
Atmos. Chem. Phys., 10, 9819–9831, 2010
www.atmos-chem-phys.net/10/9819/2010/
doi:10.5194/acp-10-9819-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Direct and semi-direct impacts of absorbing biomass burning
aerosol on the climate of southern Africa: a Geophysical Fluid
Dynamics Laboratory GCM sensitivity study

C. A. Randles1,* and V. Ramaswamy1,2

1Atmospheric and Oceanic Sciences Program, Princeton University, Princeton, New Jersey, USA
2NOAA Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey, USA
* now at: Goddard Earth Sciences and Technology Center, University of Maryland, Baltimore County and NASA GSFC Code
613.3, Greenbelt, Maryland, USA

Received: 19 February 2010 – Published in Atmos. Chem. Phys. Discuss.: 16 April 2010
Revised: 20 August 2010 – Accepted: 4 October 2010 – Published: 19 October 2010

Abstract. Tropospheric aerosols emitted from biomass burn-
ing reduce solar radiation at the surface and locally heat
the atmosphere. Equilibrium simulations using an atmo-
spheric general circulation model (GFDL AGCM) indicate
that strong atmospheric absorption from these particles can
cool the surface and increase upward motion and low-level
convergence over southern Africa during the dry season.
These changes increase sea level pressure over land in the
biomass burning region and spin-up the hydrologic cycle
by increasing clouds, atmospheric water vapor, and, to a
lesser extent, precipitation. Cloud increases serve to rein-
force the surface radiative cooling tendency of the aerosol.
Conversely, if the climate over southern Africa were hy-
pothetically forced by high loadings of scattering aerosol,
then the change in the low-level circulation and increased
subsidence would serve to decrease clouds, precipitation,
and atmospheric water vapor. Surface cooling associated
with scattering-only aerosols is mitigated by warming from
cloud decreases. The direct and semi-direct climate impacts
of biomass burning aerosol over southern Africa are sensi-
tive to the total amount of aerosol absorption and how clouds
change in response to the aerosol-induced heating of the at-
mosphere.
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1 Introduction

Biomass burning is a significant source of tropospheric
aerosols in southern Africa during the dry season (August–
October or ASO). These carbonaceous particles extinguish
the amount of sunlight reaching the Earth’s surface, and
their absorbing black carbon (BC) component heats the at-
mosphere aloft. By directly redistributing solar heating be-
tween the atmosphere and surface, BC aerosols can impact
atmospheric stability, regional circulation patterns, and the
hydrologic cycle (Ramanathan and Carmichael, 2008).

The IPCC estimates the direct radiative forcing of biomass
burning (bb) aerosol to be +0.03±0.12 W m−2 on the global,
annual average (Solomon et al., 2007); however, it can be
much greater than that of greenhouse gasses (GHGs) on lo-
cal and regional scales (e.g. Keil and Haywood, 2003). Much
of the uncertainty in bb aerosol radiative forcing results from
uncertainties in (1) the aerosol optical properties, (2) the spa-
tial distribution of the aerosol in both the horizontal and ver-
tical (e.g. Haywood and Ramaswamy, 1998), (3) the amount
of biomass burning aerosol, and (4) the presence of absorb-
ing aerosol above highly reflective surfaces such as clouds
(e.g. Ch́ylek and Coakley, 1974). There is even greater uncer-
tainty involved when trying to determine theresponseof the
climate and the hydrologic cycle to bb aerosol forcing. For
example, microphysical interactions between aerosols and
clouds may impact precipitation formation processes through
the aerosol indirect effect.

Besides microphysical impacts of bb aerosol on the hy-
drologic cycle (indirect effect), because bb aerosol are ab-
sorbing, they can also impact clouds through the semi-
direct effect. Originally the semi-direct effect referred to
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the evaporation of low clouds due to shortwave aerosol heat-
ing (Hansen et al., 1997). The loss of clouds was shown to
exacerbate the positive forcing (warming effect) of absorb-
ing aerosols on the climate. Since the Hansen et al. (1997)
study, however, numerous studies, both observationally- and
model-based, have shown that the sign of the semi-direct
effect can range from positive to negative (i.e. warming to
cooling) depending on if low-level clouds are reduced or en-
hanced, respectively. Using satellite data from MODIS, Ko-
ren et al. (2004) demonstrated that bb smoke in the Ama-
zon stabilized the boundary layer and reduced convective
activity and boundary layer cloud formation. Conversely,
Brioude et al. (2009) used cloud observations from GOES
and MODIS combined with bb aerosol from the FLEXPART
model to show that bb aerosol over marine stratocumulus off
the coast of California enhanced cloud cover, particularly
when humidity was high. In a large-eddy simulation (LES)
study, Johnson et al. (2004) showed that shortwave atmo-
spheric heating by absorbing aerosol in the boundary layer
may increase evaporation in cloud drops and reduce low-
level clouds and precipitation while increasing column sta-
bility. However, when absorbing aerosol are located above
the boundary layer, a negative (cooling) semi-direct results
due to a decreased entrainment rate that increases liquid wa-
ter path in the boundary layer and clouds.

GCM studies of the direct and semi-direct effects of ab-
sorbing aerosols over northern Africa and the Indian mon-
soon region have found that widespread regional aerosol at-
mospheric heating may induce rising motion and low-level
moisture convergence that increases clouds, rainfall, and la-
tent heating, the latter of which excites positive feedback
processes (e.g. Miller et al., 2004; Lau et al., 2006; Ran-
dles and Ramaswamy, 2008 (hereafter RR08), Lau et al.
2009). This increased rainfall, however, may be tempered
or even eliminated once the aerosol surface radiative cool-
ing tendency is manifest in sea surface temperature (SST)
tendencies (e.g. Ramanathan et al., 2005; Ramanathan and
Charmichael, 2008). From these and other studies, it is ap-
parent that the aerosol semi-direct effect can vary in sign
from positive (decreased cloud cover and warming) to nega-
tive (increased cloud cover and cooling) depending on the re-
gion and conditions considered. Koch and del Genio (2010)
provide a thorough review of the many disparate findings
with regards to aerosol absorption effects on clouds.

