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[11 The regional climate model RegCM3 was used to simulate the direct and semidirect
radiative effects of biomass burning and dust aerosol over southern Africa during the austral
winter season. Simulated aerosols were found to induce changes in the regional surface
fluxes and atmospheric dynamics. Clear-sky surface radiative forcing decreased by up to
—60 W/m? in the main biomass burning region, resulting in decreased surface turbulent
fluxes and PBL height as well as reduced surface temperatures. The positive temperature
bias over the western half of the subcontinent was thus reduced. Radiative absorption by
biomass burning aerosols resulted in diabatic warming of the atmosphere, peaking near
700 hPa at a rate of up to 1°C/d. Simulated surface cooling and heating at altitude stabilized
the lower troposphere below 700 hPa. Above 700 hPa, stability was reduced in the equatorial
region between 5°N and 5°S through an elevated heat pump mechanism, enhancing deep
convection and precipitation. The southern branch of the African Easterly Jet was enhanced
and shifted southward, likely as a result of the changes in the surface temperature gradient
induced by both the reduction in solar radiation reaching the surface and through
precipitation-induced surface cooling in the equatorial region. Daily-scale aerosol outflow
events to the southwest Indian Ocean were also investigated, these events occurring with the
passage of a westerly wave. It was found that the aerosol loading enhanced baroclinicity
along the leading edge of the frontal system, thus intensifying and narrowing the band of

precipitation in this zone.

Citation: Tummon, F., F. Solmon, C. Liousse, and M. Tadross (2010), Simulation of the direct and semidirect aerosol effects
on the southern Africa regional climate during the biomass burning season, J. Geophys. Res., 115, D19206,

doi:10.1029/2009JD013738.

1. Introduction

[2] Approximately 80% of all global biomass burning oc-
curs in the tropical regions [Keil and Haywood, 2003], with
approximately 440 million hectares of land exposed to fire
annually [Scholes and Andeae, 2000]. Some of the most
extensive burning occurs on the African continent, where an
estimated one third of total global pyrogenic emissions are
produced [Alleaume et al., 2005]. Biomass burning activity in
southern Africa progresses from north to south during the dry,
austral winter, beginning in June, peaking in July and August
and then decreasing in intensity until late October when the
season comes to an end [Cahoon et al., 1992; Maenhaut et al.,
1996; Liousse et al., 1996; Swap et al., 1996]. Although
domestic fuel is widely used for heating and cooking pur-
poses, particularly in winter, the largest source of biomass
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burning material in southern Africa is savanna vegetation
[Swap et al., 2002, 2003]. As a result of highly seasonal
rainfall, fuel accumulated during the wet season becomes dry
and prone to burning during the dry season. Added to this, is
the fact that the regional savanna vegetation is generally not
very palatable; therefore, grazing is reduced, further con-
tributing to the accumulation of biomass [Scholes and
Andeae, 2000]. Biomass burning is carried out largely as
part of regional agricultural practices [Maenhaut et al., 1996;
Eck et al., 2003] and between 70% and 90% of all fires are
believed to be of anthropogenic origin [Helas and Pienaar,
1996].

[3] Biomass burning alters regional aerosol and trace gas
composition [Crutzen et al., 1979; Seiler and Crutzen, 1980;
Crutzen and Andreae, 1990; Andreae and Merlet, 2001], and
impacts atmospheric chemistry, radiative balance and bio-
geochemical cycles [e.g., Liousse et al., 1996; Garstang
et al., 1998; Dubovik et al., 2000; Tyson and Gatebe, 2001;
Kaufman et al., 2002; Takemura et al., 2002]. Aerosols from
vegetation fires consist predominantly of fine organic parti-
cles in combination with various other products, most nota-
bly, black carbon [Kaufman et al., 2002; Posfai et al., 2003].
The percentage of black carbon emitted depends on the
burning efficiency of the fire, with flaming fires producing a
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higher percentage of black carbon than smoldering fires
[Kaufiman et al., 2002; Posfai et al., 2003]. Also, as smoke
particles age, progressively more black carbon particles
become aggregated with organic and sulfate particles [Posfai
et al., 2003], potentially further enhancing the absorption
efficiency of the black carbon (since the scattering coating
may act as a lens, focusing more sunlight onto the dark core)
[Bergstrom et al., 1982; Martins et al., 1998; Kaufiman et al.,
2002; Mikhailov et al., 2006; Bond et al., 2006]. Estimating
the absorption of solar radiation by biomass burning aerosols,
particularly by black carbon, is vital in order to quantify their
climatic impact. It has been estimated that in terms of global
direct radiative forcing, the impact of black carbon alone
exceeds that due to methane and may be second only to
CO, [Jacobson, 2001; Hansen et al., 1981]. Regionally, this
forcing may be even larger.

[4] A number of field campaigns have been carried out
characterizing the southern Africa regional aerosol burden,
including the Southern Africa Fire-Atmosphere Research
Initiative (SAFARI-92) [Lindesay et al., 1996], the Southern
Africa Atmosphere Research Initiative (SA’ARI) [Helas
et al., 1995], the Ben MacDhui High-Altitude Trace Gas
and Aerosol Transport Experiment (BHATTEX) [Piketh
et al., 1999a], Aerosol Recirculation and Rainfall Experi-
ment (ARREX) [Terblanche et al., 2000], and the Southern
African Fire Research Initiative (SAFARI-2000) [Swap
et al., 2003], as well as continuous ground-based observa-
tions through the AERONET [Holben et al., 1998] and IDAF
(http://medias.obs-mip.fr/Idaf/) networks.

[5] Results from these experimental campaigns and
numerous other studies have shown that very stable atmo-
spheric conditions prevail over southern Africa during the dry
austral winter, which coincides with the main biomass
burning season. Biomass burning products contribute sig-
nificantly to the aerosol loading between 10°S and 20°S,
where the highest fire counts are observed [Piketh et al.,
1999b]. As a result of the remarkable atmospheric stability,
there is little cloud or rainfall over much of the region and
absolutely stable layers form, persisting for up to 3 weeks at a
time [Tyson et al., 1996; Scholes and Andeae, 2000]. The
general anticyclonic nature of atmospheric circulation over
the region, which results in the formation of these stable
layers, means that recirculation of aerosols and trace gases
takes place to a significant extent, on local, regional, and
subcontinental scales [Torres et al., 2002]. On average over
the year, up to 54% of air is recirculated at least once before
exiting from the continent to either the Indian or Atlantic
Ocean [Tyson et al., 1996], and as a result, acrosol residence
times over southern Africa are considerably longer than in
other regions [Freiman and Piketh, 2003; Liousse et al.,
2004]. Long aerosol atmospheric residence times have
implications for climate, particularly since well-aged biomass
burning particles are more radiatively important [Hobbs et al.,
2003]. Studies using observations from the SAFARI-2000
campaign estimated surface radiative forcing of between —50
and —200 W/m? [e.g., Campbell et al., 2003; Bergstrom et al.,
2003]. It has been suggested that the recirculating aerosol flux
over southern Africa likely has a significant impact on
regional climate, possibly causing surface cooling that may
counteract projected surface warming [Tyson et al., 1996],
as well as potentially increasing atmospheric stability and
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inducing changes in circulation and precipitation patterns. To
date, few modeling studies have investigated the regional
climatic impacts of the aerosol burden over southern Africa.
Those that have been carried out have used either global
climate or aerosol models (with some focus on southern
Africa) or radiative transfer models [e.g., Myhre et al.,
2003; Abel et al., 2005; Myhre et al., 2008].

[6] In order to attempt to quantify the regional climatic
impacts of direct and semidirect aerosol radiative effects over
southern Africa the International Centre for Theoretical
Physics (ICTP) regional climate model RegCM3 is used in
combination with a high temporal and spatial resolution
biomass burning emissions inventory developed at the
Laboratoire d’Aérologie, Toulouse, France [Liousse et al.,
2010]. The model, simulation design and emissions inven-
tories used are described in section 2, while section 3 de-
scribes model validation. Section 4 evaluates and discusses
the simulated regional aerosol-climate impacts as well as
results from the two sensitivity tests carried out (one using the
GFEDV2 emissions inventory [Van der Werfet al., 2006] and
a second using an adjustment to the sea surface temperature to
account for aerosol feedback over the oceans). Lastly, some
conclusions are given in section 5.

2. Model Description and Experiment Design

2.1.

