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Abstract. We have recently investigated large-scale co-aerosols can have remote impact on precipitation by alter-
variability between aerosol and precipitation and other me-ing the atmospheric large-scale circulation (e.g. Rotstayn et
teorological variables in the West African Monsoon (WAM) al., 2007; Wang, 2004, 2007). Model simulations demon-
region using long term satellite observations and reanalysistrated that radiative forcing of anthropogenic aerosols from
data. In this study we compared the observational results to aresent-day and pre-industrial conditions have significant in-
global model simulation including only direct radiative forc- fluence on upper tropospheric clouds and water vapor (Liu
ing of black carbon (BC). From both observations and modelet al., 2009), and exert different perturbations in the radia-
simulations we found that in boreal cold seasons anomative energy budget of the global climate system (Schulz et
lously high African aerosols are associated with significantal., 2006). Lau et al. (2008) explicitly explained the possi-
reductions in cloud amount, cloud top height, and surfaceble radiative, miscrophysical and dynamical mechanisms in
precipitation. These results suggest that the observed precigghe aerosol-monsoon interaction. However, as stated in the
itation reduction in the WAM region is caused by radiative fourth climate assessment report of Intergovernmental Panel
effect of BC. The result also suggests that the BC effect onon Climate Change (IPCC), the sign of the global change in
precipitation is nonlinear. precipitation due to aerosols is not yet known (Denman et al.,
Keywords. Atmospheric  composition and  structure 2007). Due_ to the natural variability and complexity of many
. . processes involved (Menon, 2004), observational and model-
(Aerosols and particles) — Meteorology and atmospheric: ) A ;
dynamics (Precipitation: Radiative processes) ing studies on aerosql-cloud-preC|p|tat|on interaction do not -
always produce consistent results (e.g. Takemura et al., 2005;
Tao et al., 2007). Few attempts have been made to compare
large-scale observed and simulated aerosol-precipitation re-
1 Introduction lationships. Such comparisons are needed for evaluating the
performance of the models and thus to build our confidence

By absorbing and scattering solar radiation, aerosols can afi" Using these tools to specify and quantify certain physical
fect precipitation through its radiative effect on surface andmechanisms that would be otherwise difficult to reveal with
atmospheric heat budgets, which modulate the large scal@bservations alone.

circulation (e.g. Chung and Seinfeld, 2005; Haywood and The West African Monsoon (WAM) region provides an
Boucher, 2000). Meanwhile as cloud condensation nucleideal natural test bed for studying aerosol effects on precip-
(CCN) or ice nuclei (IN), aerosols can also produce var-itation. Itis so because aerosols over this region are among
ious non-exclusive effects on cloud microphysics, such aghe greatest and most persistent on Earth with distinct sea-
the cloud albedo effect, cloud lifetime effect, semi-direct ef- Sonal variability: mineral dust from North African sources in
fect, glaciation effect and thermodynamic effect (e.g., Ra-May—August, biomass burning smokes from southern Africa
manathan et al., 2001; Lohmann and Feichter, 2005; Denln July—September, and their mixture in November—February

man et al., 2007, and therein). Evidence also suggests th&lUe to persistent year-long dust emission from some North
African sources and biomass burning in Sahel region (e.g.

Carlson and Prospero, 1972; Prospero and Lamb, 2003;
Correspondence tal. Huang Dwyer et al., 2000; Duncan et al., 2003; Ito and Penner,
BY (jhuang@rsmas.miami.edu) 2005; Huang et al., 2009d).
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Table 1. Datasets and their regional-averaged mean and standard deviation in the WAM region.