Many studies have focused on quantifying the optical
properties of and radiative forcing due to bb aerosols over
southern Africa (e.g. Myhre et al., 2003; Abel et al., 2005),
with widely ranging estimates of top-of-the-atmosphere
(TOA), atmospheric (ATM) and surface (SFC) radiative forc-
ing. Fewer studies have examined the climateresponseof
the African region to bb aerosol forcing. Paeth and Feichter
(2006) used equilibrium simulations in the ECHAM4 GCM
to de-convolve the influences of GHGs and bb aerosol on
climate. While GHG warming tended to dominate the sur-
face air temperature response, they found that aerosol in-

duced solar flux reductions to the surface contributed to an
overall decrease in sensible and latent heat fluxes and precip-
itation in southern Africa. In contrast, using transient simula-
tions in the Max Planck Institute Earth System Model (MPI-
ESM), a fully coupled atmosphere-ocean GCM with interac-
tive aerosols, Roeckner et al. (2006) found that GHG induced
surface air warming over central Africa was largely compen-
sated by bb aerosol cooling. Also, increased atmospheric
absorption from larger increases in carbonaceous aerosols
contributed to circulation changes that favored the transport
of moisture from the Atlantic Ocean into southern Africa.
These circulation changes contributed to a positive impact
on the overall precipitation trend and increased soil mois-
ture, liquid water path, and clouds. Though the results of
these studies differ, they each demonstrate that the direct and
semi-direct effects of absorbing bb aerosols likely impact cli-
mate in a significant manner in southern Africa.

In the present study, using an atmospheric general circu-
lation model (AGCM), we investigate the sensitivity of the
climate impacts by considering a range in bb aerosol optical
properties, namely the aerosol optical depth (AOD) and the
aerosol absorption optical depth (AAOD), and, by extension,
the aerosol single scattering albedo (SSA). We expect that
in doing so, we will also obtain a wider range in model cli-
mate response that will offer additional perspectives on the
direct and semi-direct impacts of absorbing bb aerosols on
the hydrologic cycle over southern Africa. We incorporate
satellite andin situ measurements of two key aerosol optical
properties at 500 nm, the AOD and SSA, into some of these
sensitivity experiments in an attempt to systematically bound
the aerosol optical properties in the model. We also con-
sider a purely hypothetical case of scattering-only aerosols
to emphasize the role of aerosol absorption on the climate
response.

Our analysis is focused on the response of the southern
African climate to bb aerosol direct and semi-direct effects
only, given that these aerosols are a significant part of the col-
umn burden and thus are likely to be a major aerosol player
in the region. We do not consider the aerosol indirect effect
in this study; this assumption seems reasonable since relative
humidity is so low in austral winter that indirect aerosol ef-
fects are expected to be minimal compared to the direct and
semi-direct aerosol effects (Swap et al., 2003). Special em-
phasis is placed on surface air temperature and hydrologic
cycle responses.

2 Model description and experimental design

The analysis is based on experiments performed with
the Geophysical Fluid Dynamics Laboratory’s (GFDL)
atmospheric-land GCM AM2-LM2 (Anderson et al., 2004)
set to N45 resolution (2.5◦ longitude ×2.0◦ latitude with
24 vertical levels). Ginoux et al. (2006) describe the treat-
ment and evaluation of aerosols in the GCM. Briefly,
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Table 1. Experimental Design. All experiments have the same natural (sea salt plus dust) and sulfate (SO4) distributions from MOZART-2
(Horowitz, 2006). Experiments differ based solely on the prescription of OC and BC distributions. All other forcing agents (e.g. long-lived
greenhouse gasses, prescribed observed sea surface temperatures) are held constant. Differencing an experiment with respect to the CTRL
case indicates the response of the model to biomass burning aerosol forcing.

Experiment Natural Aerosols and SO4 Biomass Burning (BC and OC) aerosols

CTRL MOZART-2 Y2000 None
MOZEX MOZART-2 Y2000 MOZART-2 Y2000
HIGHEX MOZART-2 Y2000 MOZART-2 Y2000 adjusted below∼4 km

to mimic total aerosol AOD in Fig. 1a;
∼same SSA as MOZEX (Fig. 1f)

SSAEX MOZART-2 Y2000 MOZART-2 Y2000 adjusted below∼4 km
to mimic total aerosol AOD and SSA in
Figs. 1a and c.

WHITE MOZART-2 Y2000 Same as HIGHEX but optical properties of
OC and BC treated as dry sulfate.

three-dimensional monthly-mean mass profiles of five
externally-mixed aerosol species (sulfate (SO4), BC, organic
carbon (OC), dust (DU), and sea salt (SS)) are simulated off-
line with a chemical transport model and prescribed (linearly
interpolated between months). Optical properties for each
species are determined offline as a function of wavelength
and relative humidity using Mie theory and assumed aerosol
physical and optical properties (Haywood and Ramaswamy,
1998; Haywood et al., 1999).