[7] The dynamical core of RegCM3 is derived from the
U. S. National Center for Atmospheric Research (NCAR)/
Penn State University mesoscale model 5 (MMY5) [Grell
et al., 1994] and is designed specifically for climate time-
scale simulations. It is a hydrostatic, sigma vertical coordi-
nate, grid point-limited model with compressibility. The
Biosphere-Atmosphere Transfer Scheme (BATS) [Dickinson
et al., 1993] is used to represent surface processes, while
boundary layer physics are based on the nonlocal scheme
of Holtslag et al. [1990]. Resolvable scale precipitation is
explicitly calculated using the simplified moisture scheme of
Giorgi and Shields [1999], updated by Pal et al. [2007]. The
Grell scheme [Grell, 1993] with Fritsch-Chappell Closure
[Fritsch and Chappell, 1980] is used to represent convective
precipitation in our simulations. This convection scheme
has been used in other RegCM3 studies over Africa [e.g.,
Afiesimama et al., 2006; Sylla et al., 2009] and results from
sensitivity tests using the domain considered in this study
suggested this convection scheme simulated precipitation
most accurately (not shown).

[8] The aerosol direct radiative forcing is calculated using
the NCAR Community Climate Model (CCM3) radiative
package [Kiehl et al., 1996], in which three aerosol optical
properties are specified: extinction coefficient, single scat-
tering albedo, and asymmetry parameters. These optical
parameters are dependent on aerosol physical parameters,
solar wavelength, and the environmental relative humidity,
variables calculated by the model [Sol/mon et al., 2006, 2008].
Only the direct and semidirect aerosol radiative effects are
calculated, since there is no aerosol-microphysics coupling
in the current version of RegCM3. This is, however, not
an unrealistic assumption for southern Africa during the
dry season, since Swap et al. [2003] suggested that relative
humidity and precipitation are so low in the austral winter

Model Description
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that the indirect effects are essentially of little consequence,
and the subcontinent is influenced by aerosols largely through
direct radiative forcing only.

[9] Both black carbon (BC) and organic carbon (OC) are
assumed to be primary aerosols, directly emitted into the
atmosphere in hydrophobic and hydrophilic forms. Aging
from the hydrophobic to the hydrophilic form occurs at a
pseudo-first-order rate of 7.1 x 10®s™! [Cooke and Wilson,
1996]. Both hydrophobic and hydrophilic forms of BC and
OC are vertically mixed by convective clouds using the same
vertical weighting factor as sulfate following Tan et al.
[2002]. Wet deposition of the hydrophilic species occurs
via large-scale and convective precipitation [Giorgi and
Chameides, 1986]. Dry deposition velocities for the hydro-
philic components are assumed to be 0.2 cm s~' over water
and 0.025 m s~ land, while for the hydrophobic form it is
assumed to be 0.025 m s~ ' over all surfaces [Huang et al.,
2007]. Wavelength-dependent optical properties are pre-
scribed for both BC and OC and external mixing is assumed
for both species. A more detailed description of this simple
aerosol scheme can be found in the works of So/mon et al.
[2006] and Huang et al. [2007].

[10] RegCM3 also contains an online dust scheme which
calculates emission, transport, and deposition of four particle
size bins [Zakey et al., 2006]. The emissions scheme is based
on the works of Marticorena and Bergametti [1995] and
Alfaro and Gomes [2001]. The only major dust emission
sources in the region include small point sources along the
west coast of Namibia in the Namib Desert [Eckardt and
Kuring, 2005], the Makgadigkadi Pan in Botswana, and
Etosha Pan in northern Namibia [Goudie and Wells, 1995].
Nevertheless, dust sources have been included in all simu-
lations in order to more accurately characterize the regional
natural atmospheric aerosol burden.

2.2. Experiment Design

[11] The model domain covers all of southern Africa and
adjacent oceanic areas from 18°N to 43°S and from 10°W to
59°E; however, only the region southward of 5°N is dis-
cussed. A horizontal grid point spacing of 60 km is used, and
the model includes 18 vertical levels extending to 25 mb.
Although a resolution of 60 km is fairly coarse (RCMs can
presently run down to ~10 km resolution), the purpose of this
study is to provide a first-degree quantitative estimate of the
aerosol radiative impacts over the region during the main
biomass burning season. To this extent, a large domain size,
as well as several years of simulation, was decided best to
accomplish these goals.

[12] A 6 year period from 1 January 2001 to 31 December
2006 is analyzed (simulations were started from 1 April 2000,
but the first 9 months were considered spin-up period).
NCEP-DOE-II Reanalysis data [Kanamitsu et al., 2002] are
used for initial and boundary conditions, while NOAA
OISST weekly averages [Reynolds et al., 2002] are used as
sea surface temperature (SST) forcing. It is important to note
at this point that, since RegCM3 is an atmosphere-only
model, in standard configuration there is no aerosol radia-
tive feedback on SSTs and surface fluxes over the ocean
(however, simulations to test sensitivity to an instantaneous
SST feedback were carried out to explore this further, see
section 4.4).
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[13] Inflow/outflow boundary conditions are used; thus, no
aerosol is advected into the domain from outside, but aerosol
can freely advect out when they reach the domain boundaries
and flow is outward. These assumptions neglect the contri-
bution of external sources to the regional aerosol budget;
however, since we are concerned mainly with the impact
of southern African biomass burning aerosol, the impact of
aerosol from other regions, can for the purposes of this study,
be ignored. Also, winds generally tend to blow out of the
domain region, northward along the western coast, thus
aerosol from West Africa, the only other significant aerosol
source near the domain boundaries, is not likely to be circu-
lated into the domain during the austral winter season.

[14] Model simulated aerosol radiative effects are evalu-
ated using two four-member ensembles. The first set of
simulations (CTRL) include aerosols but take no account of
their radiative interactions, while the second set of simula-
tions (AERO) uses the same initial and boundary forcings and
includes the aerosol radiative forcing. The four members
of each ensemble were initiated from consecutive days, 1—
4 April 2000. A study by Giorgi and Bi [2000] investigating
the internal model variability of RegCM3 found that there
was little sensitivity to the magnitude or source of the per-
turbation. They tested and compared the difference between
simulations carried out with continuous perturbation of the
lateral boundary conditions and simulations where only the
initial conditions were perturbed and found no significant
difference in model error between the two experiments. It was
thus considered that starting simulations on consecutive days
(effectively varying initial conditions only) was sufficient to
initiate internal model variability.

[15] In order to estimate the random internal model error,
the variability between averaged surface shortwave (SW)
forcing for the region where aerosol optical depth (AOD) >
0.3 was calculated. This was found to vary between 0.25 W/m>
within the CTRL ensemble and 1.81 W/m? within the AERO
ensemble, values which are significantly lower than the
difference between ensembles (40.39 W/m?). Our analysis
focuses on the comparison of these two ensembles in order
to isolate the direct and semidirect aerosol radiative forcing
on the southern African climate, with particular emphasis
on the austral winter season from June to September, when
biomass burning peaks in the region.

[16] Since RegCM3 is an atmosphere-only model, the sea
surface temperatures (SSTs) are prescribed and there is no
aerosol feedback on the SSTs. In order to test the model
sensitivity to this factor, a third ensemble of four simulations
was carried out using a relatively simple adjustment of SST
according to aerosol optical depth (AOD; cf. section 4.4).

2.3. Emission Sources

[17] A high spatial and temporal resolution emission
database for BC and OC is used to describe the regional
carbonaceous aerosol source. This inventory was constructed
using the SPOT-vegetation L3JRC burnt area product
[Tansey et al., 2008], has a spatial resolution of 0.5° x 0.5°,
covers the period 2000-2007, and is able to capture the
daily and interannual variability of emissions [Liousse et al.,
2010]. It has particularly been used in the context of the
AMMA project. Following Cooke et al. [1999], 80% of BC
is assumed to be emitted in the hydrophobic form, while
50% of OC is assumed to be hydrophobic upon release. In

3 of 20



D19206

TUMMON ET AL.: SOUTHERN AFRICAN BIOMASS BURNING

D19206

(b)

Figure 1. JJAS temperature bias for (a) the control simulation (CTRL) and (b) the aerosol experiment

(AERO) compared to the CRU observations (in °C).

terms of dust emissions, four bin sizes are used (0.01-1.00
pm, 1.00-2.50 pm, 2.50-5.00 pm, 5.00-20.00 pm).

