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Abstract. Marine stratocumulus cloud properties, and the mosphere. However, the greater liquid water path for cases
free-tropospheric environment above them, are examined imf smoke overlaying cloud contributes an additional negative
NASA A-Train satellite data for cases where smoke from semi-direct radiative forcing (cooling) of climate in locations
seasonal burning of the West African savannah overlaysuch as the southeast Atlantic Ocean owing to the enhanced
the persistent southeast Atlantic stratocumulus cloud deckalbedo of the thicker cloud.

CALIPSO space-borne lidar observations show that features
identified as layers of aerosol occur predominantly between
2kmand 4km. Layers identified as cloud features occur pre-
dominantly below 1.5km altitude and beneath the layer of
elevated smoke aerosol. The diurnal mean shortwave heatrhe impact of aerosols upon the climate of Earth has re-

ing rates attributable to the absorption of solar energy in theceived intense scrutiny because of the uncertain role aerosols
aerosol Iayer is nearly 15 Kd for an aerosol Optical thick- piay in present-day anthropogenic radiative forcing of cli-
ness value of 1, and increases to 18—}% dvhen the smoke mate (|PCC’ 2007), and the prospect for |arge present and
resides above clouds OWing to the additional Component Oiuture impacts of aerosol forcing on regionai and giobai hy_
upward solar radiation reflected by the cloud. As a consegrological cycles (e.g. Ramanathan et al., 2001; Liepert et
quence of this heating, the 700 hPa air temperature above thg.  2004). The radiative forcing by aerosols arises both
cloud deck is warmer by approximately 1K on average for through the direct scattering and absorption of solar radiation
cases where smoke is present above the cloud compared g aerosol particles, as well as the modification of clouds by
cases without smoke above cloud. The warmer conditiongerosols, which can impact the transmission of solar and in-
in the free-troposphere above the cloud during smoke eventgared radiation through the cloud layer.
coincide with cloud |IQUId water path values that are greater In cases Where absorbing aerosois (eg Smoke and Soot)
by 20gnT2 and cloud tops that are lower for overcast con- coincide with clouds in the same column, the radiative heat-
ditions Compared to periOdS with low amounts of smoke. |ng of the troposphere by aerosol solar absorption may mod-
The observed thickening and subsidence of the cloud Iayeﬁy the thickness and coverage of the cloud layer depending
are consistent with published results of large-eddy simula-on the radiative properties of the aerosol, the meteorology
tions showing that solar absorption by smoke above stratocUgriving the cloud dynamics, and the vertical distribution of
mulus clouds increases the buoyancy of free-tropospherighe aerosol relative to the cloud in the column. This so-
air above the temperature inversion capping the boundaryajled semi-direct effect of aerosols (Hansen et al., 1997) is
layer. Increased buoyancy inhibits the entrainment of dry airoften assumed to yield a positive radiative forcing (warming)
through the cloud-top, thereby helping to preserve humidityof climate. When the absorbing aerosol mixes with shallow
and cloud cover in the boundary layer. The direct radiativeproken clouds in the same layer, the radiative heating of the
effect of absorbing aerosols residing over a bl’lght cloud declqayer by solar absorption can reduce the cloud cover (Acker_
is a positive radiative forcing (warming) at the top of the at- man et al., 2000), increasing the absorption of solar radiation
at the surface and leading to a net positive radiative forcing.
This study examines the consequences for marine stra-
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southwestern African Savannah produces episodic plumes afata sets employed, and the processing techniques applied to
dark smoke over the southeast Atlantic Ocean. Beneath thtéhe satellite data, are similar to those described in Wilcox et
elevated layer of smoke is a persistent deck of bright ma-al. (2009). Essential details are described below. Additional
rine stratocumulus cloud. Field measurements have veridetails and discussion can be found in Wilcox et al. (2009).
fied that the smoke is substantially absorbing in the ultravi- The vertical profile of smoke and cloud is determined us-
olet (UV) and visible wavelengths (Haywood et al., 2004), ing the aerosol and cloud feature mask derived from CALIOP
meaning that both the downward incident solar radiationlidar backscatter measurements from the CALIPSO satellite
from above, and the upward reflected solar radiation from(Liu et al., 2009; Winker et al., 2009). A histogram of aerosol
the cloud-top below are substantially attenuated as solar erand cloud layer heights is used to construct a canonical pro-
ergy is deposited in the smoke layer. The persistence of shaFile for cases of coincident smoke aerosol overlaying cloud