AM2-LM2 includes the direct and semi-direct aerosol ef-
fects only (i.e. aerosols impact radiative fluxes); interactions
between aerosols and cloud microphysics are not considered.
The total aerosol optical properties are calculated as a func-
tion of wavelength (λ) and relative humidity (RH) according
to Eqs. (1) and (2):

AOD(λ) =

∑
z

(MBCσBC+MOCσOCfOC(RH)+

MSO4σSO4fSO4(RH)+MDUσDU +

MSSσSSfSS(RH)) (1)

AAOD(λ) =

∑
z

(MBCσBCω̃BC+

MOCσOCfOC(RH)ω̃OC(RH)+

MSO4σSO4fSO4(RH)ω̃SO4(RH)+

MDUσDUω̃DU +

MSSσSSfSS(RH)ω̃SS(RH)) (2)

whereM refers to aerosol mass [g m−2] in a grid box, σ
to the mass extinction efficiency [m2 g−1], f (RH) to the
variation ofσ with RH, andω̃ to the single scattering co-
albedo (̃ω = 1−SSA), which may also vary with RH depend-
ing on the aerosol component. The optical effects of hygro-
scopic growth with changing model RH are considered for

sea salt and sulfate aerosols. For this study, the optical prop-
erties of OC aerosols are modified to allow for mild absorp-
tion and hygroscopic growth following Ming et al. (2005)
to be consistent with observations of bb aerosol hygroscopic
growth from the southern African SAFARI 2000 field cam-
paign (Magi et al., 2003).

Our experimental design is similar to Menon et al. (2002)
and RR08, and it aims to isolate the climate response to bb
aerosol direct and semi-direct effects only by considering a
range of bb aerosol optical properties. We conduct one con-
trol experiment and four sensitivity experiments, all of which
share the same present-day climatological observed SSTs
(Reynolds et al., 2002), sea-ice, long-lived GHGs, ozone,
land-surface properties, and natural (dust plus sea salt) and
sulfate aerosols. We run each equilibrium simulation for 35
years, analyze the results from the last 30 years of each sim-
ulation, and determine significance using a two-tailed stu-
dents t-test as in RR08. Table 1 summarizes the prescription
of aerosol mass for each experiment, and the area-averaged
aerosol optical properties and carbonaceous aerosol (BC plus
OC) mass loadings are given in Table 2.

In making the choice that only carbonaceous aerosols dif-
fer between the control experiment and the sensitivity ex-
periments, we have implicitly assumed that the majority of
bb aerosol direct and semi-direct forcing is due primarily
to carbonaceous aerosol. This assumption is supported by
Magi (2009), which found on the basis of data collected
during SAFARI 2000 that organic matter (OM=1.4×OC)
and BC accounted for 27% and 73% of aerosol absorp-
tion, respectively, and 90% of the scattering in the trop-
ics of southern Africa. Magi (2009) also show that car-
bonaceous aerosol comprised 83% and 54% of the PM2.5
in the tropics and extratropics of southern Africa, respec-
tively. We note that the Model of OZone And Related
chemical Tracers version 2 (MOZART-2) aerosol distribu-
tions of SO4, OC, and BC (Horowitz, 2006) used in this
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Fig. 1. ASO aerosol optical depth (AOD; left column), aerosol
absorption optical depth (AAOD; center column), and single scat-
tering albedo (SSA; right column) based on observations from
AERONET andEP-TOMS (a–c), and for MOZEX(d–f), HIGHEX
(g–i), and SSAEX (j–l) . Recall that HIGHEX, SSAEX, and
WHITE (not shown) have similar aerosol mass distributions, so (g)
and (j) are nearly the same. MOZEX and HIGHEX have the same
OC/BC mass ratio, so the single scattering albedos in (f) and (i) are
also similar. Differences arise due to changes in relative humid-
ity in each experiment, as described in the text. Land area-averaged
(3◦ N–37◦ S, 19◦ W–50◦ E) optical properties are given in the lower
left of each panel. Note that the optical properties here are for the
total aerosol, which includes not only bb aerosols (OC plus BC),
but also sulfate (SO4), sea salt, and dust.

study include aerosols emitted from both biomass burning
and anthropogenic sources (e.g. fossil fuels). We there-
fore are also assuming that the anthropogenic contribution to
aerosol mass in the region is well represented by MOZART-
2.

In the control experiment (CTRL), we prescribe natural
(dust plus sea salt) and sulfate aerosol distributions simulated
by MOZART-2 (Horowitz, 2006) for the year 2000; no car-
bonaceous aerosols are prescribed in CTRL. In the base case
experiment MOZEX, we also include BC and OC aerosols
from MOZART-2. The aerosol distributions from MOZART-
2 (and MOZEX) are the same as those used as forcing
agents for the GFDL coupled climate model (CM2.1) simula-
tions reported in the IPCC Fourth Assessment Report (AR4)
(Delworth et al., 2006). Ginoux et al. (2006) and Magi et
al. (2009) both found that in biomass burning regions, mod-
eled AOD in AM2-LM2 tended to be biased low relative to
observations from the ground-based AEROsol robotics NET-
work (AERONET) (Holben et al., 2001) and retrievals from
the NASA MODIS satellite (Kaufman et al., 1997). Dis-
crepancies between modeled (low-biased) AOD and (high-
biased) SSA relative to observations are minimized in AM2-
LM2 by increasing OC and BC emissions by factors of 1.6
and 1.8, respectively (Magi et al., 2009).

Motivated by the demonstrated underestimate in AOD and
aerosol absorption in the model (MOZEX) over southern
Africa (Ginoux et al., 2006; Magi et al., 2009), for use in the
remaining three experiments, we combined daily observa-
tions of AOD and SSA from AERONET and theEP-TOMS
instrument (Torres et al., 2005) into monthly-mean gridded
maps (Fig. 1 a-c). Note that AAOD= AOD × (1 − SSA).
We chose to use data fromEP-TOMS because, to our knowl-
edge, it is the only observational dataset that provides global
horizontal distributions ofbothAOD and SSA over land and
ocean.

