
case. In one case, aerosol emissions were
evenly distributed between 1 km and 4 km. In

another case, the aerosol emissions were
evenly distributed from the planetary
boundary layer height (PBLH) to the layer
above. In the third case, the aerosol
emissions were evenly distributed from the
surface to the PBLH. And in the final case,
the aerosol emissions were only emitted at the
surface of the model. These conditions were
based on spaceborne, airborne and ground-
based observations and the altitude of the
PBLH was based on the measurements from
MATCH and assimilated meteorology from
NCEP/NCAR reanalyses.

Sensitivity Test #2: This test investigated a
diurnal cycle on emissions. A study by Eck et
al., 2003 observed a significant average
diurnal trend over six sites in Zambia with a
minimum AOTse at 0900 UTC and
maximum at 1500 UTC. This diurnal cycle in
aerosol loading is possibly caused by a
diurnal cycle in the number of biomass
burning fires and their intensity. Higher air
temperatures, lower relative humidity, and
higher wind speeds at midday and afternoon
may result in more intense and faster moving
fires at those times of the day. In addition,
agricultural practices take advantage of these
favorable conditions and start more fires in
the late morning.

Two cases were conducted for this test.
In one case, aerosol emissions were evenly
distributed over a 12-hour period in the model
(between the ‘06’ hour to the ‘18 hour time-
steps). In the second case, the aerosol
emissions were consistently distributed over a
24-hour period in the model. The time
periods at which aerosol were emitted in the
model are in agreement with observations by
Eck et al. [2003].

Sensitivity Test #3: This test observes the
effects of coagulation on the model optical
properties. Coagulation is the merging of
aerosols into a single, larger aerosol thereby
decreasing the number of aerosols but not
changing the volume concentration. The size
of the aerosol is important when calculating
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its optical properties because different size
particles scatter different amounts of
radiation.

Two cases were conducted for this test.
In one case, the aerosols were allowed to
coagulate (i.e. coagulation process was turned
‘on’). And in the other case, the aerosols
were not allowed to coagulate (i.e.
coagulation process was turned ‘off”). In the
model, the aerosols coagulated via Brownian
coagulation.

Sensitivity Test #4: This test observes the
effects of employing a ‘fresh’ smoke particle
size distribution. A ‘fresh’ smoke particle size
distribution is a distribution that s
representative of smoke aerosols that are less
than a few minutes old [Haywood et al.,
2003]. Two cases were conducted for this
test, each case using a different initial particle
size distribution. In one case, the model was
initialized with a fresh particle size
distribution measured by a PCASP instrument
over Otavi, Namibia, Africa on September 13,
2000 [Haywood et al., 2003]. In the other
case, the model was initialized with a fresh
particle size distribution retrieved by an
AERONET instrument over Ndola, Zambia,
Africa on September 16, 2000. Figure 4
shows the two particle size distributions.

All of the sensitivity test simulations
were initialized with a ‘base case’ and ran for
a duration of two months. The base case had
no transformation processes active (i.e. no
coagulation), aerosol emissions were emitted
between the surface and PBLH, only smoke
aerosols were transported throughout the
model (i.e. no dust or sea salt aerosols), and
the model transported a ‘fresh’ particle size
distribution observed by a PCASP instrument
over Otavi, Namibia, Africa on September 13,
2000 [Haywood et al, 2003].

Optical Property Calculations

Aerosol optical thickness (AOT), aerosol
extinction, and the angstrom exponent (o)
were calculated using Mie Theory and
assuming a refractive index representative of

fresh smoke aerosols (RI = 1.54 — 0.018i)
[Haywood et al., 2003]. AOT 1is the
attenuation of radiant energy through a
column of air (Equation 1). Aerosol
extinction is the attenuation of radiant energy
through a specific layer within a column of air
(Equation 2). And, a is the slope of the AOT
versus the difference in a wavelength pair
(Equation 3). The angstrom exponent is
commonly used to characterize the
wavelength dependence of AOT of a
particular wavelength pair and provides basic
information on the aerosol size distribution.
In general, a small value of o (a < 1,
relatively little dependence of AOT on
wavelength) is associated with large particles
(i.e. dust and sea salt particles) while larger
values of o are associated with small particles
(i.e. smoke particles).

Equation 1:

AOT=1= '[ J.msz(r, z)q,,drdz
0 0
where N is the size distribution (# cm™ pm™),
ex: 18 the extinction efficiency.