[18] A single simulation using the GFEDV2 [Van der Werf
et al., 2006] biomass burning emissions inventory was also
run for the same period, with the same model parameters.
This inventory has been widely used in the literature [e.g.,
Myhre et al., 2008; Meyer et al., 2008; Gloudemans et al.,
2006; Jain, 2007], and this sensitivity test was carried out
in order to compare and explore the differences in simulated
climatic impacts as a result of uncertainty in emissions
inventories (which is currently estimated to be up to a factor
of 2) [Korontzi et al., 2004]. The GFEDv2 data set consists
of global, monthly average BC and OC emissions at 0.5°
resolution for the period 1997-2005, calculated based on
burned area data from the TRMM-VIRS and ATSR (prior to
2001) and MODIS (post 2001) satellite products [Van der
Werf et al., 2006]. Since GFEDv2 emissions don’t exist for
the final year of simulation (2006), data for 2005 were sub-
stituted for this year.

3. Model Validation and Sensitivity Tests

[19] In order to have confidence in the simulated estimates
of direct aerosol radiative forcing, it is essential that the
model simulates the basic state of the atmosphere and aerosol
properties accurately. The following sections discuss vali-
dation of the model compared to various observational data
sets.

3.1.

[20] Model surface air temperature is compared to the CRU
observational data set, developed by the Climate Research
Unit at the University of East Anglia [Mitchell et al., 2004].
This data set consists of monthly average surface air tem-
perature over land, gridded at 0.5° x 0.5° resolution and
covers the period 1900-2002. Since the simulated period
extends from 2001 to 2006, it is only possible to compare the
initial two years of model output (2001-2002). Relatively
few observations are available for certain regions of southern

Surface Air Temperature

Africa, most notably Angola and the Democratic Republic
of Congo, and the CRU monthly mean temperature is only
expected to be accurate to within approximately 1°C [Jacob
et al., 2007], with the data set tending toward the clima-
tology particularly in areas where observations are sparse
[Mitchell et al., 2004].

[21] For the austral winter season, June to September
(JJAS), the model appears to simulate surface temperature
relatively well. The control (CTRL) ensemble average bias is
shown in Figure la. It is clear there is a tendency to overes-
timate temperature over the western half of southern Africa,
west of approximately 30°E, while east of this meridian,
temperature tends to be underestimated by a similar mag-
nitude (approximately 1-3°C). Temperature bias may be a
result of one or a combination of a number of factors,
including cloud cover, precipitation, surface properties (such
as surface albedo), energy fluxes, and temperature advection
[e.g., Christensen et al., 1997; Giorgi et al., 1998; Tadross
et al., 2006]. However, since different factors may play dif-
ferent roles in each region, it is difficult to unambiguously
determine the cause of the temperature bias.

[22] The inclusion of the aerosol forcing decreases the
simulated temperature bias significantly (Figure 1b), with a
large decrease in the positive bias over the western half of
southern Africa and only a slight increase of the cold bias over
the eastern half of the region. The significance of these results
will be discussed further in section 4. It is important to note
that typical values of RCM seasonal surface temperature bias
range within +2°C [e.g., Giorgi et al., 1998; Hudson and
Jones, 2002; Tadross et al., 2006]; thus, our simulation
biases fall well within the range of results from other state-of-
the-art regional models.

3.2. Precipitation and Circulation

[23] The accurate representation of precipitation is of vital
importance, particularly for the wet deposition of aerosols.
Simulated precipitation is compared to two data sets: the
enhanced CPC Merged Analysis of Precipitation (CMAP)
data set [Xie and Arkin, 1997] as well as the TRMM 3B43
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Figure 2. JJAS precipitation climatology (in mm/d), for (a) CMAP, (b) TRMM with NCEP-II 700 hPa
winds, (c) RegCM3 with 700 hPa winds, and (d) JJAS precipitation bias (RegCM3-TRMM).

data set [Adler et al., 2000], both of which cover the entire
period of simulation, 2001-2006. The enhanced CMAP data
set is constructed using precipitation estimates from five
satellites (GPI, OPI, SSM/I scattering, SSM/I emission, and
MSU), which are then blended with values from the NCEP/
NCAR Reanalysis data set, and has a resolution of 1° x 1°.
The TRMM 3B43 product is constructed using a combination
of TRMM satellite-retrievals adjusted with data from two
other ground-based sources (the global gridded rain gauge
data from CAMS, produced by the Climate Prediction Center,
and the global rain gauge product produced by the Global
Precipitation Climatology Center (GPCC)). TRMM data are
at 0.25° x 0.25° resolution extending from 50°N to 50°S
(covering the entire model domain).

[24] JJAS precipitation is well simulated over most of the
southern African domain. Compared to both the CMAP
(Figure 2a) and TRMM (Figure 2b) observations, both the
magnitude and spatial distribution of simulated precipitation
(Figure 2c¢) is very consistent. The model bias compared to
TRMM is shown in Figure 2d. The largest region of over-
estimated precipitation occurs over the northwest Indian
Ocean, off the coast of Kenya and Somalia, where precipi-
tation is overestimated by up to 3 mm/d. A similar positive
bias was found by Davis et al. [2009] in a study of the East

African region, also using RegCM3. It is likely that the model
does not accurately simulate the strong dynamics of this
monsoonal region. However, since this region does not
strongly influence the climate of more southern regions, nor is
there a high aerosol load over this area, the precipitation
overestimate is likely of little consequence to the aerosol-
climate interactions over the subcontinent during the austral
winter season.

[25] Perhaps of more importance is the small region of
positive bias just southeast of the South African Drakensberg
mountain range (situated near ~30°S, 30°E). The complex
topography of this small region (up to 3000 m) likely results
in the overestimation of orographic rainfall in this area.
This feature is common to regional models [e.g., Christensen
et al., 1997; Joubert and Kohler, 1996; Afiesimama et al.,
2006] and is possibly a result of the choice of convective
scheme. Since this area lies directly in one of the main exit
pathways of aerosol-laden air from the subcontinent [7yson
et al., 1996], the overestimation of precipitation may possi-
bly result in an overestimation of wet aerosol deposition in
this region. Compared to TRMM, simulated precipitation is
also overestimated by up to 4 mm/d over parts of the equa-
torial region (between 10°E—15°E and 20°E-35°E), again
possibly resulting in an overestimation of wet deposition in
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this region. Simultaneously, precipitation is underestimated
by a similar magnitude over the equatorial oceanic region
between 0—-5°N and 0—10°E. Again, these biases are likely the
result of the choice of convective scheme, which is particu-
larly sensitive in the equatorial regions.

[26] Since the first absolutely stable layer over much of the
interior of the subcontinent preferentially forms at approxi-
mately 700 hPa [Tyson et al., 1996] and the moisture flux
is maximum at this level [Freiman and Tyson, 2000], the
NCEP-II and CTRL ensemble JJAS average 700 hPa winds
are also included in Figures 2b and 2c, respectively. Overall,
the simulated winds show a similar pattern to the NCEP-II
reanalysis, both in terms of magnitude and direction. The
main features of anticyclonic circulation over the subconti-
nent south of 10°S are well captured, as is the region of
easterly outflow to the Atlantic Ocean between 5°S and 15°S.
Likewise, the strong north westerlies and continental outflow
from 20°S-35°S, part of the anticyclonic flow system, are
also well simulated, as are the strong westerlies between 30°S
and 40°S. The monsoonal flux over the Indian Ocean east
of Tanzania (5°S—10°S, 30°E—40°E) exhibits slightly too
strong an onshore mean flow, while the cross-equatorial
winds between 5°S and 5°N also have too much of a northerly
component. These features again suggest that the model has
difficulty in simulating the monsoon dynamics of this region.

3.3. Aerosol Optical Properties

3.3.1. Aerosol Optical Depth

[27] Simulated aerosol optical depth (AOD) is compared to
the two southern African AERONET sites [Holben et al.,
1998] for which long-term AOD measurements are avail-
able. Figures 3a and 3b show the monthly average model
simulated AOD, as well as observations from AERONET
[Holben et al., 1998] and the MODIS [Remer et al., 2005] and
MISR [Diner et al., 1998] satellite products, for Mongu,
Zambia (15.5°S, 23.1°E) and for Skukuza, South Africa
(25.0°S, 31.6°E), respectively.

[28] The magnitude of AOD is relatively well simulated at
both AERONET sites, with the model capturing the seasonal
and interannual variability of AOD quite adequately. Two
main issues are, however, apparent at both sites. First, the
model simulated AOD clearly peaks 1-2 months prior to both
the ground-based AERONET and satellite observations from
MODIS and MISR. At Mongu, a site situated near the main
biomass burning source regions, observed AOD peaks in
September for most years from 2001 to 2006 (2003 is the
only exception with AOD peaking in October according to
AERONET, MODIS and MISR). RegCM3, however, con-
sistently shows peak AOD in August (with the exception
of 2002, when maximum AOD occurs in July). A similar
feature is evident at Skukuza, with the model AOD peaking in
either July or August, while the ground-based AERONET
and satellite observations generally suggest a later peak in
September or October. It is important to note that there is
more variability in the observed peak AOD at Skukuza than
at Mongu, with AERONET, MODIS, and MISR differing for
some years by 1 month.