AOD and SSA are derived fromEP-TOMS retrievals us-
ing the near-UV retrieval method (Torres et al. 1998; 2002;
2005). This method uses the ratio of backscattered radiances
at two measured UV wavelengths (330 and 380 nm) in an
inversion procedure that employs a pre-compiled set of look-
up tables (LUTs). The LUTs are generated using a radia-
tive transfer code that assumes aerosol models based on a
combination of spectral and geographical location consider-
ations (based on emission characteristics) to determine AOD
and SSA. Retrieved AOD and SSA are reported at 380 nm
and interpolated to 500 nm using the LUTs. Sources of un-
certainty in theEP-TOMS retrievals include the assumed
aerosol vertical distribution and sub-pixel cloud contamina-
tion effects resulting from the wide field of view (40× 40
km2 at nadir and as large as 200× 200 km2 at extreme off-
nadir viewing geometry). Overestimates byEP-TOMS oc-
cur when extinction optical depths are below 0.2 because the
coarse resolution of theEP-TOMS product makes it difficult
to resolve small-scale variability. Other sources of uncer-
tainty in theEP-TOMS retrieval algorithm include aerosol
vertical distributions, sub-pixel cloud contamination effects,
and the surface reflectivity (Torres et al., 2005). How-
ever, the advantages of the near-UV retrieval method are
the ability to retrieve aerosol properties over most terrestrial
surfaces including deserts and a low sensitivity to particle
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Table 2. Land area-averaged (3◦ N–37◦ S, 19◦ W–50◦ E) aerosol optical depth (AOD), aerosol absorption optical depth (AAOD), and single
scattering albedo (SSA) for each experiment and theEP-TOMS/AERONET observationally-based maps from Figure 1 a-c (Observed). Here
AAOD=AOD×(1−SSA). Land area-averages for the main biomass burning region (7◦ S–17◦ S, 11◦ E–29◦ E) are given in parenthesis. ASO
total mass loading of BC and OC for each experiment over land for the entire region (3◦ N–37◦ S, 19◦ W–50◦ E) is also given. Recall that
CTRL does not have BC or OC.

Experiment AOD AAOD SSA OC [Mg] BC[Mg]

Observed 0.29 (0.46) 0.012 (0.041) 0.96 (0.91) – –
CTRL 0.1 (0.1) 0.003 (0.004) 0.97 (0.96) – –
MOZEX 0.20 (0.25) 0.020 (0.028) 0.90 (0.89) 128.0 19.6
HIGHEX 0.38 (0.66) 0.038 (0.079) 0.90 (0.88) 312.1 41.0
SSAEX 0.38 (0.66) 0.034 (0.073) 0.91 (0.89) 330.3 36.9
WHITE 0.38 (0.65) 0.004 (0.007) 0.99 (0.99) 312.1 41.0

shape (Torres et al., 2002). During SAFARI 2000, Torres et
al. (2005) performed an extensive validation ofEP-TOMS
relative to AERONET at high time- and spatial- resolution
and found that AOD and SSA were generally within the ob-
servational uncertainty of AERONET (±30% for AOD and
±0.03 for SSA).

In constructing the maps (Fig. 1a–c), daily-mean gridded
(1◦

×1◦) retrievals of AOD and SSA fromEP-TOMS were
aggregated to the 2◦

×2.5◦ model grid. Then, if a grid box did
not contain anEP-TOMS retrieval for a particular day and if
the grid box was co-located with one of 18 AERONET sites
in southern Africa during 2000 (see supplemental material
for a listing of sites used), we assigned the grid box the daily-
averaged Level 2.0, Version 2.0 AERONET observation of
AOD and SSA at 500 nm, if available. Grid boxes with
missing data were then linearly interpolated from nearest-
neighbor grid boxes. Daily-mean gridded maps were then
averaged to monthly-mean maps. We acknowledge that our
gap-filling method may tend to bias the aerosol optical prop-
erties in a grid box containing a station to the AERONET
retrieved AOD, rather than those fromEP-TOMS. The SSA
tends to be less biased towards the AERONET retrievals be-
cause the are far fewer retrievals of SSA from AERONET
(see supplemental material). However, it is important to em-
phasize that in this sensitivity study, these maps are used only
as a guide to design experiments that are more similar to
available observations than MOZEX. This is similar to the
approach used in Abel et al. (2005) in which MODIS and
AERONET retrievals of AOD were used to scale modeled
aerosol optical properties for forcing calculations. Because
our aim in using these maps is simply to help define a rea-
sonable parameter space for the aerosol optical properties, it
is beyond the scope of this study to do a detailed comparison
of EP-TOMS and AERONET retrievals of AOD and SSA,
and we refer the reader to Torres et al. (2005) for a more
detailed comparison of AERONET andEP-TOMS retrieved
aerosol optical properties during SAFARI 2000.

Figure 1 compares the 500 nm AOD, AAOD, and SSA
using the observations (Fig. 1a–c) and for the four experi-
ments (Fig. 1d–l) during the biomass burning season (ASO).
Figure 2 shows the carbonaceous aerosol column load for
each experiment. In constructing experiments HIGHEX and
SSAEX Equations (1) and (2) were solved forMBC andMOC
at 500 nm assuming that the dust, sea-salt, and sulfate mass
were the same as in CTRL and MOZEX. The total aerosol
AOD and AAOD (left hand side of Eq. 1 and 2) were from
MOZEX or from Fig. 1a–c, depending on the experiment as
described below. We also assumed that the RH was the 30-
year mean from MOZEX; thereforef (RH) andω̃(RH) were
fixed to a single value for each aerosol constituent. These as-
sumptions allowed us to solve Eqs. (1) and (2); however, in
a mass-based aerosol model it is difficult to constrain aerosol
optical properties exactly because of non-linearities associ-
ated with aerosol hygroscopic growth. The assumption of
MOZEX RH has consequences for the optical properties of
HIGHEX and SSAEX if the RH in these experiments dif-
fers from the 30-year MOZEX average; an overestimation or
underestimation of AOD compared to the observations may
occur if the model relative humidity in a given sensitivity ex-
periment is higher or lower than in MOZEX, respectively.
However, since our purpose in this sensitivity study is to try
and widely bound the real world in terms of aerosol opti-
cal properties, and as our results will show, in the context of
this global model study it is not necessary that we precisely
mimic observations, which have their own uncertainties.