Equation 2:

Aerosol Extinction = I ImzN (r,2)q,,drdz
x 0
where N is the size distribution (# cm™ pm™),
gext 18 the extinction efficiency.
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Equation 3: o= -

where A; and A, area pair of measurement
wavelengths 1, and 1, are the AOT values
measured at those wavelengths.

Comparison to Datasets

The model optical properties were
compared to satellite, aircraft and ground-
based observations made over central and
southern Africa. For this study, the model
results were only compared at two locations
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in southern Africa; Etosha Pan, Namibia,
Africa and Inhaca, Mozambique, Africa
(Figure 5). These locations were selected
based on their proximity to aerosol emissions.
My interest was to compare a location with
fresh smoke aerosols or a location near an
aerosol source (Inhaca) to a location with
aged smoke aerosols (i.e. aerosols that were
more than an hour old) or a location far from
an aerosol source (Etosha Pan).

Spaceborne Measurements:
Total Ozone Mapping Spectrometer (EP-
TOMS)

EP-TOMS is onboard the Earth Probe
satellite and makes radiation measurements at
two near-UV channels to calculate aerosol
optical depth and single scattering albedo
[Torres et al., 1998]. The retrieval technique
applied to the EP-TOMS data makes use of
two advantages of near-UV remote sensing
not available in the visible or near IR; the low
reflectivity of all land surface types and the
high sensitivity to aerosol types that absorb in
the UV, allowing clear separation between
carbonaceous and mineral aerosols (smoke
aerosols) from purely scattering aerosols
(sulfates and sea salt aecrosols). A drawback
in using EP-TOMS data is that it cannot
observe aerosols below 2 km.

Moderate Resolution Imaging Spectro-
radiometer (MODIS)

MODIS is onboard the Earth Observing
System’s (EOS) Terra satellite and makes
retrievals at seven spectral bands to calculate
aerosol optical thickness over the ocean and

land [Kaufman et al., 1997]. The
disadvantage of MODIS 1is that it has
problems making retrievals over bright

surfaces; thus retrievals cannot be made over
deserts and snow.

Along Track Scanning Radiometer (ATSR)

ATSR is onboard the European ERS-2
satellite, which was launched in April 1995,
and provides daily global maps showing
locations of hot spots [Arino et al., 1995].

ATSR has four visible and infrared channels
centered at 550 nm, 670 nm, 870 nm and
1600 nm and three thermal infrared channels
centered at 3700 nm, 11000 nm and 12000
nm. The spatial resolution is approximately 1
x 1 km? at nadir. The swath of 512 km allows
a revisiting period of 3 days at the equator and
the satellite cycle is 35 days. The ATSR has a
conical scanning mechanism that produces
two views of each region; a forward view
(zenith angle approximately 55 degrees) and
about two minutes later a nadir view.

Airborne Measurements:
NASA Ames Airborne Tracking 14-
Channel Sun Photometer (AATS-14)

The AATS-14 measures the
transmission of the direct solar beam in 14
spectral channels (354 nm to 1557 nm)
[Schmid et al. 2003]. During the SAFARI
2000 campaign, measurements were made
over seven locations in southern Africa.

Ground-Based Measurements:
Aerosol Robotic Network (AERONET)
AERONET is a globally dispersed
network of automatic ground-based Sun/sky
scanning radiometers from which aerosol
optical thickness, cloud water vapor, aerosol
particle size distributions and aerosol single-
scattering albedo are retrieved [Holben et al.,
1998]. Seventeen  southern  Africa
AERONET sites were operational during the
SAFARI 2000 campaign (Figure 5).

Back Air Mass Trajectories

Kinematic back trajectories were run
with the NASA/GSFC trajectory model
[Schoebel and Sparling, 1995]. NCEP/NCAR
reanalyses were used to drive the calculations
[Kalnay et al., 1996]. For this study, several
back trajectories were performed in order to
identify where and at what altitudes the
aerosols were coming from during September
2000. The back trajectories went back five
days and were initialized at six altitudes (1
km, 3 km, 5 km, 7 km, 9 km, 11 km) over
various locations in southern Africa.
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Model Description