Source Variable Resolution  Unit Annual Annual mean Changes in normalized
(latitudex mean standard anomalies over
longitude) deviation [0-10N, 17.5W-10E]

TOMS Aerosol index 1x1.25° 117 0.277 1.54

GPCP Precipitation B°x25° mm/d 3.03 0.885 —0.942

Cloud amount % 58.5 6.77 —0.300

Cloud top pressure . . mb 541 63.8 0.462
Observation SCCP Cloud top temperature 25°x25 K 264 7.09 0.397

Cloud water path glf 54.3 12.6 —0.442

NOAA satellites  Outgoing longwave radiation (OLR) .52x 2.5° W/m? 250 8.53 0.216

NCEP-DOE re- U wind (850 hPa) m/s —2.80 1.74 —0.0017

analysis 2 2.5°x25°

V wind (850 hPa) m/s —-0.192 1.09 0.144

Omega (850 hPa) Pa/s —0.0175 0.0291 0.0327

Black carbon kg/m? 1.88 0.301 1.212
Precipitation mm/d 2.95 1.14 —0.829
Air-sea coupled U wind (850 hPa) m/s -0.138 0.895 -0.272

GCM with brl)ack V wind (850 hPa) m/s 2.84 0.719 0.194

Simulation carbon radiative Omega (850 hPa) 2.8°x2.8° Pa/s —0.0186 0.0154 0.143
forcin Cloud amount % 56.8 8.96 —0.607

9 OLR Wim? 268 9.88 0.780
Water vapor g/rf 35.6 2.34 —0.933

Using satellite data we have demonstrated that a high conmodel simulations is given in Table 1 with their climatologi-
centration of aerosols can induce significant precipitation re-cal mean and standard deviation.
duction in the WAM region along the coast of the Gulf of _
Guinea, particularly in the boreal late autumn and winter TOMS Al (Herman et al., 1997; Torres et al., 1998) is
(Huang et al., 2009a, b). The mechanism for this reductionsens_'t'Ve to uItraonet_—absorblng mineral dusF and biomass
is, however, unclear. In this study we aim to explore possiblePUrning smoke. In this study, the latest version-8 monthly
mechanisms by comparing observed and model simulated O©MS Al was used; it combines data from Nimbus-7 (N7,
aerosol-induced changes in various meteorological variabledYovember 1978 to April 1993) and Earth Probe (EP, August
We will first describe observational data and data processing 996 to December 2000). The spatial resolutior?itafitude
in Sect. 2, followed by model description in Sect. 3. Then by 1.25 longitude. The use of TOMS Al is justified by the

we will present results in Sect. 4. Section 5 gives a summanyfact that in the WAM region dust and smoke are the two ma-
and discussions. jor UV absorbing aerosol types whose variability can be sen-

sitively traced by TOMS Al without complications from non-

absorbing aerosols such as sea salt and industrial pollution.
2 Observational data and data processing The dust variability observed by TOMS Al was also verified

by the long term dust ground record in Barbados (e.g. Ginoux
Unless otherwise noted, our observational data analysis cowt al., 2004). The GPCP precipitation data are available as
ers the period of 1979-2000 during which Total Ozonea merged product consisting of low-orbit satellite microwave
Mapping Spectrometer Aerosol Index (TOMS Al), the main data (after mid 1987), geosynchronous-orbit satellite infrared
aerosol data in this study, is available. Monthly mean TOMSdata, and surface rain gauge observations (Huffman et al.,
Al, the Global Precipitation Climatology Project (GPCP) 1997; Adler et al., 2003; Yin et al., 2004). The spatial reso-
precipitation data, the NOAA interpolated outgoing long- lution is 2.5 latitude by 2.5 longitude. The ISCCP D2 data,
wave radiation (OLR) data, and the NCEP-DOE reanalysis 2available from 1983 to 2000 (Rossow and Schiffer, 1991,
wind data were used for this period. For statistical relations1999), categorize low, medium and high clouds by their top.
of aerosol to cloud we use a shorter period of 1983-2000 foiThe data also provide cloud top pressure, cloud top temper-
which the ISCCP cloud data are available. The purpose ofture, and cloud water path that are of interest to this study.
this analysis period is to examine changes in cloud amounfhe OLR data from NOAA polar-orbiting satellites are of-
that accompany the changes in precipitation under aerosol eten used to identify areas of tropical deep convection and
fects. A summary of all the variables from observations andto evaluate the radiation budget of the Earth (Gruber and
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Fig. 1. The changes in the observed precipitation between high and low aerosol tercile-nfaygpstial pattern, ang) seasonal variability

(after Huang et al., 2009aj)c) and(d) are similar to (a) and (b) but for the simulated precipitation. The relatively larger aerosol domain
(AA) and the precipitation (and other meteorological variables) domain (WAM) with their corresponding boundaries are marked in (a). The
dashed lines mark the center of the mean West African Monsoon rain band.

