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Abstract. Tropospheric aerosols emitted from biomass burn-1  Introduction
ing reduce solar radiation at the surface and locally heat
the atmosphere. Equilibrium simulations using an atmo-Biomass burning is a significant source of tropospheric
spheric general circulation model (GFDL AGCM) indicate aerosols in southern Africa during the dry season (August—
that strong atmospheric absorption from these particles ca®ctober or ASO). These carbonaceous particles extinguish
cool the surface and increase upward motion and low-levethe amount of sunlight reaching the Earth’'s surface, and
convergence over southern Africa during the dry seasontheir absorbing black carbon (BC) component heats the at-
These changes increase sea level pressure over land in tieosphere aloft. By directly redistributing solar heating be-
biomass burning region and spin-up the hydrologic cycletween the atmosphere and surface, BC aerosols can impact
by increasing clouds, atmospheric water vapor, and, to a@&tmospheric stability, regional circulation patterns, and the
lesser extent, precipitation. Cloud increases serve to reinhydrologic cycle (Ramanathan and Carmichael, 2008).
force the surface radiative cooling tendency of the aerosol. The IPCC estimates the direct radiative forcing of biomass
Conversely, if the climate over southern Africa were hy- burning (bb) aerosol to be +0.8®.12 W nT2 on the global,
pothetically forced by high loadings of scattering aerosol,annual average (Solomon et al., 2007); however, it can be
then the change in the low-level circulation and increasedmuch greater than that of greenhouse gasses (GHGs) on lo-
subsidence would serve to decrease clouds, precipitatiorgal and regional scales (e.g. Keil and Haywood, 2003). Much
and atmospheric water vapor. Surface cooling associatedf the uncertainty in bb aerosol radiative forcing results from
with scattering-only aerosols is mitigated by warming from uncertainties in (1) the aerosol optical properties, (2) the spa-
cloud decreases. The direct and semi-direct climate impactial distribution of the aerosol in both the horizontal and ver-
of biomass burning aerosol over southern Africa are sensitical (e.g. Haywood and Ramaswamy, 1998), (3) the amount
tive to the total amount of aerosol absorption and how cloudof biomass burning aerosol, and (4) the presence of absorb-
change in response to the aerosol-induced heating of the atrg aerosol above highly reflective surfaces such as clouds
mosphere. (e.g. Clylek and Coakley, 1974). There is even greater uncer-
tainty involved when trying to determine thesponsef 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-
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the evaporation of low clouds due to shortwave aerosol heatduced solar flux reductions to the surface contributed to an
ing (Hansen et al., 1997). The loss of clouds was shown tmverall decrease in sensible and latent heat fluxes and precip-
exacerbate the positive forcing (warming effect) of absorb-itation in southern Africa. In contrast, using transient simula-
ing aerosols on the climate. Since the Hansen et al. (1997)ions in the Max Planck Institute Earth System Model (MPI-
study, however, numerous studies, both observationally- an&ESM), a fully coupled atmosphere-ocean GCM with interac-
model-based, have shown that the sign of the semi-directive aerosols, Roeckner et al. (2006) found that GHG induced
effect can range from positive to negative (i.e. warming to surface air warming over central Africa was largely compen-
cooling) depending on if low-level clouds are reduced or en-sated by bb aerosol cooling. Also, increased atmospheric
hanced, respectively. Using satellite data from MODIS, Ko- absorption from larger increases in carbonaceous aerosols
ren et al. (2004) demonstrated that bb smoke in the Ama<contributed to circulation changes that favored the transport
zon stabilized the boundary layer and reduced convectiveof moisture from the Atlantic Ocean into southern Africa.
activity and boundary layer cloud formation. Conversely, These circulation changes contributed to a positive impact
Brioude et al. (2009) used cloud observations from GOESon the overall precipitation trend and increased soil mois-
and MODIS combined with bb aerosol from the FLEXPART ture, liquid water path, and clouds. Though the results of
model to show that bb aerosol over marine stratocumulus ofthese studies differ, they each demonstrate that the direct and
the coast of California enhanced cloud cover, particularlysemi-direct effects of absorbing bb aerosols likely impact cli-
when humidity was high. In a large-eddy simulation (LES) mate in a significant manner in southern Africa.
study, Johnson et al. (2004) showed that shortwave atmo- In the present study, using an atmospheric general circu-
spheric heating by absorbing aerosol in the boundary layefation model (AGCM), we investigate the sensitivity of the
may increase evaporation in cloud drops and reduce lowelimate impacts by considering a range in bb aerosol optical
level clouds and precipitation while increasing column sta-properties, namely the aerosol optical depth (AOD) and the
bility. However, when absorbing aerosol are located aboveaerosol absorption optical depth (AAOD), and, by extension,
the boundary layer, a negative (cooling) semi-direct resultshe aerosol single scattering albedo (SSA). We expect that
due to a decreased entrainment rate that increases liquid wan doing so, we will also obtain a wider range in model cli-
ter path in the boundary layer and clouds. mate response that will offer additional perspectives on the
GCM studies of the direct and semi-direct effects of ab- direct and semi-direct impacts of absorbing bb aerosols on
sorbing aerosols over northern Africa and the Indian mon-the hydrologic cycle over southern Africa. We incorporate
soon region have found that widespread regional aerosol atsatellite andn situ measurements of two key aerosol optical
mospheric heating may induce rising motion and low-level properties at 500 nm, the AOD and SSA, into some of these
moisture convergence that increases clouds, rainfall, and lasensitivity experiments in an attempt to systematically bound
tent heating, the latter of which excites positive feedbackthe aerosol optical properties in the model. We also con-
processes (e.g. Miller et al., 2004; Lau et al., 2006; Ran-sider a purely hypothetical case of scattering-only aerosols
dles and Ramaswamy, 2008 (hereafter RR08), Lau et alto emphasize the role of aerosol absorption on the climate
2009). This increased rainfall, however, may be temperedesponse.
or even eliminated once the aerosol surface radiative cool- Our analysis is focused on the response of the southern
ing tendency is manifest in sea surface temperature (SSTAfrican climate to bb aerosol direct and semi-direct effects
tendencies (e.g. Ramanathan et al., 2005; Ramanathan awghly, given that these aerosols are a significant part of the col-
Charmichael, 2008). From these and other studies, it is apumn burden and thus are likely to be a major aerosol player
parent that the aerosol semi-direct effect can vary in signin the region. We do not consider the aerosol indirect effect
from positive (decreased cloud cover and warming) to negain this study; this assumption seems reasonable since relative
tive (increased cloud cover and cooling) depending on the rehumidity is so low in austral winter that indirect aerosol ef-
gion and conditions considered. Koch and del Genio (2010¥ects are expected to be minimal compared to the direct and
provide a thorough review of the many disparate findingssemi-direct aerosol effects (Swap et al., 2003). Special em-
with regards to aerosol absorption effects on clouds. phasis is placed on surface air temperature and hydrologic
Many studies have focused on quantifying the optical cycle responses.
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-atmosphere2 Model description and experimental design
(TOA), atmospheric (ATM) and surface (SFC) radiative forc-
ing. Fewer studies have examined the climegsponseof The analysis is based on experiments performed with
the African region to bb aerosol forcing. Paeth and Feichterthe Geophysical Fluid Dynamics Laboratory’s (GFDL)
(2006) used equilibrium simulations in the ECHAM4 GCM atmospheric-land GCM AM2-LM2 (Anderson et al., 2004)
to de-convolve the influences of GHGs and bb aerosol orset to N45 resolution (2°%longitude x2.0° latitude with
climate. While GHG warming tended to dominate the sur- 24 vertical levels). Ginoux et al. (2006) describe the treat-
face air temperature response, they found that aerosol inment 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 suliat@ig8i®utions 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 CTI
case indicates the response of the model to biomass burning aerosol forcing.