In experiment HIGHEX, BC and OC distributions from
MOZART-2 are scaled-up in proportion below∼4 km over
southern Africa so that AOD roughly agrees with our
observationally-based map (Fig. 1a) while the SSA is
roughly the same as in MOZEX (Fig. 1f). We only alter
the bb aerosol distributions below∼4 km because boundary-
layer (BL) height in southern Africa typically reaches this
altitude in the early afternoon, and during SAFARI 2000, bb
aerosol tended to be well mixed in the BL over land due to
strong dry convection (Haywood et al., 2003). In addition,
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Fig. 2. ASO black carbon (BC) column load [mg m−3] for (a) MOZEX, (b) HIGHEX, (c) SSAEX, and(d) WHITE. ASO organic carbon
(OC) column load [mg m−3] for (e) MOZEX, (f) HIGHEX, (g) SSAEX, and (h) WHITE. Note that HIGHEX and WHITE have the same
BC and OC distributions, but in WHITE both BC and OC are treated optically as scattering-only aerosols as described in the text. Land-area
average column load is given in the bottom left of each panel for the region (3◦ N–37◦ S, 19◦ W–50◦ E).

MOZART-2 tends to overestimate the amount of BC relative
to in situ observations above about 400 to 600 hPa (Koch
et al., 2009). Thus, scaling up carbonaceous aerosol masses
above this altitude would have exacerbated the positive bias
in BC, and therefore aerosol heating, aloft.

In experiment SSAEX, OC and BC are also scaled up be-
low ∼4 km to agree roughly with the AOD in Fig. 1a. In
addition, the proportion of OC to BC below∼4 km is altered
so that the SSA is similar to the observations (Fig. 1c). To-
tal BC mass from MOZEX is roughly doubled in HIGEX
and SSAEX, and OC mass increases by roughly a factor of
2.5 (Table 2, Fig. 2). Our final experiment WHITE has the
same OC and BC mass distributions as HIGHEX (Fig. 2),
but the optical properties of BC and OC are artificially set
to be scattering-only such that SSA∼1 (deviation from 1 due
to presence of some absorbing dust; not shown). The main
aim for this purely hypothetical experiment is to flush out
the contrasts with the experiments with increased absorb-
ing bb aerosols (MOZEX, HIGHEX, SSAEX) and thus more
clearly delineate their role.

Comparing the observationally-based map of SSA in
Fig. 1c to the experiments, we see that outside the primary
biomass burning region (∼7◦ S–17◦ S, 11◦ E–29◦ E) the ob-
served SSA is higher (less absorbing) than in the sensitivity
experiments. This could be due to the fact thatEP-TOMS
tends to overestimate AOD below 0.2 (Torres et al., 2005).
Indeed, the observed AODs over the oceans in Fig. 1a tend
to be larger than modeled (particularly south of 17◦S). Over
the oceans where scattering sea salt aerosol is more preva-
lent, higher AODs would have the effect of increasing SSA

(decreasing the proportion of absorption). Alternatively, the
model could have underestimated the contribution of sea salt
aerosol to the AOD and SSA in this region. The model
simulations predict higher AOD than observed in the indus-
trial Highveld region of South Africa (∼26◦ S, 28◦ E) where
there is a large industrial sulfate source (recall, all simula-
tions have the same sulfate mass distributions). This could
indicate that the model sulfate is too high here, which could
also be the case in other parts of the region and would have
consequences for the total aerosol SSA, which depends on
all aerosol constituents.

Figure 3 shows a comparison of monthly mean mod-
eled and observed climatological AOD at four AERONET
stations. In MOZEX, AOD is clearly underestimated and
biomass burning tends to peak is October rather than in
September as observed. By applying the scaling as de-
scribed, we necessarily improve agreement between the
model and observations of AOD, particularly in the biomass
burning season. The climatological mean and standard devi-
ation of ASO SSA from AERONET four these for stations
(Mongu, Senanga, Skukuza, and Inhaca) are 0.84±0.03,
0.85±0.02, 0.88±0.04, and 0.87±0.04. (See supplemental
material for SSA at other stations). In the grid boxes con-
taining Mongu and Senanga, all experiments except WHITE
have an SSA∼0.88. MOZEX and HIGHEX have an SSA
of 0.91 and 0.93 at Skukuza and Inhaca, respecitvely, while
SSAEX has single scattering albedos of∼0.94 in these grid
boxes.
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Fig. 3. Comparison of simulated (solid black lines) AOD to
monthly-mean climatological observations from AERONET (black
dots; orange bars are standard deviation) and MODIS retrievals
(dashed lines; 2002–2004 average). Left column is for MOZEX and
right column is for experiments with OC and BC mass adjusted to
match observationally-based maps of AOD (i.e. HIGHEX, SSAEX,
and WHITE). Mongu and Senanga lie in the primary biomass burn-
ing region (∼0–17◦ S) during the dry season (ASO).

Thus, we likely overestimate the SSA (underestimate the
proportion of absorption) in our experiments both compared
to AERONET and the SAFARI 2000 campaign-average SSA
of 0.85±0.03 (Leahy et al., 2007). Nevertheless, in the pri-
mary biomass burning region (∼7◦ S–17◦ S, 11◦W-29◦W),
MOZEX, HIGHEX, and SSAEX have area-average sin-
gle scattering albedos around 0.89 (Table 2), the observed
value for southern African bb haze reported by Haywood
et al. (2003). As Magi (2009) points out, considering the
scales involved in simulating aerosols in climate models, it

may be more appropriate to model their optical properties as
those of regional haze rather than those of fresh fires that had
SSAs closer to the AERONET measurements and the Leahy
et al. (2007) estimate.