Krueger, 1984; Liebmann and Smith, 1996). In the inter-(3° S-3 N, 20° W-0°, Zebiak, 1993), and the TNA-TSA in-
polated OLR data gaps were filled with temporal and spatialdex (SST anomaly difference betweeh-35 N, 55°-15 W
interpolation (Liebmann and Smith, 1996). The spatial res-and 0-20° S, 30 W-10 E, Servain, 1991), were used in a
olution is 25° x 2.5°. For the primary data analysis period multi-variable regression technique to remove their coherent
1979-2000, we also use wind data from the NCEP-DOE Resignals in both aerosol and precipitation time series. The
analysis 2 (Kanamitsu et al., 2002). residual aerosol and precipitation anomalies are not linearly

We adapted the same data processing method describ@j(plainEd by these known climate factors. We further nor-
in Huang et al. (2009a, c). An aerosol time series was demalized the anomalies using their interannual standard devi-
rived from an African aerosol domain (AA domain), which is ation of each calendar month averaged over the respective
larger than the WAM domain for the time series of precipita- analysis domains. The statistical analysis is mainly con-
tion (Fig. 1). The seasonal cycle was first removed from bothducted between the normalized anomalies of aerosols, pre-
time series. We then identified El fb-Southern Oscilla- Cipitation and other variables. The spatial and temporal vari-
tion (ENSO), North Atlantic Oscillation (NAO), and Atlantic  ability of the differences in these variables between the high
zonal and meridional sea surface temperature (SST) mode3nd low aerosol scenarios will be presented to help interpret
as known climate factors that modulate natural variability of the observed aerosol-precipitation relationship.
aerosol and other meteorological variables (e.g. Prospero and
Lamb, 2003; Chiapello et al., 2005; Washington and Todd,
2005; Washington et al., 2006). 3 Model

Their corresponding representative indices, namely,
the NINO3.0 index (5S-5 N, 9¢° W-=150 W, Philander,  An interactive aerosol-climate model designed to simulate
1990), the NAO index (Hurrell, 1995), the ATL3.0 index only the direct radiative effect of black carbon (BC) was

www.ann-geophys.net/27/4171/2009/ Ann. Geophys., 27, /41A&1%-2009
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developed based on the Community Climate Model version 3nt model schemes. But aerosol radiative forcing is better
(CCM3) of the National Center for Atmospheric Researchesunderstood and simulated after many years of profound stud-
(Wang, 2004). The model has a horizontal resolution ofies. Thus we think it is a logical first step to pursue a compar-
2.8° x 2.8° degree and 18 vertical layers from the Earth’s sur-ison between observations and model simulations with only
face to 3hPa. Processes that modulate the 3-D distributioBC radiative effect over the WAM region.

of BC include emissions, transport and mixing, dry deposi- To make the model results comparable to observational
tion and gravitational sedimentation, and wet removal. Theresults, we applied the same data processing method to the
climate dynamics model calculates these processes utilizinghodel simulations except there is no need to remove effects
the predicted winds, temperature, air density and pressurdrom known climate factors (such as ENSO, NAO and NAV)
cloud cover, and precipitation. The annual emissions frombecause they were not reproduced by the model. The differ-
fossil fuel use and biomass burning wer8 and~6 Tg C, ence between the forcing and reference runs is also analyzed
respectively. The inclusion of BC aerosols in the 18-bandto isolate the BC radiative effect.

solar radiation module of CCM3 (Briegleb, 1992) was for-

mulated following Kiehl and Briegleb (1993). The needed

optical parameters of BC aerosols were derived based on thd Results

Mie scattering theory (Wang, 2004), specifically, the Model 1 R

of BC optical parameter set in Wang (2004) is used (Table 14'1 Aerosol and precipitation

in Wang, 2004). The direct effect of BC on long-wave radia- o large-scale reduction in precipitation in the WAM re-

tion was omitted, and so was the much more complicated andioy associated with high concentration of African aerosols
poorly-understood indirect radiative forcing of BC aerosols. o« peen observed using satellite data (Huang et al., 2009a,