low stratocumulus beneath deep plumes of absorbing smok#or input into the plane-parallel radiative transfer model of
aerosol over the southeast Atlantic Ocean during the dry seachou (1992). Sensitivity studies are performed with the
son provides a natural laboratory for testing the response ofmodel to estimate the tropospheric heating rate for varying
stratocumulus clouds to overlaying absorbing aerosol. values of smoke aerosol optical depth (AOD) and cloud frac-
The geographical distribution of smoke from African Sa- tion.
vannah burning, as well as the microphysical and radiative The signature of tropospheric heating by absorbing smoke
properties of the smoke, were among the topics of study ofaerosol is observed in Atmospheric Infrared Sounder (AIRS)
the Southern African Regional Science Initiative (SAFARI) satellite tropospheric temperature products based on the
2000 field campaign. During sampling offshore of West AIRS/AMSU retrieval algorithm (Susskind et al., 2006). In
Africa, smoke was typically observed in layers that were ver-order to properly interpret the AIRS temperatures, samples
tically separated from stratocumulus clouds below (Hobbs,are sorted according coincident observations of sea surface
2002; McGill et al., 2003). These observations imply that di- temperature (SST) from the Advanced Microwave Scanning
rect microphysical interaction between the aerosols and straRadiometer-EOS (AMSR-E) sensor (Wentz and Meissner,
tocumulus clouds is often inhibited by the strong temperature2000; Wentz et al., 2003) and the aerosol index (Al) de-
inversion above the cloud layer. rived from the Ozone Monitoring Instrument (OMI) instru-
In large-eddy simulations of California stratocumulus ment (Herman et al., 1997; Torres et al., 2007). The AIRS
cloud cases, Johnson et al. (2004) find that when the aband AMSR-E instruments are on the Aqua satellite and the
sorbing aerosol layer occurs in the boundary layer, the cloud®MI instrument is on the Aura satellite. The Aura satellite
liquid water path (LWP) decreases, yielding a positive semi-follows the Aqua satellite in the same orbit approximately 15
direct radiative forcing. However, when the aerosol layer oc-minutes behind. All data are taken from the daytime pass of
curs entirely above the boundary layer the temperature inverthe A-Train satellite constellation (approximately 1:30 p.m.
sion above the boundary layer is enhanced, LWP increasedgcal time).
and the semi-direct radiative forcing is negative (a cooling). The response of the clouds to tropospheric heating is de-
Evidence for both increases and decreases in cloud fractiotermined using AMSR-E observations of cloud LWP (Wentz,
associated with biomass burning aerosols offshore of Cali-1997; Wentz and Spencer, 1998). We rely on the AMSR-E
fornia were reported by Brioude et al. (2009) depending onLWP retrieval based on microwave emission rather than the
whether simulated smoke in a chemical transport model hadnigher resolution MODIS LWP retrieval based on visible and
mixed into the boundary layer or not. In this study we con- near-infrared reflectance because of a systematic bias in the
firm the results of the Johnson et al. (2004) study for overcasMODIS LWP for cases where absorbing aerosol is present
decks of cloud to the presence of smoke above the boundargbove the cloud (Haywood et al., 2004; Wilcox et al., 2009).
layer with an empirical analysis of a suite of NASA A-Train ~ The satellite data are obtained for the oceanic region off-
satellite observations and complementary radiative transfeshore of southern Africa bounded by°M to 15 E lon-
calculations. The observations confirm that the smoke layegitude and 20S to O’ S latitude during July, August, and
is often distinct from the cloud layer below and that a positive September (JAS). Aerosols emanating from the burning of
correlation of smoke loading and cloud liquid water path canthe African savannah are clearly evident over this region of
be explained by warming of the cloud-capping temperatureocean in satellite imagery (Fig. 1a). All satellite data, with
inversion attributable to solar absorption by smoke. the exception of the CALIPSO data, are analyzed for the JAS
period during 2005 and 2006. CALIPSO data are analyzed
for the JAS period from 2006 through 2008. Instantaneous
2 Data and methods AMSR-E data are obtained for each orbit averaged in space
on a 0.25 lat.-lon. grid. Level-2 AIRS pixel data are ob-
A combination of satellite observations and a numerical ra-tained at 45 km resolution, which is a broader spatial resolu-
diative transfer model are used to establish a link betweeriion than the grid. AIRS samples are colocated with the other
absorbing smoke aerosol and a thickening of marine stratocudata sets by obtaining the AIRS sample nearest the center
mulus cloud beneath the smoke layer. Several of the satellitpoint of the 0.28 grid cell. AIRS provides valid temperature
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Table 1. Data sources.