Experiment  Natural Aerosols and 30 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 below4 km

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

SSAEX MOZART-2 Y2000 MOZART-2 Y2000 adjusted below4 km
to mimic total aerosol AOD and SSA in
Figs. laand 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 fivesea salt and sulfate aerosols. For this study, the optical prop-
externally-mixed aerosol species (sulfate ggBC, organic  erties of OC aerosols are modified to allow for mild absorp-
carbon (OC), dust (DU), and sea salt (SS)) are simulated offtion and hygroscopic growth following Ming et al. (2005)
line with a chemical transport model and prescribed (linearlyto be consistent with observations of bb aerosol hygroscopic
interpolated between months). Optical properties for eackgrowth from the southern African SAFARI 2000 field cam-
species are determined offline as a function of wavelengttpaign (Magi et al., 2003).
and relative humidity using Mie theory and assumed aerosol Our experimental design is similar to Menon et al. (2002)
physical and optical properties (Haywood and Ramaswamyand RR08, and it aims to isolate the climate response to bb
1998; Haywood et al., 1999). aerosol direct and semi-direct effects only by considering a
AM2-LM2 includes the direct and semi-direct aerosol ef- range of bb aerosol optical properties. We conduct one con-
fects only (i.e. aerosols impact radiative fluxes); interactionstrol experiment and four sensitivity experiments, all of which
between aerosols and cloud microphysics are not considereghare the same present-day climatological observed SSTs
The total aerosol optical properties are calculated as a funcfReynolds et al., 2002), sea-ice, long-lived GHGs, ozone,
tion of wavelength{) and relative humidity (RH) according land-surface properties, and natural (dust plus sea salt) and
to Egs. (1) and (2): 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
Msaosay fsa,(RH) +Mpuopu + aerosol optical properties and carbonaceous aerosol (BC plus
Mssrssfss(RH)) @) 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-

AOD(1) = Y " (Macosc + Mocooc foc(RH) +
Z

AAOD(}) = ZUV[BCUBCCBBUF periments, we have implicitly assumed that the majority of
z . bb aerosol direct and semi-direct forcing is due primarily
Mocooc foc(RH)woc(RH) + to carbonaceous aerosol. This assumption is supported by
Mso,050, fso,(RH)wso, (RH) + Magi (2009), which found on the basis of data collected
Mpuopu@pu + during SAFARI 2000 that organic matter (GM.4xOC)

- and BC accounted for 27% and 73% of aerosol absorp-
Mssssfss(RH@ss(RH)) 2) tion, respectively, and 90% of the scattering in the trop-
where M refers to aerosol mass [gT in a grid box, o ics of southern Africa. Magi (2009) also show that car-
to the mass extinction efficiency frg~1], 7(RH) to the  bonaceous aerosol comprised 83% and 54% of the M
variation ofe with RH, and® to the single scattering co- in the tropics and extratropics of southern Africa, respec-
albedo  =1-SSA), which may also vary with RH depend- tively. We note that the Model of OZone And Related
ing on the aerosol component. The optical effects of hygro-chemical Tracers version 2 (MOZART-2) aerosol distribu-
scopic growth with changing model RH are considered fortions of SQ, OC, and BC (Horowitz, 2006) used in this
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(2) AOD (Observed) () AAOD (Observed) (¢) SSA (Observed) 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-
o ok e e o et oW E 18E 25 GAE 45E oW SE 1E 25E GaE 45E 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 tteP-TOMS
instrument (Torres et al., 2005) into monthly-mean gridded
maps (Fig. 1 a-c). Note that AAOB: AOD x (1 — SSA).

We chose to use data froBP-TOMS because, to our knowl-
edge, it is the only observational dataset that provides global
horizontal distributions oboth AOD and SSA over land and

(d) MOZEX AOD (e) MOZEX AAOD (f) MOZEX SSA

15W 5W 5E 15E 25E 35E 45E 15W 5W 5E 15E 25E 35E 45E

(9) HIGHEX AOD (h) HIGHEX AAOD

15W 5W S5E 15E 25E 35E 45E 15W 5W 5E 15E 25E 35E 45E 15W 5W 5E 15E 25E 35E 45E

(j) SSAEX AOD (k) SSAEX AAOD (l) SSAEX SSA

15W 5W 5E 15E 25E 35E 45E 15W 5W 5E 15E 25E 35E 45E 15W 5W 5E 15E 25E 35E 45E Ocean
0.1 03 05 07 089 0.012 0.036 0.060 0.840 0.108 0.85 0.87 0.89 0.92 0.96 1.00 b
T T T T BT T T T — I 1
00 02 04 06 08 10 0.000 0.024 0.048 0.720 0.960 0.120 0.84 0.86 0.88 0.90 0.94 0.98 ) AOD and SSA are derlved frOIEP-TOMS retrlevals US'
Aop AroD SsA ing the near-UV retrieval method (Torres et al. 1998; 2002;