[20] The second discrepancy between simulated and
observed AOD occurs outside of the main biomass burning
season (November to May), when modeled AOD is signifi-
cantly underestimated. This feature is particularly evident
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at Skukuza, where there is less intraseasonal variability
in observed AOD than at Mongu. This is largely related to
the fact that Skukuza is influenced by the main industrial
Highveld region in South Africa, a large source of aerosol
emissions that fluctuates little throughout the year [Piketh
et al., 1999a].

[30] Simulated aerosol optical depth (AOD) is also
compared to the MODIS-terra version 5 daily AOD product
[Remer et al., 2005] for the JJAS period. Figure 4 shows the
daily composite averages for 2001-2006 for each of the
four months from June through September, for MODIS (left
column), RegCM3 with AMMA emissions (middle column,
emissions contoured over), and the RegCM3-GFED sen-
sitivity test (right column, again with emissions contoured
over). The model AOD is screened using the satellite
observations, taking the average simulated AOD only for
the regions and days for which MODIS observations were
available. White areas indicate regions where MODIS daily
AQOD was not measured (either because of continuous cloud
cover or high surface albedo).

[31] The same two features are noticeable in Figure 4: again
the RegCM3 simulated AOD appears to peak too early in the
season, reaching a maximum in July rather than in August,
as the MODIS observations would suggest. And also, by
September, there is little significant AOD signal in the
simulations, while MODIS observations indicate that the
burning season continues well into September and high AOD
is maintained during this month, particularly over the Atlantic
Ocean. This feature is independent of the emissions inventory
used, with both the simulations using the AMMA inven-
tory (from here on the AERO experiment) and that using the
GFEDV2 inventory (the GFED experiment) showing the
same early AOD peak bias. Although the AERO and GFED
simulations show a similar spatial distribution of AOD, there
is a significant difference in the magnitude of simulated
AOD, with the GFED simulations significantly under-
estimating the magnitude of observed AOD throughout
the biomass burning season. This is a result of the lower
emissions (see contours, right column, Figure 4) from the
GFEDV2 inventory. Importantly, the timing of peak AOD is
also not improved in the GFED simulation, with AOD sim-
ilarly peaking in July, rather than in August, as the MODIS
observations suggest. Differences between the AERO, GFED
and CTRL simulations averaged over the oceanic region
between 3°N-25°S and 0°-15°E are shown in Table 1. These
results indicate that the lower aerosol loading in the GFED
simulation resulted in an aerosol-induced surface radiative
forcing of only approximately half of that of the AERO
simulation (12.83 W/m?, or 56.37% greater than the AERO
simulation). The lower surface radiative forcing resulted in
similarly lower 2m temperature, PBL height, and precipita-
tion anomalies. Although results in Table 1 are only averaged
over the main Atlantic Ocean outflow region, results for the
whole domain were similar in magnitude (not shown).

[32] The relatively large discrepancy in simulated AOD
between emissions inventories is likely due, at least in large
part, to the different methods used to construct each. The
usage of different satellite products, emissions factors and
vegetation maps may lead to significant differences in the
magnitude, and to a lesser degree, the spatial and temporal
location of emissions [Liousse et al., 2010]. A comparison
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Figure 3. Monthly average acrosol optical depth (AOD) at (a) Mongu, Zambia and (b) Skukuza, South
Africa for RegCM3 (aerosol experiment), AERONET, MODIS, and MISR from January 2001 to November

2006.
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Figure 4. Daily composite aerosol optical depth (AOD) for (a) June, (b) July, (c) August, and (d) September.
(left) MODIS, (middle) RegCM3 using AMMA emissions (AERO experiment), and (right) RegCM3 using
GFED emissions (GFED experiment). Biomass burning emissions are contoured over the RegCM3 AOD
fields (contours every 20 from 0 to 120 mg/mz/d) for both the middle (AMMA) and right (GFED) columns.

study of CO emissions over Africa [Barret et al., 2010]
showed a significantly better correlation between the Liousse
et al. (submitted manuscript, 2009) inventory and data from
the MOZAIC campaign, than the GFEDv2 inventory [Van
der Werf et al., 2006].

[33] Another feature evident in Figure 4 is that the simu-
lated AOD maximum over land is situated approximately
5° too far south in comparison to MODIS. Over the ocean,
where satellite observations are perhaps most accurate

[Chu et al., 2002; Remer et al., 2002], AOD fields appear
to agree better, at least in terms of spatial distribution, with
maximum AOD observed between 5°S and 15°S for both
RegCM3 and MODIS. It is again clear, however, that the
simulated AOD over the ocean reaches a maximum too early
in the season.

[34] The disparity between the observed and simulated
AOD fields is likely the result of a combination of factors.
First, there is large variability in the magnitude and temporal
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Table 1. Difference Between the Experiments and Control Ensemble Averaged Over the Atlantic Ocean Region (3°N-25°S, 0°-15°S)*

GFED

AERO SST

2m Temperature (°C)
PBL Height (m)
Precipitation (mm/d)
Surface RF (W/m?)°
TOA RF (W/m?)°

~0.07 (~0.36%)
—6.07 (~0.89%)
+0.08 (+20.08%)
+12.83 (+56.37%)
+1.44 (+41.05%)

~0.21 (~1.00%)
~33.59 (—4.92%) —43.71 (~6.40%)
+0.15 (+38.37%) +0.17 (+41.82%)
/ ~0.01 (~0.06%)
/ ~0.06 (-1.63%)

~0.40 (-1.91%)

*The following tests, GFEDv2 emissions (GFED), the sea surface temperature adjustment (SST), and the ensemble using AMMA emissions (AERO),
all were compared with the control (CTRL) ensemble mean (the percentage difference is shown in parentheses).
®The surface and top-of-atmosphere (TOA) radiative forcing (RF) are compared to the AERO ensemble rather than the CTRL.

distribution of biomass burning aerosol emissions between
different inventories [e.g., Korontzi et al., 2004]. These pro-
ducts are produced using different satellite products (either
burnt area and/or hot spot), different emission factors as
well as different land surface cover maps. The resulting
uncertainty very likely contributes a large part to the error in
the timing of simulated AOD field and possibly influences the
position of the simulated AOD, which is collocated with the
region of maximum emission during all months (see Figure 4,
middle and right columns).

[35] Second, the simulated low-level winds (surface to
850 hPa), important for aerosol transport from the source
regions, appear to be too weak between 5°N-15°S and 15°E-
30°E (not shown). The NCEP reanalysis suggests that on
average, southwesterly winds of up to 3 m/s prevail over the
continent in this region. RegCM3, however, simulates winds
that come rather from the west, and which are generally
weaker (~2 m/s) in this area. Northward aerosol transport is
thus likely underestimated in the model and may contribute to
the underestimation of AOD compared to the MODIS prod-
uct between 0° and 5°S. Dynamically, the tropical region is
difficult to simulate accurately and tracer transport is also
strongly influenced by convection. We cannot exclude model
deficiencies in horizontal and convective transport which can
affect the distribution of AOD. For example the vertical
aerosol transport, linked to convection, can be too weak, and
thus too little aerosol is transported into the middle tropo-
sphere and further northward in the model.

[36] Third, much of the main biomass burning region is
covered by savanna, a surface challenging to remote sensing
as a result of the discontinuous canopy structure and associ-
ated crown shadowing [Privette and Roy, 2005]. A study by
Hao et al. [2005], for example, indicated that MODIS AOD
measurements over Zambia were up to 40%—-50% lower in
cases of high AOD, compared to handheld sun photometers.
It was hypothesized that this underestimation was possibly a
result of the surface albedo and land surface properties used in
the retrieval algorithm, as well as the instrument look angle.
This error may at least partly account for the significant dif-
ference between observed and simulated AOD over the
savanna regions between 5°S and 15°S.

[37] Finally, the simulations carried out do not include
biogenic, industrial, or sea-salt aerosol, and thus, AOD is
likely to be underestimated, particularly outside of the bio-
mass burning season, when these other aerosol sources
dominate the regional atmospheric loading [Maenhaut et al.,
1996; Piketh et al., 1999a; Tyson and Gatebe, 2001]. This
is most likely why monthly average AOD outside of the
main biomass burning season is underestimated compared to
observations, as previously noted (see Figure 3).