Above calculations were processed at the same time step qf) - Thjs gbservation is compared to the model simulation
the climate model to achieve a fully interactive coupling be- ¢ the forcing run in Fig. 1, which shows differences be-
tween the aerosol module and the CCM3 climate model. TWOyeen composites of precipitation for months of high vs. low

model runs coupled with a slab ocean model were conducted; e 50| concentrations. The high and low months of aerosol
a reference run without and a forcing run with the radia- .oncentration are defined as the top and bottom terciles of the
tive effect of BC. Both runs last 60 years to reach a quasi-manihly time series of aerosol normalized anomalies. The
equilibrium state. The last 20 years of model outputs wereg;yjation agrees with the observation in that the most signif-

used in the analyses in this study. Details of the model anqcgnt aerosol-induced reduction in precipitation occurs along
model configuration were given by Wang (2004). The di- the Guinea coast in boreal winter and spring. The model

rect radiative forci.ng of BC estimated by this model is within produced convective and large-scale precipitation. Only the
the range of previous works (see Table 2.5 in Forster et al.changes in convective precipitation have the spatial and sea-
2007). The remote impact of BC radiative forcing on precip- ona| variability similar to the observed. This agreement
itation was also suggested in different interactive BC-climatepenyeen the observation and simulation signifies that if the

modeling efforts (e.g. Roberts and Jones, 2004; Chung an@pserved reduction in precipitation is due to direct radiative

Seinfeld, 2005). ) . forcing of aerosol, it is BC that suppresses isolated sub-grid

It should be emphasized that the model used does not ingrecipitation processes. A possible reason for the resolv-
clude other aerosol types other than black carbon. We hadpe |arge-scale precipitation not affected by the local BC
chosen to compare our observational results to simulationg, jiative effect is that large-scale precipitation is more con-

of this model for two reasons: 1) Using long term satel- yied by the large-scale circulation and less sensitive to lo-

lite observations, we observed significant large-scale aerosols,, changes in radiative heating/cooling. Other associated
precipitation covariability in the Pan-Atlantic region only in

i . meteorological responses to the BC radiative forcing are dis-
boreal cold seasons when biomass burning smokes are ong,sced in the following sections

of dominant aerosols in the troposphere. We did not ob-

serve such significant relationship in boreal summer whery 2 Aerosol and cloud

mineral dust is the sole predominant aerosol in the tropical

Atlantic (Huang et al., 2009a, b, c). The logical thinking is The aerosol-cloud interaction is highly uncertain due to
that if aerosol effect is responsible for the observed relationthe complexity of many microphysical processes involved.
ship, it probably comes from BC. 2) An important conclusion For example, known as cloud albedo effect and cloud life-
from Rosenfeld et al. (2008) is that aerosol radiative and mi-time effect, excessive aerosols may increase CCN numbers,
crophysical forcing may be dominant over different aerosoldecrease cloud particle size, thus enhance cloud albedo,
loadings: when aerosol optical depth is at its higher end, as itengthen the cloud lifetime and increase cloudiness (Twomey
the WAM region, radiative forcing becomes more significant et al., 1978; Albrecht, 1989); on the other hand, known as
over microphysical effect. Additionally, the model simula- semi-direct effect (Hansen et al., 1998), the extra solar ab-
tions of aerosol microphysical effect still have large uncer-sorption by excessive aerosols can potentially warm up the
tainties. One often observes large difference between differsurrounding cloud, increase the evaporation rate of the cloud

Ann. Geophys., 27, 4174481, 2009 www.ann-geophys.net/27/4171/2009/
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Fig. 2. The aerosol-induced changes in the normalized anomalies of the observed total cloud de)@patial pattern, an¢b) seasonal

variability. (c—d), (e—f) and(g—h) are the same to (a—b) but for the observed high cloud amount, the simulated total cloud amount and the

simulated high cloud amount, respectively. The dashed lines mark the center of the mean West African Monsoon rain band.
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particles and reduce the cloud (Ackerman et al., 2000). Beaged aerosol normalized anomalies and the WAM-domain
cause of these aerosol effects, cloud can be either suppressaderaged normalized anomalies of other meteorological vari-
(e.g. Feingold et al., 2005, for smoke suppression of cloud irables. We put the emphasis only on the boreal winter sea-
Amazonia) or invigorated (e.g. Kaufman et al., 2005; Korenson when the most significant aerosol-cloud and aerosol-
et al., 2005, for aerosol invigoration of Atlantic convective precipitation relationships are found.