2005). This method uses the ratio of backscattered radiances

absorption optical depth (AAOD; center column), and single scat—fat tWO, measured UV wavelengths (330 and.380 nm) in an
tering albedo (SSA; right column) based on observations from!MVErsion procedure that employs apre—complled' set ofloqk-
AERONET andEP-TOMS (a—c), and for MOZEX(d—f), HIGHEX ~ Up tables (LUTs). The LUTs are generated using a radia-
(g—i), and SSAEX(-l). Recall that HIGHEX, SSAEX, and tive transfer code that assumes aerosol models based on a
WHITE (not shown) have similar aerosol mass distributions, so (g)combination of spectral and geographical location consider-
and (j) are nearly the same. MOZEX and HIGHEX have the sameations (based on emission characteristics) to determine AOD
OC/BC mass ratio, so the single scattering albedos in (f) and (i) areand SSA. Retrieved AOD and SSA are reported at 380 nm
also similar. Differences arise due to changes in relative humid-and interpolated to 500 nm using the LUTs. Sources of un-
ity in each experiment, as described in the text. Land area-averagegertainty in theEP-TOMS retrievals include the assumed
(3°N-37'S, 19 W-50 E) optical properties are givenin the lower  4ar050] vertical distribution and sub-pixel cloud contamina-
total aerosol, which includes not only bb aerosols (OC plus BC),T(I(rJng zzfi(z;tdsirrzitgt;]sglgrzz ézeZ&%%gil:?jt\gige(rﬁg i?f
but also sulfate (Sg), sea salt, and dust. N .

nadir viewing geometry). Overestimates BY-TOMS oc-

cur when extinction optical depths are below 0.2 because the

study include aerosols emitted from both biomass burningcoarse resolution of theP-TOMS product makes it difficult
and anthropogenic sources (eg fossil fue]s)_ We thereIO resolve small-scale Varlablllty. Other sources of uncer-
fore are also assuming that the anthropogenic contribution tdainty in theEP-TOMS retrieval algorithm include aerosol

aerosol mass in the region is well represented by MOZART-Vertical distributions, sub-pixel cloud contamination effects,
2. 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

Fig. 1. ASO aerosol optical depth (AOD; left column), aerosol
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Table 2. Land area-averaged{8l-37° S, 19 W-5( E) aerosol optical depth (AOD), aerosol absorption optical depth (AAOD), and single
scattering albedo (SSA) for each experiment andBR& OMS/AERONET observationally-based maps from Figure 1 a-c (Observed). Here
AAOD=AODx(1-SSA). Land area-averages for the main biomass burning refi®-I? 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 redidi-83° 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) 3121 41.0

shape (Torres et al., 2002). During SAFARI 2000, Torres et Figure 1 compares the 500nm AOD, AAOD, and SSA
al. (2005) performed an extensive validationER-TOMS using the observations (Fig. 1a—c) and for the four experi-
relative to AERONET at high time- and spatial- resolution ments (Fig. 1d-I) during the biomass burning season (ASO).
and found that AOD and SSA were generally within the ob- Figure 2 shows the carbonaceous aerosol column load for
servational uncertainty of AERONEHB0% for AOD and  each experiment. In constructing experiments HIGHEX and
+0.03 for SSA). SSAEX Equations (1) and (2) were solved M andMoc
In constructing the maps (Fig. 1a—c), daily-mean griddedat 500 nm assuming that the dust, sea-salt, and sulfate mass
(2°x1°) retrievals of AOD and SSA fronEP-TOMS were  were the same as in CTRL and MOZEX. The total aerosol
aggregated to thee% 2.5> model grid. Then, ifagrid boxdid AOD and AAOD (left hand side of Eq. 1 and 2) were from
not contain arEP-TOMS retrieval for a particular day and if MOZEX or from Fig. 1a—c, depending on the experiment as
the grid box was co-located with one of 18 AERONET sites described below. We also assumed that the RH was the 30-
in southern Africa during 2000 (see supplemental materialyear mean from MOZEX; thereforg(RH) anda(RH) were
for a listing of sites used), we assigned the grid box the daily-fixed to a single value for each aerosol constituent. These as-
averaged Level 2.0, Version 2.0 AERONET observation of sumptions allowed us to solve Egs. (1) and (2); however, in
AOD and SSA at 500nm, if available. Grid boxes with a mass-based aerosol model it is difficult to constrain aerosol
missing data were then linearly interpolated from nearest-optical properties exactly because of non-linearities associ-
neighbor grid boxes. Daily-mean gridded maps were therated with aerosol hygroscopic growth. The assumption of
averaged to monthly-mean maps. We acknowledge that ouMOZEX RH has consequences for the optical properties of
gap-filling method may tend to bias the aerosol optical prop-HIGHEX and SSAEX if the RH in these experiments dif-
erties in a grid box containing a station to the AERONET fers from the 30-year MOZEX average; an overestimation or
retrieved AOD, rather than those froBP-TOMS. The SSA  underestimation of AOD compared to the observations may
tends to be less biased towards the AERONET retrievals beeccur if the model relative humidity in a given sensitivity ex-
cause the are far fewer retrievals of SSA from AERONET periment is higher or lower than in MOZEX, respectively.
(see supplemental material). However, it is important to em-However, since our purpose in this sensitivity study is to try
phasize that in this sensitivity study, these maps are used onlgnd widely bound the real world in terms of aerosol opti-
as a guide to design experiments that are more similar taal properties, and as our results will show, in the context of
available observations than MOZEX. This is similar to the this global model study it is not necessary that we precisely
approach used in Abel et al. (2005) in which MODIS and mimic observations, which have their own uncertainties.
AERONET retrievals of AOD were used to scale modeled
aerosol optical properties for forcing calculations. Because In experiment HIGHEX, BC and OC distributions from
our aim in using these maps is simply to help define a reaMOZART-2 are scaled-up in proportion below4 km over
sonable parameter space for the aerosol optical properties, #outhern Africa so that AOD roughly agrees with our
is beyond the scope of this study to do a detailed comparisowbservationally-based map (Fig. 1a) while the SSA is
of EP-TOMS and AERONET retrievals of AOD and SSA, roughly the same as in MOZEX (Fig. 1f). We only alter
and we refer the reader to Torres et al. (2005) for a morethe bb aerosol distributions below4 km because boundary-
detailed comparison of AERONET afP-TOMS retrieved  layer (BL) height in southern Africa typically reaches this
aerosol optical properties during SAFARI 2000. 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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(b) HIGHEX (c) SSAEX (d) WHITE
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Fig. 2. ASO black carbon (BC) column load [mg*rﬁ] for (a) MOZEX, (b) HIGHEX, (c) SSAEX, and(d) WHITE. ASO organic carbon

(OC) column load [mg m3] for (€) 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 regtdd«37 S, 19 W-5C E).