3.3.2. Single Scattering Albedo

[38] The single scattering albedo (SSA) is a vital param-
eter determining the absorptive properties of the aerosol.
Numerous SSA observations of the regional aerosol have
been collected during the various field experiments in the
southern African region. Leahy et al. [2007] suggest, from
in situ and AERONET observations, that a value of 0.85 +
0.02 is representative for southern Africa during the biomass
burning season. Observations over the Atlantic Ocean, off the
coast of Namibia and Angola indicate higher values, with an
average of 0.93 % 0.06, likely because the aerosol measured
in this case was well aged and possibly mixed with sea salt
[Formenti et al., 2003]. Similarly, observations over Etosha,
Namibia, by Haywood et al. [2003] indicate values of 0.89 +
0.01. RegCM3 simulated bulk SSA values fall within the
range 0.83-0.95, well within the observed range over south-
ern Africa, and follow the pattern suggested by observations
(low SSA near biomass burning sources with young aerosol
and higher SSA for aged aerosol further from source regions;
not shown). The model thus appears capable of simulat-
ing realistic aerosol optical properties over southern Africa,
lending confidence to results of the radiative forcing calcu-
lations discussed in section 4.

[39] To date, very few regional climate modeling studies
considering the aerosol-climate interaction over southern
African have been carried out. Thus, although the temporal
and spatial distribution of simulated AOD could certainly
be improved, the model simulation of meteorological vari-
ables and aerosol properties is considered sufficient as a first
step toward estimating the potential impacts of the direct and
semidirect aerosol radiative effects on the southern African
climate.

4. Simulated Aerosol Impacts

[40] This section evaluates the direct and semidirect effects
of the simulated aerosol fields by comparing the average of
both AERO and CTRL ensembles for the JJAS period from
2001 to 2006. Results from the two sensitivity tests (GFED
and SST) are also discussed.

4.1.

[41] Clear-sky surface, top-of-atmosphere (TOA), and
atmospheric radiative forcing due to aerosols in the AERO
experiment are shown in Figures 5a, 5b, and 5c, respectively.
The surface radiative forcing is strongly negative and mirrors
the AOD field, with maximum surface radiative forcing up
to —60 W/m” occurring under the region of maximum AOD
(see contours on Figure 5¢). Simulated values compare well
with those obtained during the SAFARI-2000 campaign. For

Radiative Forcing
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Figure 5. JJAS average clear-sky (a) surface, (b) top-of-
atmosphere (TOA), and (c) atmospheric radiative forcing
attributable to aerosols (in W/m?).

example, Campbell et al. [2003] calculated a surface flux
forcing of —50 W/m® using lidar measurements over
Skukuza, in South Africa, during a smoke haze event in
September 2000. Similarly, Bergstrom et al. [2003] esti-
mated values ranging between —57 and —200 W/m? at Inhaca
Island, off the coast of Mozambique during a number of
high AOD events in August and September 2000. Using a
radiative transfer model in combination with GCM-simulated
and MODIS-observed aerosol fields, Abel et al. [2005] esti-
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mated that monthly average surface radiative forcing ranged
between —5.9 and —56.7 W/m? for September. Also using
RegCM3, Zhang et al. [2008] showed that an AOD of up
to 0.6 resulted in a negative surface forcing of greater than
—35 W/m? over the Amazon biomass burning region. Thus,
the surface radiative forcing simulated in this study appears to
fall well within the range of simulated and observed values
for the southern African region and for biomass burning
regions in general.

[42] The clear-sky surface radiative forcing (Figure 5a) is
negative over nearly the entire southern African subcontinent,
suggesting that despite biomass burning being mostly limited
to the savanna regions, the impacts of aerosol on the surface
radiative balance are observed throughout the region as a
result of the extensive recirculation and transport that occurs.
The two main exit pathways of aerosol-laden air, to the
Atlantic and Indian Oceans, are also clearly visible, the latter
having a weaker surface radiative signal, likely since the
model simulates less aerosol transport in the Indian Ocean
plume. It is also possible, however, that the surface radiative
forcing signal is weaker because of simulated wet and dry
deposition that occurs during transport from the main bio-
mass burning regions further north.

[43] The decreased surface radiative forcing results in
decreased surface temperatures, as exhibited by a decreased
positive temperature bias over much of the western half of
southern Africa (compare Figures la and 1b, as described
above). This is a direct result of aerosol absorption and
scattering decreasing incoming shortwave radiation reaching
the surface. Similar positive temperature biases have been
found in previous RCM studies over southern Africa, and it
was hypothesized that this was likely due to overestimated
incoming solar radiation at the surface [e.g., Tadross et al.,
2006]. Thus, the inclusion of the aerosol direct radiative
effect appears, at least in our case, to improve the simulation
of surface temperature, and likely most surface processes,
over much of southern Africa.

[44] The clear-sky TOA shortwave radiative forcing
indicates whether there is a cooling or warming of the
surface-troposphere system. It is strongly related to aerosol
and surface properties [Liao and Seinfeld, 1998], and thus,
over land regions the TOA signal varies to a large extent due
to the variable underlying vegetation types, as shown by the
spatial variability exhibited over land in Figure 5b. Where
absorbing aerosol are simulated over desert, semidesert, and
short grass-covered regions, where surface albedo is rela-
tively high, the planetary albedo is reduced, and the clear-
sky TOA forcing is positive, indicating an overall warming
radiative tendency of the surface-troposphere column. Such
a region is clearly evident in a narrow band along the west
coast from 10°S-25°S, where a high aerosol load over a
high albedo surface results in a positive TOA forcing of up to
4 W/m?. Over darker, lower albedo surfaces such as forest
(covering the region between 5°S and 5°N) and over the
adjacent oceans, the clear-sky TOA forcing is negative,
indicating an average radiative cooling tendency of the
surface-troposphere column. Negative clear-sky TOA
forcing is maximum over the Atlantic Ocean, where it reaches
up to —8 W/m?. It is important to note, that it is clear-sky
TOA radiative forcing that is considered in this case. In fact,
the presence of low-level stratocumulus clouds in the marine
boundary layer below an elevated aerosol layer likely results
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Figure 6. JJAS anomaly (aerosol-control experiment) (a) planetary boundary layer height (percentage
change) and (b) 700 hPa anomaly winds (wind intensity is indicated by the size of the arrows, while cool
(warm) colors indicate a decrease (increase) of the modulus of the wind).

in a positive whole-sky TOA forcing over much of this region
[Keil and Haywood, 2003; Magi et al., 2003; Schmid et al.,
2003; Abel et al., 2005]. A semipermanent stratocumulus
cloud sheet exists off the coast of Namibia and Angola and is
present for much of the biomass burning season [4bel et al.,
2005]. The aerosol loading therefore potentially has a sig-
nificant positive TOA forcing in this region, which cannot be
diagnosed by the clear-sky TOA forcing. Unfortunately, at
present, no diagnostic exists in RegCM3 to visualize the
simulated whole-sky TOA forcing due only to aerosols (i.c.,
excluding the radiative contribution due to clouds), so we are
unable to assess the model’s performance of this feature
compared to observations.

[45] Figure Sc shows the atmospheric radiative forcing
attributable to aerosols (i.c., the difference between the TOA
and surface forcing), where positive forcing indicates heating
of the atmosphere. It is clear that the highly absorbing bio-
mass burning aerosol result in considerable atmospheric
diabatic heating over much of southern Africa, particularly
over the main biomass burning region (up to 50 W/m?). The
distribution of atmospheric heating clearly mirrors both
the surface radiative forcing pattern (Figure 5a) as well as
the JJAS average AOD signal (contours Figure 5c). The
full implications of this heating are further discussed in
sections 4.3 and 4.4.

4.2. Surface Energy Balance

[46] The large negative surface radiative forcing decreases
energy available at the surface, partly shutting down surface
fluxes and modifying the surface energy budget over much of
southern Africa. The sensible heat (SH) flux decreases over
almost the entire subcontinent, and is maximum (decreases of
up to 50%) in the main biomass burning region (not shown).
In contrast, the latent heat (LH) flux change is more variable
(also not shown). A region of increased LH flux occurs near
the equator (between 5°N and 5°S). In the tropics, where
values of potential evaporation are high, changes in soil
moisture can have substantial impact on the latent heat flux
[Delworth and Manabe, 1989]. Since this region receives
more precipitation in the AERO simulation (see section 4.3

and Figure 9 below), the soil moisture increases and this
likely increases the LH flux. Over the rest of southern Africa
there is little change in LH flux due to the predominantly dry
conditions.