cloud) or both (e.g. Koren et al., 2008, for smoke invigora- Both observations and model simulations show significant
tion and inhibition over the Amazon). It would be interesting (at the 99% confidence level) negative correlations between
to see how cloud would vary in association with a reductionaerosol and precipitation. The model output further verifies
in precipitation in the WAM region due to high concentra- that such negative correlation is mainly from convective pre-
tion of aerosol, such as that observed and simulated with B&ipitation. Consistently, both observations and simulations
radiative effect only (Fig. 1). also found significant (at the 99% confidence level) negative

With a similar composite procedure applied to the ISSCPcorrelation between aerosol and total or high cloud amount.
cloud data, we found a significant reduction in the total cloudSignificant (at the 99% confidence level) positive correla-
amounts along the Guinea coast associated with anomaloustjons also exist between aerosol and other cloud variables
high aerosol (Fig. 2a). Although suppression is also found insuch as cloud top pressure, cloud top temperature, and OLR
middle and low clouds, the most notable reduction is in thein observations. These significant correlations indicate that
high cloud amount (Fig. 2b). Model simulations produced the composite differences in Figs. 1-3 are indeed statistically
very similar results (Fig. 2c and d). robust.

In addition to the reduction in the total cloud amount, |n addition to the correlations, we also calculated the
aerosols also appear to decrease the cloud top altitude ahanges in the normalized anomalies of each variable when
measured by increases in cloud top pressure (Fig. 3a, b). Werosol (or BC in the simulation) normalized anomalies in-
is clear that the observed reduction in precipitation is not ascreases from low tercile months to high tercile months (last
sociated with increases in clouds as expected if some of theolumn in Table 1). By inversing the normalization proce-
cloud microphysical effects of aerosol are involved. This isdure (see Sect. 2), one can quantitatively approximate the
consistent to the notion that the BC radiative effect (absorb-aerosol-attributed changes in these variables. For example,
ing) tends to increase the atmospheric stability locally andthe difference in the observed precipitation between high and
thus weaken isolated sub-grid precipitation. This is also con{ow aerosol tercile months is abou0.942 mm/d, which is
sistent to the suggestion purely from observations that theoughly 31% of the annual mean precipitation; in the model
observed negatively correlated relationship between aerosdimulation, these two values ared.829 mm/d and 28%, re-
and precipitation in the WAM region cannot be explained by spectively (see Table 1).
the washout effect (Huang et al., 2009a, b, c), evident from
spatial and seasonal patterns and rain rate sensitivity of thé.3 Nonlinearity
observed aerosol effect, and its comparison to the model sim-
ulated washout effect. Consistently, the cloud water path, dt is interesting to point out that the radiative effect of BC
variable indirectly indicating cloud depth, also decreases sigon precipitation may not be linear. If the BC radiative effect
nificantly as the aerosol concentration becomes anomalouslgn precipitation is linear, then the reference run (without BC
high (Fig. 3c, d). Further evidence of cloud suppression isradiative effect) can be viewed as an extreme case asymptot-
found in the enhanced outgoing longwave radiation (OLR)ically approached by the lower tercile of BC concentration in
during high aerosol tercile months (Fig. 3e, f). Such results,the forcing run as the BC concentration goes to zero. In this
once again, was reproduced by the model simulation (Fig. 3gcase, similar pattern of reduction should be expected, if with
h). Therefore we are more confident that the aerosol-inducedifferent (larger) amplitudes, from the precipitation compos-
precipitation reduction is due to the suppression of precipi-ite difference between the forcing and reference runs. This
tating clouds by aerosol direct radiative effects of BC. is not the case. The precipitation is indeed reduced in the