3 Results

In the following analysis, we focus on differences between
the response of each experiment and the CTRL experiment
over southern Africa (3◦ N–37◦ S, 19◦ W–50◦ E) for ASO
(i.e. 1 =EXPERIMENT−CTRL). In contrast to Figures 1
through 3, which evaluated the representativeness of the
aerosol optical properties against observations, here we eval-
uate the sensitivity of the climateresponseover the region
to the bb aerosol specifications. Because only the bb aerosol
forcing differs between a given experiment and CTRL, an-
alyzing these differences yields the response of the model
to bb forcing only, where here we have assumed that the bb
aerosol forcing is dominated by its carbonaceous (BC plus
OC) component. Our equilibrium experiments are not ap-
propriate to gain insight into the actual time evolution of the
20th century climate response to bb aerosols. This is because
we do not consider transient changes in aerosols; our aerosols
are constant and nominally representative of the present day.
Since we are attempting to extract the influences of aerosols
alone on observed climate changes, isolated from additional
forcing factors such as GHGs, land-use change, and SSTs
that are present in the real climate, we cannot make direct
comparisons to observational data. Our aim in this study is to
systematically compare and contrast the range in the conse-
quences for climate response that perturbations in bb aerosol
optical properties impart. Because we only consider direct
and semi-direct aerosol effects, this study should be seen as
a first-degree estimate of the impacts of bb aerosol on the
region.

Area-averaged shortwave SFC, TOA, and ATM all-sky
(cloudy plus clear) radiative forcing efficiencies, which are
defined as the radiative forcing per unit AOD, are shown
in Figure 4a. Despite slight differences in their horizontal
(Fig. 1) and vertical distributions (see supplemental mate-
rial) of aerosol optical properties, the forcing efficiencies for
HIGHEX and SSAEX are quite similar on an area-averaged
basis; as a result, the climate response is also similar for
these two experiments. Abel et al. (2005) conducted an ex-
tensive sensitivity study of direct aerosol forcing over south-
ern Africa, and the TOA and SFC forcing for SSAEX and
HIGHEX is generally consistent with their forcing estimates
for highly absorbing bb haze (SSA=0.89).

Figure 4b shows the change, relative to CTRL, in the ASO
area-average components of the land surface energy balance
for each experiment. Positive (negative) terms warm (cool)
the surface. The land surface energy balance is given by:

S +F +LE+H ≈ 0 (3)
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Fig. 4. (a) Monthly-mean area-averaged (3◦ N–37◦ S, 19◦ W–
50◦ E) all-sky (cloudy) SFC, ATM, and TOA short-wave (SW) forc-
ing efficiency [W m−2 per unit AOD], where TOA=SFC+ATM.
(b) ASO area-average equilibrium change inS, F , LE, andH fluxes
at the surface relative to CTRL from Eq. (3) [W m−2]; positive
(negative) changes warm (cool) the surface. Area-average values
for CTRL are listed along the lower portion of panel (b).

whereS is the net (down minus up) solar (shortwave) heat
flux at the surface,F is the net longwave heat flux, and
LE and H are the net latent and sensible heat fluxes, re-
spectively. Note that, while the balance in Equation (3) is
obtained for the global, annual mean (not shown), there is
a small residual for ASO. Absorbing bb burning aerosols
(MOZEX, HIGHEX, SSAEX) decrease shortwave flux to the
surface relative to CTRL, and increased (less negative) sen-
sible heating rather than latent heating compensates this sur-
face cooling due to the dryness of the season (Abel et al.,
2005). In contrast, when scattering-only aerosols increase
(WHITE), area-average shortwave surface heating decreases
less relative to the other experiments due to decreases in
cloud amount (see Fig. 6), and latent heating occurs as evap-
oration decreases (see Table 3).

Figure 5 shows the surface air temperature, total precip-
itation, 850-hPa winds, low level cloud distribution, and
column-integrated water vapor for the CTRL experiment.
The CTRL experiment climate is qualitatively consistent
with observations and reanalysis data, which also include
the effects of carbonaceous aerosols not considered in CTRL
(see supplemental material). Figure 6 (a-d) shows the change
in surface air temperature (1Tsat) and the change in low-
level cloud amount for each experiment relative to CTRL.

BB aerosol backscattering and absorption reduce shortwave
radiation at the surface, and significant cooling is observed
in central Africa (∼0–17◦ S over land). The cooling pat-
tern observed in MOZEX, SSAEX, and HIGHEX is spa-
tially coherent with the pattern of bb aerosol AOD (Fig. 1),
and both higher AOD and cloud amount increases in SSAEX
and HIGHEX contribute to stronger surface air cooling over
land compared to MOZEX. These low-level cloud increases
amount to a negative semi-direct effect of bb aerosol. The
combined influence of bb aerosols and clouds on surface air
temperature serve to decrease the positive bias in surface air
temperature between CTRL and observations (supplemental
material). Conversely, decreased cloud amount in equatorial
Africa in WHITE contributes to surface warming in this re-
gion despite high bb aerosol AOD. This contrasting effect of
scattering-only aerosols highlights the important role of ab-
sorbing bb aerosol on modulating the surface air temperature
response over land both directly through aerosol extinction
and through changes in cloud distributions that occur due to
aerosol heating (semi-direct effect).

Over the ocean, there is little change in surface air tem-
perature for all experiments since SSTs are the same as in
the CTRL experiment. However, when absorbing bb aerosol
is increased, clouds tend to decrease over the ocean north of
10◦ S (where bb burning AOD is the highest) and increase
to the south (∼10◦ S–15◦ S). The zonally averaged air tem-
perature change (not shown) indicates that the troposphere
generally warms in MOZEX, HIGHEX, and SSAEX, though
there is cooling near the land surface in the region with the
highest bb aerosol AOD (∼0–17◦ S), indicating an increase
in low-level thermodynamic stability over land. The atmo-
sphere generally cools throughout in WHITE, though there is
some near-surface warming over land north of 10◦ S, likely
due to sensible and latent warming.