[47] As a result of the significant decrease in surface tur-
bulent fluxes over much of the subcontinent, the average
planetary boundary layer (PBL) height decreases. Figure 6a
shows the JJAS average percentage change in PBL height
due to aerosols, which clearly decreases over much of the
subcontinent. The decrease is largest, up to 30%, along the
west coast of the subcontinent between 0° and 15°S, while
decreases of approximately 15% occur over much of the main
biomass burning region. Small regions of increased PBL
height occur over the large East African lakes (Lakes Malawi,
Tanganyika and Victoria) as well as off the west coasts
of Madagascar, South Africa, and southern Namibia. The
regions of increased PBL height are likely linked to dynam-
ical feedbacks and precipitation anomalies, which are further
discussed in section 4.4.

[48] Figure 6b shows the change in sea level pressure (SLP)
due to aerosols. SLP decreases in a similar fashion to the PBL
height (compare Figures 6a and 6b), since the reduced surface
radiative forcing also results in decreased surface pressure.
The 1000 hPa anomaly winds are also shown in Figure 6b and
clearly show that surface convergence occurs in the main
biomass burning region (5°N-10°S, 10°E-30°E). Again, this
is the result of reduced surface fluxes and surface cooling in
this region. Anomalous cyclonic circulation is induced both
over the Atlantic Ocean (between ~10°S—25°S and 0°-10°E)
and over the Mozambican channel in the Indian Ocean
(between ~10°S—-30°S and 25°-50°E). These are the two
main aerosol outflow pathways and the relatively high AOD
in these regions result in lower surface pressures and anoma-
lous cyclonic motion at the surface.

4.3. Effect of the Aerosol Loading on Mean Regional
Dynamics

[49] Changes in the surface energy budget as well as
atmospheric diabatic heating induced by aerosols are likely to
change atmospheric stability, circulation patterns, as well as
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Figure 7. JJAS latitudinal profiles of (a) heating rate anomaly (aerosol-control experiment) in °C/d (ver-
tical profile, top) and surface radiative forcing in W/m? (bottom) and (b) (cloud liquid water path (CLWP)
anomaly (in mg/kg, vertical profile, top) and precipitation anomaly (bottom) averaged over 12°E-25°E.
Only points above the land surface are taken into account in the averages.

cloud and precipitation distribution [e.g., Dubovik et al.,
2000; Kaufman et al., 2002; Takemura et al., 2002; Lau
et al., 2006]. Figure 7a shows the meridional vertical cross
section of the aerosol-induced change (difference between
AERO-CTRL ensemble averages) in atmospheric SW heat-
ing as well as surface radiative forcing (inset below) averaged
over 12°E-25°E. This SW heating rate difference includes all
feedbacks (i.e., from clouds as well as from aerosol); how-
ever, the main signal appears to be largely due to aerosol
forcing since it is very much consistent with the distribution
of aerosol concentrations (not shown).

[50] Maximum aerosol-induced heating (up to 1°C/d) and
surface forcing (up to —48 W/m?) occurs over the main source
region, centered near 12°S. Two characteristic regions
emerge: one situated between the equator and approximately
12°S, where there is a vertical extension of aerosol diabatic

heating as a result of enhanced convective aerosol transport;
and a second region south of 12°S, where the aerosol layer is
clearly trapped below approximately 500 hPa and where
diabatic heating is largely confined below this level. The
simulated aerosol trapping in this region indicates that the
model appears to accurately simulate the 500 hPa absolutely
stable layer, which is a very important, semipermanent fea-
ture of the southern African atmosphere during the winter
season [Tyson et al., 1996].

[5s1] The simulated heating rate values appear to fall well
within (and perhaps even below) the range of observed values
over the southern African continent. For example, Keil and
Haywood [2003] calculated values of similar magnitude
(1.77°C/d) using a radiative transfer model and observations
of aerosol and cloud properties from SAFARI-2000, while
instantaneous heating rates of up to 4°C/d over Mongu, in
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Figure 8. JJAS longitudinal cloud liquid water path (CLWP) anomaly (aerosol-control experiment) (in
mg/kg, vertical profile, top) and precipitation anomaly (bottom), averaged over 0°S—15°S latitude. Only
points above the land surface are taken into account in the averages.

Zambia and 1.5°C/d over Inhaca Island, Mozambique were
measured by Pilewskie et al. [2003].

[s2] Figure 7b shows the meridional average vertical
circulation (again the difference between AERO-CTRL
ensemble means) cloud liquid water path (CLWP) and pre-
cipitation anomalies (inset below) averaged over the same
region (12°E-25°E). The distinction between the two regions
discussed above is even clearer. In the convective region,
north of approximately 8°S, CLWP significantly increases
throughout much of the atmosphere. This increase is associ-
ated with a clear increase in upward vertical velocity above
700 hPa and results in a positive precipitation anomaly. The
diabatic warming in the aerosol layer is sufficient to induce
initial uplift, which further amplifies deep convection. The
triggering of convection by aerosol is, however, only evident
in the tropical rain belt, where atmospheric conditions are
favorable to instability.

[s3] Figure 8 shows a zonal vertical cross-section of
CLWP, wind and precipitation anomalies (differences
AERO-CTRL ensemble averages), averaged over 5°N—10°S.
It clearly illustrates a Walker-like circulation branch induced
by the aerosol load and convection anomaly, similar to the
“elevated heat pump” effect described by Lau et al. [2006,
2009]. In the lower troposphere, below 700 hPa, subsidence is
enhanced as a result of the strong surface radiative cooling
and decrease in surface fluxes that occurs in the main biomass
burning region. Similar results were found by Sol/mon et al.
[2008] for dust aerosol over West Africa, where aerosol-
induced surface cooling and flux reduction were similarly
observed. They found that this was generally a drying
mechanism if taken alone. In our case, however, the com-
peting heat pump effect, which increases convective precip-
itation, is dominant because of the strongly absorbing nature
of biomass burning aerosols compared to that of dust.

[54] In the northeastern part of the domain (Figure 8) small
negative CLWP and precipitation anomalies are observed.

This relative drying is associated with slight subsidence,
corresponding to the descending branch of the Walker-like
circulation anomaly (between 23°E and 49°E in Figure 8),
which is triggered by the atmospheric aerosol burden. A
decrease of the mean 700 hPa wind intensity is also observed
(Figure 6b, ~5°N-15°S, 35°E-50°E), which likely results in
decreased onshore moisture flux from the warm ocean, and
thus a reduction in CLWP in this region.

[s5] Over the ocean, between 2°E and 10°E (see Figure 8)
where SST’s are prescribed and the surface does not cool in
response to the aerosol forcing (in standard model configu-
ration), only aerosol diabatic heating occurs and uplift is
induced in the lower troposphere, increasing low-level
moisture in this region. The extent and intensity of induced
uplift is, however, vertically limited compared to over land, as
a result of the more stable nature of the atmosphere over this
part of the ocean [Tyson and Preston-Whyte, 2000]. It is
acknowledged that the present model setup does not account
for SST reduction as a result of the negative aerosol surface
radiative forcing.

4.4. Sensitivity to an Aerosol-Induced SST Adjustment

[s6] Current estimates of the impact of acrosol AOD on
SST are variable and depend on the oceanic region studied
[e.g., Evan, 2007; Lau and Kim, 2007; Foltz and McPhaden,
2008]. In order to investigate this aspect further, an ensemble
of simulations were run artificially decreasing SST as a
function of AOD (0.8°C/unit AOD). This value was estab-
lished from studies where mixed layer ocean models were
used to simulate the impact of decreased radiative fluxes on
SST in the dust Atlantic outflow [cf. Yoshioka et al., 2007,
Martinez Avellaneda, 2010; Evan, 2007]. These estimates
vary as a result of the mixed layer depth used, as well as to
some degree depending on the observations and or model
used; however, a value of 0.8°C/unit AOD seemed a rea-
sonable compromise for this sensitivity test.
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Figure 9. JJAS precipitation anomaly (aerosol-control
experiment) in mm/d.