MOZART-2 tends to overestimate the amount of BC relative (decreasing the proportion of absorption). Alternatively, the
to in situ observations above about 400 to 600 hPa (Kochmodel could have underestimated the contribution of sea salt
et al., 2009). Thus, scaling up carbonaceous aerosol massegrosol to the AOD and SSA in this region. The model
above this altitude would have exacerbated the positive biasimulations predict higher AOD than observed in the indus-
in BC, and therefore aerosol heating, aloft. trial Highveld region of South Africa{26° S, 28 E) where
In experiment SSAEX, OC and BC are also scaled up bethere is a large industrial sulfate source (recall, all simula-
low ~4km to agree roughly with the AOD in Fig. 1la. In tions have the same sulfate mass distributions). This could
addition, the proportion of OC to BC below4 km is altered  indicate that the model sulfate is too high here, which could
so that the SSA is similar to the observations (Fig. 1c). To-also be the case in other parts of the region and would have
tal BC mass from MOZEX is roughly doubled in HIGEX consequences for the total aerosol SSA, which depends on
and SSAEX, and OC mass increases by roughly a factor o#ll aerosol constituents.
2.5 (Table 2, Fig. 2). Our final experiment WHITE has the Figure 3 shows a comparison of monthly mean mod-
same OC and BC mass distributions as HIGHEX (Fig. 2),eled and observed climatological AOD at four AERONET
but the optical properties of BC and OC are artificially set stations. In MOZEX, AOD is clearly underestimated and
to be scattering-only such that SSA (deviation from 1 due biomass burning tends to peak is October rather than in
to presence of some absorbing dust; not shown). The maiseptember as observed. By applying the scaling as de-
aim for this purely hypothetical experiment is to flush out scribed, we necessarily improve agreement between the
the contrasts with the experiments with increased absorbmodel and observations of AOD, particularly in the biomass
ing bb aerosols (MOZEX, HIGHEX, SSAEX) and thus more burning season. The climatological mean and standard devi-
clearly delineate their role. ation of ASO SSA from AERONET four these for stations
Comparing the observationally-based map of SSA in(Mongu, Senanga, Skukuza, and Inhaca) are -508@3,
Fig. 1c to the experiments, we see that outside the primary.85+0.02, 0.880.04, and 0.820.04. (See supplemental
biomass burning region(7° S-17 S, 1Y E-29 E) the ob-  material for SSA at other stations). In the grid boxes con-
served SSA is higher (less absorbing) than in the sensitivitytaining Mongu and Senanga, all experiments except WHITE
experiments. This could be due to the fact tR®-TOMS have an SSA0.88. MOZEX and HIGHEX have an SSA
tends to overestimate AOD below 0.2 (Torres et al., 2005).of 0.91 and 0.93 at Skukuza and Inhaca, respecitvely, while
Indeed, the observed AODs over the oceans in Fig. 1a ten@&SAEX has single scattering albedos~d.94 in these grid
to be larger than modeled (particularly south of&y. Over  boxes.
the oceans where scattering sea salt aerosol is more preva-
lent, higher AODs would have the effect of increasing SSA
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may be more appropriate to model their optical properties as

120 ozex 12 [LiIGHEX, SSAEX, and WHITE | ; :

1.0/ Mongu 1.0[ Mongu those of regional haze rather than those of fresh fires that had
£ gl R £ gal TR SSAs closer to the AERONET measurements and the Leahy
S S et al. (2007) estimate.

B 0.6} o B 0.6}
o =]
Q o4} Q 04}
< <
0.2} 0.2} 3 Results
0.0 0.0
JFMAMJ JASOND JFMAMJ JASOND In the following analysis, we focus on differences between
1200 00zex T 121 I GHEX, SSAEX. and WHITE | the response of each experiment and the CTRL experiment
1.0} Senanga 1.0} Senanga over southern Africa (3N-37 S, 19 W-50 E) for ASO
Lat= -16.1Lon= 23.3 Lat= -16.1Lon= 23.3 R .
E osf . E o8l (i.,e. A=EXPERIMENT-CTRL). In contrast to Figures 1
8 8 through 3, which evaluated the representativeness of the
B 0.6} o B 06l " ; . .
8 8 aerosol optical properties against observations, here we eval-
< 04 | ph < 044 uate the sensitivity of the climatesponseover the region

02p ->~ 7 0.2¢ to the bb aerosol specifications. Because only the bb aerosol

0.0 A A S oD 0.0 forcing differs between a given experiment and CTRL, an-

4 . alyzing these differences yields the response of the model

1'0 Sk 1'0 e, SSAEX, and WHITE to bb forcing only, where here we have assumed that the bb
. Tl Lat= -250Lon= 316 . " llat= 250Lon= 316 aerosol forcing is dominated by its carbonaceous (BC plus
£ 08¢ £ 08¢ OC) component. Our equilibrium experiments are not ap-
B 06} . B 06} propriate to gain insight into the actual time evolution of the
§ 04l § 04l 20th century climate response to bb aerosols. This is because

ook ook we do not consider transient changes in aerosols; our aerosols

0'0 0'0 are constant and nominally representative of the present day.

' ' Since we are attempting to extract the influences of aerosols

1.2 1.2 GhEx SSAEX and WhiTE alon_e on observed climate changes, isolated from additional

100 1.0l Inhaca forcing factors such as GHGs, land-use change, and SSTs
£ ol £ gl e that are present in the real climate, we cannot make direct
é § comparisons to observational data. Our aim in this study is to
a 06 a 06} systematically compare and contrast the range in the conse-
Q o4 Q o4 guences for climate response that perturbations in bb aerosol

0.2} 0.2} optical properties impart. Because we only consider direct

0.0 0.0 and semi-direct aerosol effects, this study should be seen as

a first-degree estimate of the impacts of bb aerosol on the
region.

Fig. 3. Comparison of simulated (solid black lines) AOD to

monthly-mean climatological observations from AERONET (black cloudy plus clear) radiative forcing efficiencies, which are
dots; orange bars are standard deviation) and MODIS retrievalé yp 9 !