Figure 6e–h shows the change in precipitation (1P ) and
the change in column-integrated precipitable water vapor
(1WVP) for each experiment relative to CTRL. Rainfall
changes are small and generally not significant, except in
WHITE where significant decreases occur in central equa-
torial Africa. We note that the stronger increases in absorb-
ing bb aerosol in SSAEX and HIGHEX are associated with
small regions of precipitation increase in central equatorial
Africa. The rainfall anomaly patterns induced by bb aerosol
over central Africa are consistent with the patterns of wa-
ter vapor, which are more significant than the precipitation
changes. Our cloud and water vapor changes in HIGHEX
and SSAEX are consistent with a negative semi-direct effect.

Figure 7a–d shows the change in soil moisture for each
experiment relative to control. Both MOZEX and HIGHEX
indicate that soil moisture increases in equatorial southern
Africa, consistent with the findings of Roeckner et al. (2006)
and the positive bias relative to CTRL in the difference of
precipitation minus evaporation (1(P −E); Fig. 7e–h). In
contrast, SSAEX and WHITE primarily have decreases in
soil moisture in the same region. The annual cycle of soil
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Fig. 5. CTRL case(a) surface air temperature [Tsat; K], (b) total precipitation [P; mm d−1] and 850-hPa winds [m s−1], (c) low level cloud
distribution [%], and(d) column-integrated water vapor [WVP; mm] for ASO. See supplemental material for comparison of these figures to
observations and reanalysis data.
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Fig. 6. ASO surface air temperature change relative to CTRL (1Tsat; [K]) (shaded) for(a) MOZEX, (b) HIGHEX, (c) SSAEX, and(d)
WHITE with black stippling indicating that changes are significant above 90%. Overlain pink (purple) contours are increased (decreased)
low-level cloud above (below) 2.5% with pink (purple) crosses denoting 90% significance. Change in total precipitation relative to CTRL
(1P ; [mm d−1]) (shaded) for(e) MOZEX, (f) HIGHEX, (g) SSAEX, and(h) WHITE with black stippling indicating 90% significance.
Overlain pink (purple) contours are increased (decreased) column-integrated precipitable water (1WVP) above (below) 0.5 mm with pink
(purple) crosses denoting 90% significance.

moisture change (supplemental material) shows that the evo-
lution of soil moisture in SSAEX decreases throughout much
of the year, as it does in WHITE, particularly in the main
bb region (7◦ S–17◦ S, 11◦ E–29◦ E). This is different from
MOZEX and HIGHEX which both show increases in soil
moisture throughout the year similar to the results of Roeck-
ner et al. (2006). This may explain why the increases in
precipitation in equatorial southern Africa are smaller for
SSAEX compared to HIGHEX, as there is strong coupling
between soil moisture and precipitation in this region (e.g.
Koster et al., 2004).

During the dry season, a semi-permanent continental-scale
subtropical anticyclone induces large-scale subsidence over
southern Africa (Garstang et al., 1996). The ASO change
in sea-level pressure (SLP) and 850-hPa winds relative to
CTRL is shown in Figure 8a–d. Increasing absorbing bb
aerosol tends to increase low-level flow from the equato-
rial Atlantic towards the west African coast, and SLP in-
creases over land when AOD is high (HIGHEX and SSAEX),
consistent with the findings of Roeckner et al. (2006) and
RR08. However, when there are strong increases in scatter-
ing aerosols only (WHITE), the 850-hPa wind anomaly is in
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Table 3. Summary of ASO area-weighted average (3◦ N–37◦ S, 19◦ W–50◦ E) changes in surface air temperature (Tsat; K), precipitation
minus evaporation (P −E; [mm d−1]), column-integrated precipitable water vapor (WVP) [mm], low-level clouds [%], and soil moisture
[mm]. Land-only averages are given with land plus ocean averages in parenthesis.

Change Relative to CTRL MOZEX HIGHEX SSAEX WHITE

1Tsat [K] −0.12 (−0.08) −0.27 (−0.15) −0.35 (−0.18) −0.27 (−0.16)
1(P −E) [mm d−1] +0.02 (+0.04) +0.05 (+0.08) +0.05 (+0.08) −0.1 (−0.07)
1 Precipitable Water [mm] 0 (+0.1) +0.2 (+0.3) +0.2 (+0.2) −1.2 (−0.9)
1 Low Clouds [%] +0.4 (+0.4) +0.7 (+0.1) +0.7 (−0.3) −1.0 (−0.9)
1 Soil Moisture [mm] +0.32 +1.53 −0.85 −3.31
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Fig. 7. ASO soil moisture change relative to CTRL (1 Soil Moisture; [mm]) for(a) MOZEX, (b) HIGHEX, (c) SSAEX, and(d) WHITE.
ASO change in precipitation minus evaporation (1(P-E); mm d−1) relative to CTRL for(e) MOZEX, (f) HIGHEX, (g) SSAEX, and(h)
WHITE.

the same sense as the CTRL experiment (i.e. from land to
ocean; Fig. 5).

The zonally-averaged circulation anomalies (Fig. 8e–h) in-
dicate increased upward motion coincident with regions of
increased absorbing bb aerosol (∼0–17◦ S). This rising mo-
tion, along with the anomalous low-level circulation and sub-
sequent low-level convergence (not shown) contribute to the
simulated increases in column-integrated water vapor, pre-
cipitation, and clouds over land in SSAEX and HIGHEX
(and, to a lesser extent in MOZEX). There are much weaker
increases in vertical motion in equatorial Africa in WHITE,
and increasing aerosol scattering alone tends to spin-down
the hydrologic cycle in southern Africa. Table 3 summarizes
the area-average changes in surface air temperature and the
hydrologic cycle examined in this study.