A three-dimensional aerosol and
microphysical transport model was used to
simulate the transport and evolution of smoke
aerosols from biomass burning fires. The
Community Aerosol and Radiation Model for
Atmospheres (CARMA) has been developed
at NASA Ames Research Center and the
University of Colorado.  The three-
dimensional implementation of this model is
documented in Toon et al. [1998]. The
current version of the model uses a bin
representation of the aerosol particle size
distribution and is capable of treating multiple
aerosol types simultaneously so that mixtures
and multi-component aerosols can be
included. The model also includes all basic
microphysical processes affecting aerosols

and clouds. These processes include
nucleation, condensational growth and
evaporation,  coagulation, sedimentation,

advection by winds, dry deposition, wet
removal, and surface fluxes for constituent
input. Transport and aerosol growth are
solved using a numerically accurate, highly
non-diffusive piecewise polynomial algorithm
following Lin and Rood [1996]. In addition,
this model can simulate any date that is
available in the global wind archives and can
expand or contract its grid to encompass any
location on the Earth. CARMA is driven by
meteorological fields derived from the NCAR
Model for Atmospheric Transport and
Chemistry (MATCH) [Rasch et al., 1997].
MATCH is an offline version of the NCAR
Community Climate Model (CCM), driven by
NCEP/NCAR reanalyses assimilated
meteorology and contains the same basic
physics parameterizations that are included in
CCM version 3. MATCH is a global model
that is run at the resolution of the input
meteorology (typically 1.875° x 1.875° in the
horizontal and 28 levels in the vertical for the
NCEP/NCAR reanalyses). CARMA runs on
the same 1.875° x 1.875° grid as MATCH. A

30-day spin-up time is needed in order to
input enough aerosols into the model.

This model has been previously applied
to three-dimensional simulations of the
transport and evolution of carbonaceous
aerosols produced by biomass burning,
mineral dust, and sea salt aerosols. The
simulated aerosol results are documented in
Westphal and Toon [1991a,b] and Colarco et
al. [2002, 2003a,b, 2004].

To constrain our model, we used various
observations and measurements obtained
from the Southern African Regional Science
Initiative (SAFARI 2000) [Swap et al.; 2003].
SAFARI 2000 investigated the emissions,
transport, transformation and deposition of
trace gases and aerosols during the dry and
wet seasons over southern Africa during
1999-2000. Figure 6 shows the distributions
of fires observed by ATSR during the month
of September 2000 over central and southern
Africa. The majority of the fires observed
during the SAFARI 2000 campaign was of
anthropogenic origin and were prescribed in
the early part of the dry season as a land
management tool. The burning of wetter soils
at the beginning of the dry season produced
lower fire intensities, which resulted in less
vegetation consumed and damage to the soil.
Pastorlists burned extensively in the early dry
season for rapid nutrient release prior to the
new growing season by farmers and to
stimulate regrowth of palatable grasses for
their cattle. Early burning was also used in
national parks as a preventative measure
against late dry season fires, which tended to
have higher intensities and be presumably be
more destructive. Fires were also used to
maintain the competitive balance between
trees and grasses. The vegetation cover over
most of central and southern Africa included
evergreen forests, arid/moist woodlands,
savannas and wooded grasslands (Figure 6)
[Scholes et al., 1996]. The aerosols produced
from these fires were carbonaceous-based
particles and total average carbon emitted per
year from these fires ranged from 205 to 785
Tg yr' (Table 1) [Scholes et al, 1996;
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Barbosa et al.,, 1999; VanderWerf et al,
2003]. SPOT-Vegetation observations
estimated mean burned area of 7.83 km?’
maximum burned area of 1458 kmz, and total
burned area of 95,962 km” over Africa during
the SAFARI 2000 campaign [Hely et al.,
2003].

Model emissions were interpolated from
the Global Fire Emissions Database (GFED)
[Van Der Werf et al., 2003]. This database
provides 1° x 1° gridded mean monthly
carbon emissions from January 1997 to
December 2002. These emissions are
constructed by relating TRMM-VIRS hot spot
data to MODIS burned area product. In order
to convert the carbon emissions to aerosol
emissions, which are needed for the model,
we assumed an emission factor of 5.4 g PM; s
/ kg of Dry Mass, which is representative of
savanna and grassland vegetation and
assumed that 45% of the dry mass burned was
carbon [Andreae and Merlet, 2001]. Figure 5
shows the interpolated aerosol emissions that
were evenly distributed in the model over the
month of September 2000.