(dashed lines; 2002—2004 average). Left column is for MOZEX and_def'r_'ed as the radlgtlve_forcm_g per unlt_ AOD: are _Shown

right column is for experiments with OC and BC mass adjusted toll Figure 4a. Despite slight differences in their horizontal

match observationally-based maps of AOD (i.e. HIGHEX, SSAEX, (Fig. 1) and vertical distributions (see supplemental mate-

and WHITE). Mongu and Senanga lie in the primary biomass burn-rial) of aerosol optical properties, the forcing efficiencies for

ing region (~0—17 S) during the dry season (ASO). 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-

Thus, we likely overestimate the SSA (underestimate thetensive sensitivity study of direct aerosol forcing over south-

proportion of absorption) in our experiments both comparedern Africa, and the TOA and SFC forcing for SSAEX and

to AERONET and the SAFARI 2000 campaign-average SSAHIGHEX is generally consistent with their forcing estimates

of 0.85+0.03 (Leahy et al., 2007). Nevertheless, in the pri- for highly absorbing bb haze (SS4.89).

mary biomass burning region~{° S-17 S, 1PW-29°W), Figure 4b shows the change, relative to CTRL, in the ASO

MOZEX, HIGHEX, and SSAEX have area-average sin- area-average components of the land surface energy balance

gle scattering albedos around 0.89 (Table 2), the observetbr each experiment. Positive (negative) terms warm (cool)

value for southern African bb haze reported by Haywoodthe surface. The land surface energy balance is given by:

et al. (2003). As Magi (2009) points out, considering the

scales involved in simulating aerosols in climate models, itS+ F+LE+ H~0

Area-averaged shortwave SFC, TOA, and ATM all-sky

3
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100 L1111 1 1 1 1 | BB aerosol backscattering and absorption reduce shortwave
(a) All-Sky SW Forcing Efficiency . L g . .

80 o /1 T TOA - radiation at the surface, and significant cooling is observed

607 — — ATM _ B 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-
(b) perature for all experiments since SSTs are the same as in
Fig. 4. (a) Monthly-mean area-averaged°(8—37 S, 19 W- the CTRL experiment. However, when absorbing bb aerosol
50° E) all-sky (cloudy) SFC, ATM, and TOA short-wave (SW) forc- iS increased, clouds tend to decrease over the ocean north of
ing efficiency [W 2 per unit AOD], where TOA-SFG+ATM. 10° S (where bb burning AOD is the highest) and increase
(b) ASO area-average equilibrium changesinF, LE, andH fluxes  to the south £10° S-1% S). The zonally averaged air tem-
at the surface relative to CTRL from Eq. (3) [WTf]; positive  perature change (not shown) indicates that the troposphere
(negative) changes warm (cool) the surface. Area-average valuegenerally warms in MOZEX, HIGHEX, and SSAEX, though
for CTRL are listed along the lower portion of panel (b). 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-
whereS is the net (down minus up) solar (shortwave) heatsphere generally cools throughout in WHITE, though there is
flux at the surfaceF is the net longwave heat flux, and some near-surface warming over land north of $0likely
LE and H are the net latent and sensible heat fluxes, redue to sensible and latent warming.
spectively. Note that, while the balance in Equation (3) is  Figure 6e—h shows the change in precipitatiar?) and
obtained for the global, annual mean (not shown), there igshe change in column-integrated precipitable water vapor
a small residual for ASO. Absorbing bb burning aerosols (AWVP for each experiment relative to CTRL. Rainfall
(MOZEX, HIGHEX, SSAEX) decrease shortwave flux to the changes are small and generally not significant, except in
surface relative to CTRL, and increased (less negative) senwHITE where significant decreases occur in central equa-
sible heating rather than latent heating compensates this suforial Africa. We note that the stronger increases in absorb-
face cooling due to the dryness of the season (Abel et al.ing bb aerosol in SSAEX and HIGHEX are associated with
2005). In contrast, when scattering-only aerosols increasgmall regions of precipitation increase in central equatorial
(WHITE), area-average shortwave surface heating decreasgsfrica. The rainfall anomaly patterns induced by bb aerosol
less relative to the other experiments due to decreases iBver central Africa are consistent with the patterns of wa-
cloud amount (see Fig. 6), and latent heating occurs as evaper vapor, which are more significant than the precipitation
oration decreases (see Table 3). changes. Our cloud and water vapor changes in HIGHEX
Figure 5 shows the surface air temperature, total precipand SSAEX are consistent with a negative semi-direct effect.
itation, 850-hPa winds, low level cloud distribution, and  Figure 7a—d shows the change in soil moisture for each
column-integrated water vapor for the CTRL experiment. experiment relative to control. Both MOZEX and HIGHEX
The CTRL experiment climate is qualitatively consistent indicate that soil moisture increases in equatorial southern
with observations and reanalysis data, which also includeAfrica, consistent with the findings of Roeckner et al. (2006)
the effects of carbonaceous aerosols not considered in CTRANd the positive bias relative to CTRL in the difference of
(see supplemental material). Figure 6 (a-d) shows the changgrecipitation minus evaporatiom\( P — E); Fig. 7e—h). In
in surface air temperatureA(lsg) and the change in low- contrast, SSAEX and WHITE primarily have decreases in
level cloud amount for each experiment relative to CTRL. soil moisture in the same region. The annual cycle of soil

Forcing Efficiency [W/m?/unit AOD]

)

ASurface Energy Budget [W/m?]
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oo UIoOUIOUIOUIOLIOUTIOWLI1IO
| N N N Y I I v |

Atmos. Chem. Phys., 10, 9819831, 2010 www.atmos-chem-phys.net/10/9819/2010/



C. A. Randles and V. Ramaswamy: Biomass burning aerosol climate impacts 9827
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Fig. 5. CTRL case(a) surface air temperatur@dsg K], (b) total precipitation [P; mmd!] and 850-hPa winds [nTs], (c) low level cloud
distribution [%], andd) 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 CTRI ;¢ [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
(AP; [mm dfl]) (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 precipitableAwdw®)(above (below) 0.5 mm with pink

(purple) crosses denoting 90% significance.