4 Discussion and conclusions

Motivated by the variability in the observations of aerosol
optical properties and the wide range in the estimates of
aerosol radiative forcing over southern Africa, simulations
are carried out in the GFDL AM2-LM2 GCM to test the cli-

mate sensitivity to a range of biomass burning aerosol op-
tical properties. The modeled direct and semi-direct effects
of absorbing bb aerosol reduce the solar flux to the surface
(both through aerosol extinction and cloud increases), heat
the atmosphere, and tend to stabilize the troposphere below
the aerosol layer over land in the main biomass burning re-
gion while increasing the surface pressure. Over the ocean,
however, the cooling tendency of this reduced solar flux is
not realized (due to prescribed SSTs in this case, or, alterna-
tively due to a lagged ocean response), though bb aerosol ab-
sorption still exerts a warming tendency on the atmosphere,
thus destabilizing the column over the ocean. A thermally-
driven anomalous circulation from the western Atlantic to-
wards the west African coast results, and warm, moist air is
lofted above the continent, increasing clouds, water vapor,
and, to a lesser extent, precipitation in the main bb aerosol
region (∼0–17◦ S).

We also consider a case in which bb aerosols are com-
pletely scattering, and this experiment represents a hypothet-
ical case, at least in the context of the contemporary atmo-
sphere. This experiment serves to flush out the contrasts
in the response to scattering aerosols, which only exert a
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Fig. 8. ASO change in sea level pressure (1SLP) relative to CTRL [hPa] for(a) MOZEX, (b) HIGHEX, (c) SSAEX, and(d) WHITE
overlain with 850-hPa wind anomaly [mm d−1] relative to CTRL; black stippling represents1SLP above 90% significant. Zonally averaged
(0–50◦ E) change in vertical velocity (−dp/dt) relative to CTRL [Pa s−1

× 1 e−5] for (e) MOZEX, (f) HIGHEX, (g) SSAEX, and(h)
WHITE overlain with meridional circulation change; note red (blue) shading indicates increased upward motion (relative subsidence).

radiative cooling tendency on the surface, with the response
to absorbing aerosols, which simultaneously cool the sur-
face and warm the atmosphere. Our results show that in-
creased aerosol scattering in the absence of increased ab-
sorption tends to cool the atmosphere over southern Africa
and enhance subsidence over the region. Importantly, the re-
sulting decreases in cloud amount offset some of the surface
cooling tendency associated with high aerosol extinction, and
the hydrologic cycle over southern Africa tends to spin-down
compared to increasing absorbing bb aerosol.

In this study, SSTs were prescribed as an important first
step to isolate and examine only the effects of aerosols on
southern Africa without the complexity of a fully coupled
ocean-atmosphere model. By applying observed SSTs as
the lower boundary condition, we remove much of the un-
certainty in the lower-boundary forcing that may be de-
rived from use of a mixed-layer ocean or a fully coupled
ocean model. However, it is important to note that if SST
changes due to aerosol surface cooling were to yield strong
feedbacks, particularly with regard to clouds, the effects of
aerosols on the hydrologic cycle could become more com-
plicated. For example, cooler SSTs due to increased aerosol
loadings may contribute to decreases in surface convergence
(e.g. Hackert and Hastenrath, 1986) and convection; how-
ever, the SST response is expected to lag aerosol forcing
(e.g. Ramanathan and Carmichael, 2008). While we ac-

knowledge that future studies of the direct and semi-direct ef-
fects of biomass burning aerosols on this region should con-
sider ocean-atmosphere feedbacks, we hold that atmosphere-
only simulations remain useful tools from which we can gain
an initial understanding of the climate response to aerosol
forcing. We also are given confidence in our results for
the climate response to HIGHEX and SSAEX because they
are qualitatively consistent with the findings of Roeckner
et al. (2006), which used a fully coupled atmosphere-ocean
model, interactive aerosols, and the first (Twomey) aerosol
indirect effect. Our findings with regard to the direct and
semi-direct effects of bb aerosols on the hydrologic cycle are
also broadly consistent with the findings of Ott et al. (2009),
which studied the climate effects of biomass burning in the
Indonesian region.

Our findings may also be sensitive to the GCM convective
parameterization (e.g. Chakraborty et al., 2004), as we have
shown that dynamically driven cloud changes can reinforce
or eclipse aerosol effects, particularly on surface air temper-
ature. Inclusion of aerosol indirect effects would also com-
plicate the relationship between aerosols and cloud amount
and their associated surface solar flux changes. However,
global-model representations of the first (Twomey) and sec-
ond (Albrecht) indirect effects remain primitive, and given
the dryness of the region in austral winter, we expect the
aerosol direct and semi-direct effects to dominate in southern
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Africa. We also neglected the feedback of the hydrologic cy-
cle on aerosol distributions; however, we again expect this
to be rather small during the dry season studied here. We
note that our most absorbing cases (HIGHEX and SSAEX)
may underestimate aerosol absorption over southern Africa;
stronger aerosol absorption would likely strengthen both the
dynamic and hydrodynamic responses observed in these ex-
periments. This is indicated by differences in the response of
SSAEX compared to HIGEX, the latter of which is slightly
more absorbing.

Despite these caveats, our study supports the primary con-
clusion that the direct and semi-direct effects of biomass
burning aerosol are important players in climate change over
southern Africa. In particular, it is clear that the hydrologic
cycle over the continent is sensitive to the total amount of
aerosol absorption, and that the semi-direct effect of absorb-
ing aerosols on cloud distributions can reinforce the cooling
effect of aerosol extinction on the surface air temperature as
aerosol absorption optical depth increases.

Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/10/9819/2010/
acp-10-9819-2010-supplement.pdf.
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