Results
Model results:
Sensitivity Test # 1:

Figure 7 shows the monthly mean vertical
profile of aerosol mass concentrations at
various altitudes for each case during the
month of September 2000. These results
show that the vertical transport of aerosols is
only sensitive to when the aerosols are
emitting between 1 km and 4 km at a location
is near an emission source (left figure).
However, at a location far from an emission
source (Etosha Pan), the transport of aerosols
is insensitive to the altitudes at which the
aerosols are emitted (right figure).

Sensitivity Test #2:

Figure 8 shows the daily mean AOT at
500 nm (AOTsgg) for the month of September
2000 over Inhaca (left figure) and Etosha Pan
(right figure). These results show that the
transport of aerosols in our model is

insensitive to the implementation of a diurnal
cycle on emissions.

Sensitivity Test #3:

Figure 9 shows the daily mean
normalized volume aerosol size distribution
on the first and last day of the simulation over
Inhaca. Here the results show that
coagulation changes the volume aerosol size
distribution by producing higher
concentrations of larger aerosols.

Figure 10 shows the daily mean AOTsg
for the month of September 2000 over Inhaca
(left figure) and Etosha Pan (right figure).
These results show that the simulated aerosol
optical properties are sensitive to coagulation.

Sensitivity Test #4:

Figure 11 shows the daily mean AOTsg
for the month of September 2000 over Inhaca
(left figure) and Etosha Pan (right figure).
Here results show that the initialization with
various size distributions does not affect the
simulated aerosol optical properties.

Model Results Compared to Datasets:
Comparison to EP-TOMS:

Figure 12 shows the modeled monthly
mean AOTsso over Africa for September
2000. Here, the model was initialized a fresh
smoke aerosol size distribution observed by a
PCASP measurement over Otavi, Namibia,
Africa on September 13, 2000, aerosols were
emitted from the surface to PBLH, and the
aerosols were allowed to coagulate. Figure
13 shows the monthly mean EP-TOMS
aerosol index at 360 nm for September 2000.
Even though EP-TOMS figure is not
presenting AOT, its results can be compared
to the model results because the aerosol index
is proportional to AOT when the aerosols are
highly absorbing and at high altitudes.
Several back air mass trajectories conducted
over Etosha Pan and Inhaca suggest that
smoke aerosols were being transported at high
altitudes during the month of September;
thereby allowing the EP-TOMS aerosol index
to be proportional to the model AOTssg. The
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comparison of Figure 12 to Figure 13 shows
that both the model and EP-TOMS are
observing the same smoke plume signature
over southern Africa and over the Atlantic
Ocean.

Comparison to MODIS:

Figure 14 shows MODIS monthly mean
AQOTssp over Africa for September 2000. The
modeled AOTsso (Figure 12) is comparable to
MODIS (Figure 14) where both results
identify the same smoke plume signature over
central and southern Africa and over the
eastern Atlantic Ocean. However, the model
results are under-estimating the aerosol
optical thickness by up to a factor of 2. This
may be due to the aerosol retrievals made by
MODIS. Here the MODIS retrievals are
measuring all aerosol particles (i.e. smoke,
dust and sea salt aerosols) whereas the model
is only modeling smoke aerosols.

Comparison to AATS-14:

Figure 15 shows the vertical profile of
aerosol extinction at various altitudes for
September 16, 2000 over Etosha Pan. The
model results are only comparable to the
AATS-14 measurement at altitudes below 2
km. Both results show an aerosol layer
between the surface and 2 km. However, the
model result is not identifying the aerosol
layer above 2 km that is being observed by
the AATS-14 measurement. The model may
not be identifying the elevated aerosol layer
because it may be a cloud. However back air
mass trajectories performed on September 16,
2000 over Etosha Pan suggest that the
elevated layer is an elevated aerosol layer
since air masses between 2 km and 4 km
originated over locations with smoke sources
(Figure 16).

Comparison to AERONET:

Figures 8, 10 and 11 show AERONET
and modeled daily mean AOTsy from
Sensitivity Test #2, Sensitivity Test #3, and
Sensitivity Test #4, respectively. The
modeled AOTsy are comparable to

AERONET AOTsy at locations and times
where smoke plumes were present. However,
the model over-estimates or under-estimates
the AOTs by up to a factor of two.