[57] The simulated aerosol feedback on SSTs was found
to have only a small impact on the simulated continental
surface temperature, radiative feedbacks, and precipitation
signals compared to the original AERO ensemble. Differ-
ences between the AERO and SST and the CTRL ensemble
means (AERO-CTRL and SST-CTRL) averaged over the
region 3°N-25°S, 0°-15°E, where AOD is high over the
Atlantic Ocean, are shown in Table 1. Although 2m tem-
perature decreases are slightly greater in the SST ensemble
(which is as expected since the sea surface cools as a result
of the AOD) than for the AERO ensemble, this appears
to have little impact on simulated precipitation (SST
ensemble precipitation increasing by +0.17 mm/d compared
to +0.15 mm/d in the AERO ensemble). The dynamical
response induced by the ocean surface cooling and reduction
of oceanic surface fluxes leads locally to stabilization and
a possible reduction of moisture advection from the sea to
the continent. However, this anomaly does not appear, in
our case, to be large enough to out-compete those linked to
aerosol-induced changes in diabatic heating and increased
convection, which are largest over the continent. We
acknowledge again that a fully coupled mixed layer ocean-
atmosphere-aerosol model would be necessary to more
realistically simulate and explore the seasonal modification
of SST by the aerosols.

4.5. Aerosol Effects on the African Easterly Jet

[58] The enhancement of deep convection over land, as
discussed above, is associated with an enhancement of east-
erly circulation at approximately 700 hPa, as seen in the
anomaly circulation in Figure 8. Near 5°S, this 700 hPa
easterly circulation (shown in Figure 2) is associated with the
southerly branch of the African Easterly Jet (AEJ-S), which,
as documented by Nicholson and Grist [2003], is especially
active during August and September. The AEJ-S forms as a
result of the thermal and energy gradient between the tropical
and subtropical savanna regions further south and the active
phase of the AEJ-S is related to enhanced precipitation in the
convective belt [Nicholson and Grist, 2003]. A similar pat-
tern is shown in the anomaly induced by biomass burn-
ing aerosols in our case (see Figure 7b, near 5°S). It appears
that the regional aerosol loading during the biomass burning
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season (1) affects the surface temperature gradient through
reduced incident solar radiation and (2) increases instability
and induces precipitation over the southern edge of the rain
belt. This latter mechanism efficiently cools the surface in
the rain belt, thus strengthening and shifting the thermal
gradient maximum further south. The consequence of this is a
strengthening and southward shift of the AEJ-S as observed
in Figure 7b. A similar enhancement of the northerly branch
of the African Easterly Jet (AEJ-N) was also noted by Lau
et al. [2009] and Miller et al. [2010] during outbreaks of
Saharan dust over West Africa. The strengthening and shift of
the AEJ-N was also found to be associated with a northward
shift and increase in West African monsoonal precipitation
[Lau et al., 2009]. These patterns depend on the absorbing
nature of the aerosol, the more absorbing the aerosol, and the
more intense the feature [Solmon et al., 2008]. The high
concentrations of absorbing biomass burning aerosol in this
study render a pattern consistent with the effects induced by
absorbing aerosol over other regions [e.g., Lau et al., 2009;
Solmon et al., 2008]. Incidentally, the enhancement of the
AEIJ-S is likely to impact interhemispheric transport of bio-
mass burning products from the Southern Hemisphere, as
documented by Mari et al. [2008].

4.6. Effect of the Aerosol Loading on Regional
Precipitation

[s9] Figure 9 shows the JJAS average precipitation differ-
ence (AERO-CTRL). The increase in precipitation induced
by the elevated heat pump effect between 5°N and 5°S is
clear, as is the small decrease in precipitation over the
northwest Indian Ocean. The increase in precipitation in the
equatorial region is in the range of 10%—50% (compared to
the CTRL simulation) and improves the negative bias over
land observed between ~14°E and 20°E. The positive bias in
the rest of the equatorial region is, however, increased. The
decrease over the northwest Indian Ocean is of a similar
magnitude, also up to 50% compared to the CTRL ensemble
mean, but in this region the negative anomaly reduces the
positive bias observed in the CTRL (see Figure 2d). Over
the southern part of the domain, south of approximately 5°S
little change in precipitation is observed. This is not surpris-
ing as little or no precipitation occurs south of approximately
8°S during the austral winter season (see Figure 2). The
only exceptions are weak decreases in precipitation in nar-
row bands along the eastern coastal regions of South Africa
(between ~30°S-35°S and ~20°E—40°E), Madagascar
(~15°S-25°S, ~45°E-50°E), and Tanzania, Kenya, and
Somalia (~5°N-15°S, ~40°E-50°E). This tropospheric dry-
ing anomaly is likely associated with a positive surface
pressure anomaly over land and decreased onshore moisture
flux in the eastern part of the domain as described above, both
of which likely lead to the simulated decrease in precipitation.

[60] Despite a very low average precipitation signal in the
southern part of the domain, it was noted that much stronger
precipitation signals over the southwest of the domain
(between ~25°S-35°S and 25°E—40°E) were associated with
days where aerosol-laden air exited the subcontinent to the
southwest Indian Ocean. These so-called “outflow events”
were observed during SAFARI-2000 and termed the “river of
smoke” [Annegarn et al., 2002]. In the following section, we
study the simulated aerosol impact on regional precipitation
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Figure 10. (a) Average aerosol optical depth (AOD) and control (CTRL) 700 hPa winds, (b) 500 hPa geo-
potential height anomaly (in m) and 500 hPa wind anomaly (acrosol-control experiment), (c) sea level pres-
sure height anomaly (in m) and 1000 hPa wind anomaly, and (d) aerosol-induced change in precipitation
(mm/d) and 700 hPa wind anomaly. Plots a—d averaged for all outflow events.

during these “extreme AOD” outflow events (rather than the
seasonal mean climate response, as described above).

4.7. Impact of Aerosols During Indian Ocean Qutflow
Events

4.7.1. Self-Organizing Maps (SOMs)

[61] In order to select days when aerosol outflow events
were simulated by the model, a self-organizing map (SOM)
[Kohonen, 1995] was used. A SOM classifies the input data
into a predefined number of reference patterns or modes using
an unsupervised artificial neural network. The patterns pro-
duced are essentially generalized states, but the given number
of states is fully representative of the input data. Although the
technique is relatively new to the field of climatology, it has
been used successfully in a number of studies [e.g., Crane
and Hewitson, 1998; Cavazos, 2000; Reusch et al., 2005a].
The main advantage of the SOM technique is that it can be
applied to nonlinear data (such as the continuum of atmo-
spheric conditions) and it does not force orthogonality (as, for
example, in principal component analysis (PCA)). In addi-
tion, the results can be directly physically interpreted, unlike,
for example, the PCA approach which produces patterns of
variance rather than direct physical states of the atmosphere.
In an idealized comparison study, Reusch et al. [2005b] found
that SOMs were more robust, isolated predefined patterns,
and attributed variance more accurately than a rotated PCA
analysis.

[62] For our purposes, the SOM approach is applied to the
daily AOD output for the season under discussion (June

through September), for all ensemble members together. It is
important to note that this technique is not an “optimal”
clustering technique, since clusters of roughly equal size are
produced. However, since the SOM approach treats the input
data as a continuum, which is more representative of the
nature of synoptic conditions which have a large influence
on the AOD signal, this technique is considered to be
appropriate for our purposes.

4.7.2. Precipitation Changes During Indian Ocean
Outflow Events

[63] Aerosols are recirculated over southern Africa until a
cold front sweeps over the southern portion of the subconti-
nent, inducing offshore flow and effectively “cleansing” the
atmosphere [Stein et al., 2003] by inducing vertical mixing
and aerosol washout through precipitation processes. Aero-
sol-laden air is essentially drawn south and eastward along
the leading edge of these frontal systems and exits the sub-
continent to the southwest Indian Ocean.

[64] Selected results from the SOM analysis are shown in
Figure 10. These results are the average of all days found to
fall into the category of “outflow events.” In total 219 (or
7.48%) days out of the 2928 JJAS days (732 days from each
of the four ensemble members) were classified as an outflow
event. During such events a band of high AOD is clearly
visible exiting the subcontinent near ~28°S, 32°E (see
Figure 10a), similarly situated to the observed position of the
“river of smoke.” This outflow of air is associated with off-
shore flow (wind arrows, Figure 10a) occurring along the
leading edge of a low-pressure system. Precipitation occurs
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during the passage of these frontal systems, contributing a
relatively large proportion of the annual rainfall over the
southwestern region of South Africa [Tyson and Preston-
Whyte, 2000].

[65s] The simulated aerosol loading induces a rather
consistent banded precipitation anomaly to the south of the
main core of the outflow plume (along the leading edge of
the front), with precipitation increases of up to 2 mm/d (or
approximately 20%) along the southern reaches of the plume
but decreases of a similar magnitude directly to the south
of the band of increase (see Figure 10b). This precipitation
signal appears to be the result of the changes in frontal
dynamics as shown by the circulation anomalies at various
levels (Figures 10b—10d), which indicate a northward shift
of the outflow circulation, consistent with the precipitation
signal.