moisture change (supplemental material) shows that the evo- During the dry season, a semi-permanent continental-scale
lution of soil moisture in SSAEX decreases throughout muchsubtropical anticyclone induces large-scale subsidence over
of the year, as it does in WHITE, particularly in the main southern Africa (Garstang et al., 1996). The ASO change
bb region (7 S—-17 S, 1P E-29 E). This is different from in sea-level pressure (SLP) and 850-hPa winds relative to
MOZEX and HIGHEX which both show increases in soil CTRL is shown in Figure 8a—d. Increasing absorbing bb
moisture throughout the year similar to the results of Roeck-aerosol tends to increase low-level flow from the equato-
ner et al. (2006). This may explain why the increases inrial Atlantic towards the west African coast, and SLP in-
precipitation in equatorial southern Africa are smaller for creases over land when AOD is high (HIGHEX and SSAEX),
SSAEX compared to HIGHEX, as there is strong coupling consistent with the findings of Roeckner et al. (2006) and
between soil moisture and precipitation in this region (e.g.RR08. However, when there are strong increases in scatter-
Koster et al., 2004). ing aerosols only (WHITE), the 850-hPa wind anomaly is in
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Table 3. Summary of ASO area-weighted averagé \B-37° S, 19 W-50C° E) changes in surface air temperatufesf K), precipitation
minus evaporationX — 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
ATsat[K] —-0.12 (-0.08) -0.27 (-0.15) -0.35(-0.18) —-0.27 (-0.16)
A(P—E) [mm d_l] +0.02 (+0.04) +0.05 (+0.08) +0.05 (+0.08) —0.1(-0.07)
A Precipitable Water [mm] 0(+0.1) +0.2 (+0.3) +0.2 (+0.2) —1.2(-0.9)
A Low Clouds [%] +0.4 (+0.4) +0.7 (+0.1) +0.70.3) —-1.0(-0.9)
A Soil Moisture [mm] +0.32 +1.53 -0.85 -3.31
(a) MOZEX (b) HIGHEX (c) SSAEX (d) WHITE
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Fig. 7. ASO soil moisture change relative to CTRA Soil Moisture; [mm]) for(a) MOZEX, (b) HIGHEX, (c) SSAEX, andd) WHITE.
ASO change in precipitation minus evaporatiax(P-E); mmd™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 tanate sensitivity to a range of biomass burning aerosol op-
ocean; Fig. 5). tical properties. The modeled direct and semi-direct effects
The zonally-averaged circulation anomalies (Fig. 8e—h) in-of absorbing bb aerosol reduce the solar flux to the surface
dicate increased upward motion coincident with regions of(both through aerosol extinction and cloud increases), heat
increased absorbing bb aerossld-17 S). This rising mo-  the atmosphere, and tend to stabilize the troposphere below
tion, along with the anomalous low-level circulation and sub- the aerosol layer over land in the main biomass burning re-
sequent low-level convergence (not shown) contribute to thegion while increasing the surface pressure. Over the ocean,
simulated increases in column-integrated water vapor, prehowever, the cooling tendency of this reduced solar flux is
cipitation, and clouds over land in SSAEX and HIGHEX not realized (due to prescribed SSTs in this case, or, alterna-
(and, to a lesser extent in MOZEX). There are much weakettively due to a lagged ocean response), though bb aerosol ab-
increases in vertical motion in equatorial Africa in WHITE, sorption still exerts a warming tendency on the atmosphere,
and increasing aerosol scattering alone tends to spin-dowthus destabilizing the column over the ocean. A thermally-
the hydrologic cycle in southern Africa. Table 3 summarizesdriven anomalous circulation from the western Atlantic to-
the area-average changes in surface air temperature and thrds the west African coast results, and warm, moist air is
hydrologic cycle examined in this study. lofted above the continent, increasing clouds, water vapor,
and, to a lesser extent, precipitation in the main bb aerosol
region (~0-17 S).
4 Discussion and conclusions
We also consider a case in which bb aerosols are com-
Motivated by the variability in the observations of aerosol pletely scattering, and this experiment represents a hypothet-
optical properties and the wide range in the estimates ofcal case, at least in the context of the contemporary atmo-
aerosol radiative forcing over southern Africa, simulations sphere. This experiment serves to flush out the contrasts
are carried out in the GFDL AM2-LM2 GCM to test the cli- in the response to scattering aerosols, which only exert a
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(a) MOZEX  ASLP,, =-0.24 (b) HIGHEX ASLP,,, =-0.21 (c) SSAEX  ASLP,, = 0.01 (d) WHITE  ASLP,, = 0.25
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Fig. 8. ASO change in sea level pressureSLP) relative to CTRL [hPa] fofa) MOZEX, (b) HIGHEX, (c) SSAEX, and(d) WHITE
overlain with 850-hPa wind anomaly [mm‘ﬂi] relative to CTRL; black stippling represemtsSLP above 90% significant. Zonally averaged
(0-5C E) change in vertical velocity<{dp/dt) relative to CTRL [Pas! x 1e79] 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 responsé&nowledge that future studies of the direct and semi-direct ef-
to absorbing aerosols, which simultaneously cool the surfects of biomass burning aerosols on this region should con-
face and warm the atmosphere. Our results show that insider ocean-atmosphere feedbacks, we hold that atmosphere-
creased aerosol scattering in the absence of increased abnly simulations remain useful tools from which we can gain
sorption tends to cool the atmosphere over southern Africaan initial understanding of the climate response to aerosol
and enhance subsidence over the region. Importantly, the rdorcing. We also are given confidence in our results for
sulting decreases in cloud amount offset some of the surfacthe climate response to HIGHEX and SSAEX because they
cooling tendency associated with high aerosol extinction, andare qualitatively consistent with the findings of Roeckner
the hydrologic cycle over southern Africa tends to spin-downet al. (2006), which used a fully coupled atmosphere-ocean
compared to increasing absorbing bb aerosol. model, interactive aerosols, and the first (Twomey) aerosol
indirect effect. Our findings with regard to the direct and
In this study, SSTs were prescribed as an important firsisemi-direct effects of bb aerosols on the hydrologic cycle are
step to isolate and examine only the effects of aerosols omyso broadly consistent with the findings of Ott et al. (2009),

southern Africa without the complexity of a fully coupled which studied the climate effects of biomass burning in the
ocean-atmosphere model. By applying observed SSTs agdonesian region.

the lower boundary condition, we remove much of the un-

certainty in the lower-boundary forcing that may be de- Our findings may also be sensitive to the GCM convective
rived from use of a mixed-layer ocean or a fully coupled parameterization (e.g. Chakraborty et al., 2004), as we have
ocean model. However, it is important to note that if SST shown that dynamically driven cloud changes can reinforce
changes due to aerosol surface cooling were to yield stron@r eclipse aerosol effects, particularly on surface air temper-
feedbacks, particularly with regard to clouds, the effects ofature. Inclusion of aerosol indirect effects would also com-
aerosols on the hydrologic cycle could become more com+plicate the relationship between aerosols and cloud amount
plicated. For example, cooler SSTs due to increased aerosaind their associated surface solar flux changes. However,
loadings may contribute to decreases in surface convergenagobal-model representations of the first (Twomey) and sec-
(e.g. Hackert and Hastenrath, 1986) and convection; howend (Albrecht) indirect effects remain primitive, and given
ever, the SST response is expected to lag aerosol forcinthe dryness of the region in austral winter, we expect the
(e.g. Ramanathan and Carmichael, 2008). While we acaerosol direct and semi-direct effects to dominate in southern
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Africa. We also neglected the feedback of the hydrologic cy-Chylek, P. and Coakley, J. A.: Aerosols and Climate, Science, 183,
cle on aerosol distributions; however, we again expect this 75-77,1974 _ _

to be rather small during the dry season studied here. Welworth, T. L., Broccoli, A. J., Rosati, A, et al.. GFDL's CM2
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southern Africa. In particular, it is clear that the hydrologic =~ anomalies, Mon. Weather Rev., 114, 745-757, 1986.
cycle over the continent is sensitive to the total amount ofHansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climate
aerosol absorption, and that the semi-direct effect of absorb- '€SPOnse, Journal of Geophysical Research, 102(D6), 6831~
ing aerosols on cloud distributions can reinforce the coolingH 6864, 1997.