In order to understand the aerosol size
distributions, daily mean angstrom exponents
were computed at three wavelength pairs (440
nm/870 nm, 380 nm/500 nm, and 500 nm/870
nm) using the results from Sensitivity Test #3
and compared to daily mean AERONET
angstrom exponents on the 13 and 22 of
September 2000 at Etosha Pan (Table 2). The
estimated angstrom exponents are much
greater than 1, which suggests that the
measurements from the 13 and 22 of
September 2000 over Etosha Pan were
dominated by small particles. Back air mass
trajectories suggest that the small smoke
particles were representative of smoke
aerosols since the air masses originated over
locations with smoke sources (Figures 17 and
18).

These calculations also show that when
coagulation was active, the angstrom
exponents were similar to AERONET.
However, when coagulation was not active,
the angstrom exponent was much higher
compared to AERONET. Thus, it is
important for the aerosols to coagulate in
order for the model results to be comparable
to AERONET measurements. The modeled
angstrom exponents from the coagulation case
were however slightly higher than AERONET
suggesting that our initial aerosol size
distribution contains too many small particles.

Summary

Simulations show that the transport of
aerosols in our model are sensitive to aerosol
emissions being injected between 1 km and 4
km but insensitive to when the aerosols are
emitted during the day. Simulations also
show that the modeled aerosol optical
properties are sensitive to the coagulation of
aerosols but insensitive to the initial aerosol
size distribution.  Here, coagulation was
found to create higher concentrations of larger
aerosols after a two-month simulation.
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Modeled optical properties were
comparable to other datasets at locations and
times where smoke plumes were present. The
modeled monthly mean AOTssg identified the
same smoke signature over central and
southern Africa as compared to MODIS
monthly mean AOTssy and EP-TOMS aerosol
index. The modeled daily mean AOTsyy were
also similar to AERONET daily mean
AOTsy. However, the model results were
over-estimating or under-estimating AOT by
up to a factor of 2. In addition, the modeled
daily mean vertical profiles were comparable
to the AATS-14 measurements at altitudes
below 2 km. Both results identify an aerosol
layer below 2 km. However, the model is
missing the aerosol layer above 2 km. The
AERONET angstrom exponent suggests that
we are emitting too many small aerosols into
our model since the modeled angstrom
exponents are slightly larger than the
AERONET measurements. Lastly, back air
mass trajectories suggest that it is possible for
the smoke aerosols to be present at the
locations where our model is identifying
smoke plumes, but also that other aerosol
species are likely to contribute to the observed
aerosol optical properties.

Future Work

In order to explain the over-estimated and
under-estimated optical properties, I plan to
run two more sensitivity tests. One sensitivity
test would include running the model with a
different aerosol emissions dataset. For this
test, I would like to run the model with a
carbon emission dataset prepared by Korontzi
et al. [in press]. Here the carbon emissions
are estimated by using the most recent version
of Global Burned Area product (GBA-2000),
released in December 2002, MODIS percent
tree cover to distinguish between ecosystems
(i.e. grassland vs. savanna), and TRMM
active fire data. In another sensitivity test, I
would like to correlate the carbon emissions
to the MODIS fire count product. Currently,
the emissions are being evenly distributed
over the month; however in using the MODIS

fire count product, I would like to only emit
aerosols on days when MODIS is identifying
a fire. Lastly, I would like to compare the
modeled optical properties to MODIS daily
AQTss for fine particles.
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Figures

Figure 1. Central African biomass burning smoke and haze exiting off the east coast on
September 4, 2000. The red arrow represents the direction of transport of the smoke and haze.
Provided by the SeaWiFS Project, NASA/Goddard Space Flight Center, and ORBIMAGE.
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Figure 2. Anthropogenic and natural forcing of the climate for the year 2000.
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Figure 3. Shows where the aerosols were emitted into the model for each case in Sensitivity
Test #1.
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Figure 4. Initial aerosol size distributions used in Sensitivity Test #4. Aerosol size distributions
were obtained from PCASP measurements (black line) and AERONET retrievals over Otavi,
Namibia, Africa and Ndola, Zambia, Africa (red line), respectively.
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Monthly Aerosol Emissions
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Figure 5. Monthly mean aerosol emissions over central and southern Africa during September
2000. Asterisks identify AERONET sites.