To confirm the aerosol suppression of precipitation andforcing run in comparison to the reference run (Fig. 4), but
cloud, we conducted a consistency check on changes in ththe pattern of the changes is quite different from what shown
wind fields. In the high aerosol tercile months, both ob-in Fig. 1. If the large-scale circulation responds linearly to
servations and simulation show stronger divergence in thehe radiative forcing of BC, then the nonlinearity may come
meridional wind field and weakened upward motions at thefrom the way precipitation is controlled by the large-scale
850 hPa level (not shown). These consistent responses iairculation. The possible nonlinear nature of the precipitation
the wind fields from the reanalysis help rule out any remain-response to BC radiative forcing as simulated by the model
ing doubt that the observed aerosol-precipitation relationshipextends globally. We compared the composite difference in
might results from errors in satellite data retrievals. precipitation between high and low tercile months in terms

To summarize the association of aerosol with the aboveof the BC concentration in the forcing run (Fig. 5a) and the
mentioned meteorological variables, we conducted an addifference in precipitation between the forcing and reference
ditional correlation analysis between the AA-domain aver-runs (Fig. 5b). It is clear that in some regions, the difference

Ann. Geophys., 27, 4174481, 2009 www.ann-geophys.net/27/4171/2009/
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(a) 5 Summary and discussion

Using long-term satellite data and GCM simulations, we
have demonstrated that aerosols from Africa significantly re-
05 duce convective precipitation in the WAM region owing (at
least in part) to direct radiative forcing of black carbon. The
reduction is particularly significant in boreal cold seasons
05 when biomass burning smoke is prevailing. In both obser-
1 vations and simulations we found that associated with the
reduction in precipitation are significant decreases in cloud
amounts and cloud height, which suggest that the observed
reduction in precipitation might be not directly caused by
cloud microphysical effects of aerosol. The model simula-
tions produced similar pattern of reduction only in convective
1 (subgrid) precipitation, but not in large-scale (grid-resolving)
precipitation. These all lead to the plausibility that the ob-
served reduction in precipitation in the WAM region asso-
0 ciated with increasing African aerosol is caused to a large
extent by suppressed isolated (subgrid) convective precipita-
tion due to direct radiative effect of black carbon, possibly
-1 from biomass burning in the region. It would be interesting
‘ ‘ ‘ ‘ to see how much the reduced precipitation by black carbon
Longitude may vary when radiative effects of dust are also included in
the model.

Fig. 5. (a)Changes in precipitation normalized anomalies between 1t s also of interest to discuss the relative significance of
high and low BC terciles months (same as Fig. 1c but for global o450 radiative effect to its microphysical effect on precip-
e clene 300, AS atet eporte, when the aerosol opical depi
' (AOD) is higher tharn-0.25, aerosol radiative effect becomes
more significant over aerosol microphysical effect and tends
patterns are similar albeit different amplitudes, signaling theto inhibit cloud amount (Koren et al., 2008), decrease con-
dominance of linear responses. In other regions, they are@ective available potential energy (CAPE), and thereby sup-
quite different, suggesting possible dominance of nonlinearpress precipitation (Rosenfeld et al., 2008). In the WAM
ity. The significance of such nonlinearity depends on the senfegion the aerosol optical depth is among the highest in
sitivity of changes in tropical convective precipitation to the the world with a climatological AOD mean ¢£0.4 as we
direct radiative effect of black carbon emitted from several evaluated from 5-year (2003—2007) Aqua MODIS AOD. For
major regions of the world (Wang, 2009). This aspect of all the calendar months, the climatological mean AOD are all
aerosol effects on precipitation needs further investigations. higher than 0.25 except October which has an AOD mean of

Latitude

(b)

Latitude
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0.23. Moreover, showed for the precipitation change in Southtal Change-Hazards and Regional Impacts, and support by the tech-
Asia from fully coupled coean-atmosphere global climate nical officers Don Anderson and Lucia Tsaoussi. This study was
model experiments, the radiative forcing from aerosol-ladensupported by NOAAs Office of Global Programs through awards
clouds can reduce surface evaporation, decrease meridionghder Cooperative Agreement #NA17RJ1226 to CIMAS and by

sea surface temperature gradient and increase atmosphef§'SA through Grant NNXO7ADI49G to MIT.

stability, and result in a precipitation reduction (Ramanathant
et al., 2005). Therefore our attribution of cloud and precip-
itation suppression to aerosol radiative forcing agrees with
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