ffect of | extinction on th f ir temperatur aywood, J. M. and Ramaswamy, V.: Global Sensitivity studies
etiect o aeI’OSO. ex C. on o ef surface air temperature as ¢ e gjrect radiative forcing due to anthropogenic sulfate and
aerosol absorption optical depth increases.

black carbon aerosols, J. Geophys. Res., 103(D6), 6043-6058,

1998.
Supplement related to this article is available online at: Haywood, J. M., Ramaswamy, V., and Soden, B. J.: Tropospheric
http://www.atmos-chem-phys.net/10/9819/2010/ aerosol climate forcing in clear-sky satellite observations over
acp-10-9819-2010-supplement.pdf the oceans, Science, 283, 5406, 1299-1303, 1999.

Haywood, J. M., Osborne, S. R., Francis, P. N., Keil, A., Formenti,
P., Andreae, M. O., and Kaye, P. H.: The mean physical and

AcknowledgementsThe authors thank Paul Ginoux and Hi- optical properties of regional haze dominated by biomass burning
ram Levy Il for thoughtful comments on the manuscript. We  aerosol measured from the C-130 aircraft during SAFARI 2000,
thank Omar Torres for providing dailfEP-TOMS retrievals of J. Geophys. Res., 108(D13), 8473, d0i:10.1029/2002JD002226,

AOD and SSA for 2000 and the AERONET investigators and  2003.

their staff for establishing and maintaining the 18 sites used in thisHolben, B., Tanre, D., Smirnov, A., et al.. An emerging
investigation. We also thank the four anonymous reviewers for ground-based aerosol climatology: Aerosol optical depth from
their constructive comments that have improved this work. CAR  AERONET, J. Geophys. Res., 106(D11), 12067-12097, 2001.
acknowledges funding from the Department of Energy (DOE) Horowitz, L.: Past, present, and future concentrations of tropo-
Graduate Research Environmental Fellowship (GREF) and the spheric ozone and aerosols: Methodology, ozone evaluation,

Princeton AOS program. and sensitivity to aerosol wet removal, J. Geophys. Res., 111,
D22211, doi:10.1029/2005JD006937, 2006.
Edited by: D. Shindell Johnson, B. T., Shine, K. P., and Forster, P. M.: The semi-direct

aerosol effect: Impact of absorbing aerosols on marine stratocu-
mulus, Q. J. Roy. Meterol. Soc., 130(599), 1407-1422, 2004.
References Kaufman, Y. J., Tanre, D., Remer, L., Vermonte, E., Chu, A., and
Holben, B. N.: Remote sensing of tropospheric aerosol over the
Abel, S. J., Highwood, E. J., Haywood, J. M., and Stringer, M.  land using dark targets and dynamic aerosol models,J. Geophys.
A.. The direct radiative effect of biomass burning aerosols Res., 102, 17051-17067, 1997.
over southern Africa, Atmos. Chem. Phys., 5, 1999-2018,Keil, A. and Haywood, J. M.: Solar radiative forcing by biomass
doi:10.5194/acp-5-1999-2005, 2005. burning aerosol particles during SAFARI 2000: A case study
Anderson, J., Balaji, V., Broccoli, A. J., et al.. The new GFDL  based on measured aerosol and cloud properties, J. Geophys.
global atmosphere and land model AM2-LM2: Evaluation with Res., 108(D13), 8467, doi:10.1029/2002JD002315, 2003.
prescribed SST simulations, J. Climate, 17, 4641-4673, 2004. Koch, D. and Del Genio, A. D.: Black carbon semi-direct effects
Brioude, J., Cooper, O. R., Feingold, G. Trainer, M., Freitas, S. R., on cloud cover: review and synthesis, Atmos. Chem. Phys., 10,
Kowal, D. Ayers, J. K., Prins, E., Minnis, P., McKeen, S. A,, 7685-7696, doi:10.5194/acp-10-7685-2010, 2010.
Frost, G. J., and Hsie, E.-Y.: Effect of biomass burning on ma-Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J.
rine stratocumulus clouds off the California coast, Atmos. Chem. R., Balkanski, Y., Bauer, S., Berntsen, T., Bond, T. C., Boucher,
Phys., 9, 22, 8841-8856, doi:10.5194/acp-8-8841-2009, 2009. 0., Chin, M., Clarke, A., De Luca, N., Dentener, F., Diehl, T.,
Chakraborty, A., Satheesh, S. K., Nanjundiah, R. S., and Srini- Dubovik, O., Easter, R., Fahey, D. W., Feichter, J., Fillmore, D.,
vasan, J.: Impact of absorbing aerosols on the simulation of cli-  Freitag, S., Ghan, S., Ginoux, P., Gong, S., Horowitz, L., lversen,
mate over the Indian region in an atmospheric general circulation T, Kirkevag, A., Klimont, Z., Kondo, Y., Krol, M., Liu, X.,
model, Ann. Geophys., 22, 1421-1434, doi:10.5194/angeo-22- Miller, R., Montanaro, V., Moteki, N., Myhre, G., Penner, J. E.,
1421-2004, 2004.

Atmos. Chem. Phys., 10, 9819831, 2010 www.atmos-chem-phys.net/10/9819/2010/


http://www.atmos-chem-phys.net/10/9819/2010/acp-10-9819-2010-supplement.pdf
http://www.atmos-chem-phys.net/10/9819/2010/acp-10-9819-2010-supplement.pdf

C. A. Randles and V. Ramaswamy: Biomass burning aerosol climate impacts 9831

Perlwitz, J., Pitari, G., Reddy, S., Sahu, L., Sakamoto, H., SchusOtt, L., Duncan, B., Pawson, S., Colarco, P. R., Chin, M.,
ter, G., Schwarz, J. P., Seland, @., Stier, P., Takegawa, N., Take- Randles, C., Diehl, T., and Nielsen, E.: The influence of
mura, T., Textor, C., van Aardenne, J. A., and Zhao, Y.: Evalu- the 2006 Indonesian biomass burning aerosols on tropical dy-
ation of black carbon estimations in global aerosol models, At- namics studied with the GEOS-5 AGCM, J. Geophys. Res.,
mos. Chem. Phys., 9, 9001-9026, doi:10.5194/acp-9-9001-2009, doi:10.1029/2009JD013181, D14121, 2010.