Total ATSR Fire Counts
September 2000

Evergreen Forests

Moist Woodlands, Savannas,
and Wooded Grasslands
- Arid Woodlands, Savannas,
and Wooded Grasslands

Arid Shrublands

N

Number of Fires

N | | ]

1 5 10 15 20 25

Figure 6. ATSR fire counts for the month of September 2000. Vegetation types for central and
southern Africa are superimposed over the figure. Asterisks represent AERONET sites.
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Figure 7. Modeled monthly mean vertical mass concentrations over Inhaca (Left) and Etosha
Pan (Right) for September 2000 from Sensitivity Test #1.
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Figure 8. Modeled (solid line) and AERONET (asterisks connected by dashed line) daily mean
AQTs for the month of September 2000 over Inhaca (Left) and Etosha Pan (Right) from
Sensitivity Test #2.
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Figure 9. Daily mean volume size distributions over Inhaca on August 1, 2000 (dashed lines)
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Figure 10. Modeled (solid lines) and AERONET (asterisks connected by dashed line) daily
mean AOTsg for the month of September 2000 over Inhaca (Left) and Etosha Pan (Right) from
Sensitivity Test #3.
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Figure 11. Modeled (solid lines) and AERONET (asterisks connected by dashed line) daily
mean AOTsg for the month of September 2000 over Inhaca (Left) and Etosha Pan (Right) from

Sensitivity Test #4.
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Figure 12. Modeled monthly mean AOTss( for the month of September 2000. The model was
initialized using the conditions from Sensitivity Test #3. Asterisks identify AERONET sites.
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Figure 13. EP-TOMS monthly mean aerosol index at 360 nm. Asterisks identify AERONET
locations.
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Figure 14. MODIS monthly mean AOTss, for the September 2000. Asterisks identify
AERONET sites.
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Figure 15. Modeled (solid lines) and AATS-14 (dashed line) daily mean extinction over Etosha
Pan on September 16, 2000 from Sensitivity Test #1.
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Etosha Pan Fires, 2_000091612éNMC 2.5x2.5 winds)
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Figure 16. Back air mass trajectory starting at Etosha Pan on September 16, 2000 and going
back 5 days at 1 km, 3 km, 5 km, 7 km, 9 km, and 11 km altitudes. The top panel is a top-down
view of the air masses and the lower panel is a vertical view of the air masses.
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Etosha Pan Fires, 2_000091312éNMC 2.5x2.5 winds)
Backward Trajectories +/- 1° of Site
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Figure 17. Back air mass trajectory starting at Etosha Pan on September 13, 2000 and going
back 5 days at 1 km, 3 km, 5 km, 7 km, 9 km, and 11 km altitudes. The top panel is a top-down
view of the air masses and the lower panel is a vertical view of the air masses.
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Figure 18. Back air mass trajectory starting at Etosha Pan on September 22, 2000 and going
back 5 days at 1 km, 3 km, 5 km, 7 km, 9 km, and 11 km altitudes. The top panel is a top-down
view of the air masses and the lower panel is a vertical view of the air masses.
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Wavelength Dependence of Optical Depth
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Figure 19. AERONET daily mean angstrom exponent pairs (asterisks connected by dashed line)
and AOTsg (black, dashed line) over Etosha Pan for the month of September 2000.
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Table 1. Estimated Biomass Emissions (Tg yr').

Southern Africa

Savanna/Grassland

Total C
CO,
CcO
TPM
PM, 5
oC

BC
NOy
SO,

5168 (205-785%7)
97°

59

0.28-1.178"

0.3°

0.063-0.27"
0.007-0.017"
0.059-0.17"

ND

(480-3690'447)
(5096

(206"

(16.1%

(26.2%

(10.6%

(1.5%

(12.2%

(1.1%

*Estimates in parentheses represent emissions not obtained during SAFARI 2000 campaign.

'Seiler & Crutzen [1980]

Hao et al. [1990]

3Crutzen & Andreae [1990]

*Andreae [1991]

°Hao and Liu [1994]
%Scholes et al.[1996]
"Barbosa et al.[1999]
$VanderWerf et al.[2003]

°Hely et al.[2003]

%K orontzi et al.[in press|

Table 2. Calculated angstrom exponent pairs from Sensitivity Test #3 and AERONET over
Etosha Pan on the 13 and 22 of September 2000.

Etosha Pan 0L440/870 0l380/500 0l500/870
Sept. 13,2000

No Coagulation 2.35 1.92 2.52
Coagulation 1.89 1.42 2.03
AERONET 1.77 1.46 1.83
Sept. 22,2000

No Coagulation 2.35 1.92 2.52
Coagulation 1.90 1.42 2.05
AERONET 1.70 1.61 1.76
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