[66] We propose the following mechanisms to explain this
signal:

[67] Within the plume, absorbing aerosol locally warms
the atmosphere by up to 0.5°C in the main core region near
700 hPa (not shown). This increases the north-south thermal
gradient compared to the CTRL simulation and hence
increases baroclinic instability in the region. This is com-
pounded by the fact that the aerosol warming induces uplift
and anomalous cyclonic circulation throughout the lower
atmosphere over the ocean (as described in section 4.3).
Sea level pressure is reduced in the region of cyclonic
anomaly (Figure 10c), while the 500 hPa geopotential height
increases as a result of the aerosol-induced heating at alti-
tude (Figure 10d). The location of the cyclonic circulation
anomaly (leaning southward and eastward with height) is a
result of the baroclinic nature of the passing frontal system.
Anomalous offshore (northwesterly) flow is seen at the
surface (Figure 10c), 700 hPa (Figure 10b), and 500 hPa
(Figure 10d). We suggest that the increased baroclinicity and
cyclonic anomaly effectively sharpen the frontal gradient,
thus narrowing the region where precipitation occurs,
increasing precipitation in the northern half of the frontal
precipitation band and decreasing precipitation in the south-
ern half. The precipitation band itself does not appear to shift
significantly northward, it is rather a narrowing of this band
that seems to occur.

[68] During outflow events precipitation also decreases
along the eastern escarpment region of South Africa (~25°S—
32°S, 25°E-32°E). This feature is similar to what occurs
on average in the JJAS season (see Figure 9). As described
above, anomalous offshore circulation throughout most of the
lower troposphere decreases the moisture carried onshore
from the warm and moist Indian Ocean, thus reducing the
orographic rainfall in this small region (and simultaneously
reducing the positive bias in this area; see Figure 2d). There is
little precipitation change over the rest of the southern Africa
south of 8°S during outflow events (not shown), since only
the southern reaches of the subcontinent are affected by the
passage of westerly waves and the associated precipitation.
More northern regions do not receive precipitation from these
systems and climatologically, little precipitation occurs dur-
ing the austral winter season [Tyson and Preston-Whyte,
2000].

[69] In contrast, the circulation changes and precipitation
signal on days with no aerosol outflow are weak and incon-
sistent (not shown). Since no elevated aerosol layer is present,
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no anomalous atmospheric heating occurs, and as expected,
there is little significant change in the circulation patterns or
precipitation. Since the frequency of outflow events during
JJAS is fairly low, the precipitation signal is not seen in the
seasonal average precipitation difference (Figure 9). Rather,
the signal from nonoutflow days dominates. As described
above, for the JJAS seasonal average, precipitation in fact
decreases over much of the region between 20°S—40°S
and 20°E—40°E. As described above, this is a result of
anomalous cyclonic circulation, which induces decreased
onshore (southeasterly) flow, and therefore, less moist air is
transported onshore air from the Indian Ocean to this region.

5. Conclusions

[70] The regional climate model RegCM3 has been used to
explore the direct and semidirect acrosol radiative effects on
southern Africa during the austral dry season (JJAS). Two
ensembles of four simulations were run: a control, where
no aerosol radiative effects were considered, and the experi-
ment, within which the radiative impacts were calculated.
The simulated aerosol burden induced changes of regional
surface fluxes and dynamics. The following results are most
pertinent:

[71] 1. The regional climatic features of southern Africa
during the dry, austral winter were well simulated. Both
precipitation and temperature were consistent with observa-
tion; with simulated temperature improving compared to the
CRU observations when the aerosol radiative forcing was
taken into account. AOD was relatively well simulated, with
best consistency over the ocean. The simulated maximum
over land occurred approximately 5° farther south than the
maximum suggested by MODIS AOD observations, and the
simulated AOD peaked too early in the biomass burning
season compared to AERONET ground-based observations
as well as compared to MODIS and MISR observations.
Outside of the main biomass burning season AOD was
underestimated compared to AERONET, likely because the
simulations carried out did not include industrial, biogenic or
sea-salt acrosols. A sensitivity test using the GFEDv2 biomass
burning inventory showed much lower AOD, and neither the
temporal nor spatial disparity in AOD was improved.

[72] 2. A strong decrease in clear-sky surface radiative
forcing (up to —60 W/m? in the main biomass burning region)
resulted in decreased surface turbulent fluxes and reduced
surface temperature over the entire southern African sub-
continent (again, maximum over the main biomass burning
area). The positive temperature bias over the western half of
the southern African subcontinent was thus reduced, and in
general, the simulation of surface temperature improved.

[73] 3. As a result of the strongly absorptive nature of the
simulated biomass burning aerosols, diabatic atmospheric
warming occurred. This was maximum, up to 1°C/d, near the
700 hPa level in the main biomass burning aerosol source
region.

[74] 4. The simulated surface cooling and heating at alti-
tude stabilized the lower troposphere below the main aerosol
layer at 700 hPa. However, in the equatorial regions, stability
was reduced above 700 hPa, where an elevated heat pump
effect was observed. Aerosol warming increased deep con-
vection between 5°N and 8°S, which in turn resulted in
increased precipitation in this region.
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[75] 5. Despite significant temperature changes, little pre-
cipitation signal is exhibited over the rest of southern Africa.
This is expected, since climatologically, stable conditions are
predominant and very little or no rainfall occurs over much of
the region south of 8°S during JJAS.

[76] 6. The southern branch of the African Easterly circu-
lation (AEJ-S) appears to be enhanced and shifted southward
as a result of the simulated aerosol burden. This is likely the
result of a combination of two features: the surface temper-
ature gradient is enhanced through the surface dimming
effect, and the increased precipitation in the equatorial region
further cools the surface in the rain belt, thus strengthening
and shifting the thermal maximum further southward.

[77] 7. A similar climatic response was found in the GFED
sensitivity test; however, the magnitude of the response
was considerably smaller (~50% less in the case of most
atmospheric variables). This is largely a result of the lower
emissions suggested by the GFEDv2 data set [Van der Werf,
2006].

[78] 8. A third ensemble of four members was carried out
using a simple adjustment of SST according to the AOD to
account for the surface forcing of acrosol over the oceans. The
results from these simulations, however, were not signifi-
cantly different to those without the SST adjustment (AERO
ensemble). The sensitivity to the emissions inventory (GFED
versus AERO experiment) was considerably larger.

[79] 9. A self-organizing map (SOM) was used to extract
days upon which a plume of high AOD occurred over the
southwest Indian Ocean. During aerosol outflow events to the
Indian Ocean (the “river of smoke” phenomenon), which
occur as a result of the passage of a low-pressure system,
diabatic warming and induced cyclonic circulation anomalies
enhance baroclinicity along the leading edge of the frontal
system. The gradient of the front is increased, and as a result,
the band of precipitation along the leading edge becomes
narrower and more intense. These events only affect precip-
itation in a small region between ~20°S—40°S and 20°E-
40°E. It shows, however, that aerosols affect not only the
mean climatic state but can also perturb the statistics of
intense dynamical events on a daily scale.

[s0] This study should be further complemented by a
number of sensitivity tests. The large uncertainty regarding
biomass burning emissions inventories and particularly the
underestimation of September burning activity will need to be
explored. A higher-resolution study on a more specifically
aimed domain (e.g., the tropical belt) would also further
elucidate the aerosol impacts on the southerly branch of the
African Easterly Jet. The possible SST cooling effect, which
will require a coupled atmosphere-ocean model, will also
need to be investigated. Recently RegCM3 has been coupled
to the ROMS ocean model [Ratham et al., 2009], so a study
of this nature will also be carried out in future. Also, a new
land surface scheme has recently been coupled to RegCM3
[CLM3; Steiner et al., 2009] and will be tested.

[s1] Finally, longer simulations will need to be carried out
in order to explore the interannual variability of the observed
climatic impacts of the regional aerosol burden. It has been
suggested that aerosol outflow events are more pronounced
and located further northward during La Nifa periods than
El Nifio periods [Stein et al., 2003]. Thus, it is possible that
the precipitation signal during outflow events observed in this
study varies between La Nifia and El Nifo periods. A longer
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simulation period would allow an in-depth investigation of
the interannual variability of the aerosol-climate impacts over
southern Africa and whether these are significantly different
between La Nifias and El Niflos.
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