20009. Paeth, H. and Feichter, J: Greenhouse-gas versus aerosol forcing

Koren, 1., Kaufman, Y. J., Remer, L. A.,, and Martins, and African climate response, Clim. Dynam., 26, 35-54, 2006.
J. V.. Measurement of the effect of Amazon smoke on Ramanathan V. and Carmichael, G.: Global and regional climate
inhibation of cloud formation, Science, 303, 1342-1345, changes due to black carbon, Nat. Geosci., 1, 221-227, 2008.
doi:10.1126/science.1089424, 2004. Ramanathan, V., Chung, C., Kim, D., Bettge, T., Buja, L., Kiehl,

Koster, R. D., Suarez, M. J., Liu, P., et. al.: Regions of strong J. T., Washington, W. M., Fu, Q., Sikka, D. R., and Wild, M.:
coupling between soil moisture and precipitation, Science, 305, Atmospheric brown clouds: Impacts on South Asian climate
1138-1140, 2004. and hydrological cycle, P. Natl. Acad. Sci., 102, 15, 5326-5333,

Lau, K. M., Kim, K. M., Sud, Y. C., and Walker, G. K.: A 2005.

GCM study of the response of the atmospheric water cycle ofRandles, C. A. and Ramaswamy, V.: Absorbing aerosols over Asia:
West Africa an the Atlantic to Saharan dust radiative forcing, A GFDL general circulation model sensitivity study of model
Ann. Geophys., 27, 4023-4037, doi:10.5194/angeo0-27-4023- response to aerosol optical depth and aerosol absorption, J. Geo-
2009, 2009. phys. Res., 113, D21203, d0i:10.1029/2008JD010140, 2008.

Lau, K. M., Kim, M. K., and Kim, K. M.: Asian summer monsoon Reynolds, R. W., Rayner, N. A., Smith, T. M., Stockes, D. C., and
anomalies induced by aerosol direct forcing: The role of the Ti-  Wang, W.: An improved in situ and satellite SST analysis for
betan Plateau, Clim. Dynam., 26(7-8), 855-864, 2006. climate, J. Climate, 15, 1609-1625, 2002.

Leahy, L. V., Anderson, T. L., Eck, T. F., and Bergstrom, R. Roeckner, E., Stier, P., Feichter, J., Kloster, S., Esch, M., and
W.: A Synthesis of biomass burning aerosol over southern Fischer-Bruns, L.: Impact of carbonaceous aerosol emissions on
Africa during SAFARI 2000, Geophys. Res. Lett., 34, L12814, regional climate change, Clim. Dynam., 27, 552-571, 2006.
doi:10.1029/2007GL029697, 2007. Solomon S., Qin, D., Manning, M., et al.: Technical Summary Con-

Magi, B.: Chemical apportionment of southern African aerosol tribution of Working Group 1 to the 4th Assessment Report of the
mass and optical depth, Atmos. Chem. Phys., 9, 7643—-7655, Intergovernmental Panel on Climate Change, in: Climate Change
doi:10.5194/acp-9-7643-2009, 2009. 2007: The Physical Science Basis, Cambridge University Press,

Magi, B. I., Ginoux, P., Ming, Y., and Ramaswamy, V.: Evalua- New York, USA, 21-87, 2007.
tion of tropical and extratropical Southern Hemisphere African Swap, R. J., Annegarn, H. J., Suttles, J. T., King, M. D., Plat-
aerosol properties simulated by a climate model, J. Geophys. nick, S., Privette, J. L., and Scholes, R. J.: Africa burning:
Res., 114, D14204, doi:10.1029/2008JD011128, 2009. A thematic analysis of the Southern African Regional Science

Magi, B. I. and Hobbs, P. V.: Hobbs: Effects of humidity on Initiative (SAFARI 2000), J. Geophys. Res., 108(D13), 8465,
aerosols in southern Africa during the biomass burning season, doi:10.1029/2003JD003747, 2003.

J. Geophys. Res., 108(D13), 8495, doi:10.1029/2002JD002144Torres, O., Bhartia, P. K., Herman, J. R., Ahmad, Z., and Gleason,
2003. J.: Derivation of aerosol properties from satellite measurements

Menon, S., Hansen, J., Nazarenko, L., and Luo, Y.: Climate effects of backscattered ultraviolet radiation: Theoretical basis, J. Geo-
of black carbon aerosols in China and India, Science, 297, 2250- phys. Res., 103, 17099-17110, 1998.

2253, 2002. Torres, O., Bhartia, P. K., Herman, J. R., Syniuk, A., Ginoux, P.,

Miller, R. L., Tegen, I., and Perlwitz, J.: Surface radiative forcing  and Holben, B.: A long-term record of aerosol optical depth
by soil dust aerosols and the hydrologic cycle, J. Geophys. Res., from TOMS observations and comparison to AERONET mea-
109, D04203, doi:10.1029/2003JD004085, 2004. surements, J. Atmos. Science, 59, 398413, 2002.

Ming, Y., Ramaswamy, V., Ginoux, P. A., and Horowitz, L. H.: Di- Torres, O., Bhartia, P. K., Sinyuk, a., Welton, E. J., and Hol-
rect radiative forcing of anthropogenic organic aerosol, J. Geo- ben, B.: Total Ozone Mapping Spectrometer measurements of
phys. Res., 110, D20208, doi:10.1029/2004JD005573, 2005. aerosol absorption from space: Comparison to SAFARI 2000

Myhre, G., Bernsten, T. K., Haywood, J. M., Sundet, J. K., Holben, ground-based observations, J. Geophys. Res., 110, D10S18,
B. N., Johnsrud, M., and Stordal, F.: Modeling the solar radiative  doi:10.1029/2004JD004611, 2005.
impact of aerosols from biomass burning during the Southern
African Regional Science Initiative (SAFARI-2000) experiment,

J. Geophys. Res., 108(D13), 8501, doi:10.1029/2002JD002313,
2003.

www.atmos-chem-phys.net/10/9819/2010/ Atmos. Chem. Phys., 10, 98392010