Parameter Sensor Platform Product Units RMS uncertainty
aerosol/cloud feature CALIOP  CALIPSO L2VFMV3 n/a n/a

Aerosol index oMl Aura L2G-OMAERUVG Vv.2 nl/a n/a

SST AMSR-E  Aqua REMSS v.5 K 0.76'K

LWP AMSR-E  Aqua REMSS v.5 gm? 25gnT 2

Air temperature AIRS Aqua RetStd, v.5 K 15K

Cloud cover MODIS Aqua MYDO6, col. 5 n/a n/a

Estimated uncertainties are reported RMS error of retrieved parameter at instrument resbMiénz et al. (2003)** Wentz (1997)** Susskind et al. (2007).

el s el dou s km footprints with valid retrievals of cloud optical thickness
and cloud drop effective radius flagged as “confident”. This
2 conservative screening for overcast conditions captures only
20 ¢ ‘ about 30% of the overall cloud cover because many clouds
% R are smaller than a grid cell. However, there remain greater
£ than 47000 overcast grid cells with valid coincident SST,
LWP, and OMI Al values in two years of daytime satellite
' ' overpasses during the JAS period.

b.

R S R i 0‘ e The OMI Al is used to estimate the column amount of
Pumberof CALIOPsampls 109 numberof CALIOPsamples 10) smoke residing above the cloud. The OMI Al increases with
_ the amount of smoke residing in the column and may be re-
Fig. 1. (a)2005-2006 July, August, and September average OMlyje\ed even for overcast conditions (Hsu et al., 1996: Tor-
aerosol index (from: Wilcox et al., 2009)(b) Vertical distribu- res et al., 2007). OMI Al is zero in the absence of aerosols

tion of aerosol features, ar{d) vertical distribution of aerosol and di imately [i v with the UV ab ii
cloud features. Aerosol and cloud features are obtained from th naincreases approximately finearly wi e absorption

CALIPSO feature mask product for July, August, and SeptemberOPtical depth. OMI Al values within the domain of inter-
2006—2008. est vary from—1.5 to 3.5 where values less than zero may

indicate the presence of scattering aerosols and the positive
values indicate the presence of absorbing aerosols. In addi-
tion to the optical thickness of aerosols, the magnitude of
the Al also depends on the optical properties and vertical

1.0 2 2

retrievals even up to 90% cloud cover (Susskind et al., 2006)
Mz?lny Otzf g.,[Ld CTI(IjS Ajg;fldetn_tly |(|1Ien_|t_|::fed_ %S. ozerct?]stt?re distribution of the aerosols. Having little knowledge of the
g)ar?;iaese\glso;aelclear sl;/e rgeg\i/gnss‘ arelsag}af:n??o tr?e g\r/evariability of aerosol optical properties in our study, it is not

X el . ossible to quantitatively assess the uncertainties related to
cast grid cell, yet within the broader AIRS footprint. Level-2 6 d y

. ) . this variability in our application of the Al data. Variations
MODIS cloud pixel data (Platnick et al., 2003) are obtained in the vertical distribution of aerosols, however, is not a likely

Ztshzrsc:ﬁaseoéugggﬁnd used to screen for overcast Condltlon%ource of significant error in using the OMI Al as a proxy for
' smoke loading above clouds. Torres et al. (1998) find that

The AMSR-E gridded LWP is an average over the en-variations in the altitude of absorbing aerosol over a range of
tire 0.25 area, including clear-sky portions of the grid cell. approximately 5km have little impact on ultraviolet radiance
Therefore, the overcast LWP can only be obtained for gridfor cases with a surface reflectance of 0.6, a value consistent
cells confidently determined to be overcast. Because clougvith measured UV reflectance for liquid water clouds (Eck
thickening will be diagnosed by changes in LWP, and differ- et al., 1987).
ences in LWP between broken cloud scenes can occur either A summary of observing systems used in this study ap-
because of differences in the thickness of the cloud layer opears in Table 1, including values of reported uncertainties
differences in cloud fraction, a stringent test for overcast con4n instantaneous parameter retrievals from the literature esti-
ditions is made to isolate the thickening effect. Except wheremated from the RMS error of retrievals performed at instru-
noted, only overcast grid cells are used in the analysis. Thisnent resolution.
overcast screening is the same as applied operationally in
the level-2 1-km MODIS visible/near-infrared cloud optical
thickness and cloud drop effective radius product (Platnick
et al., 2003). In practice, the overcast screening is applied
by only using grid cells completely spanned by MODIS 1-
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3 The radiative effect of smoke aerosol AR

. ‘ ot T
Smoke aerosols from African savannah burning directly heat 5 - | 500 - R
the atmospheric layer in which they reside owing to absorp-
tion of solar radiation (Pilewskie et al., 2003; Magi et al., _ ¢ [ a4 600 4

(hPa)

2008). Calculations with the plane-parallel radiative trans- £ % 3 N g
fer model of Chou (1992) are performed in order to illus- £ ;0| 3; g 100 : 7 3§;
trate the radiative consequences of a thick layer of absorbing™ ER - ) E]
aerosol overlaying a low cloud deck. Of particular interest s - 12 800 V=089 | 2
are the vertical distribution of the aerosol in relation to the ol 0 -
cloud-topped boundary layer, and the resulting vertical pro- i optical thickness =12 ] |

i I i 1 1000 bl b s 1000 . . . .

file of atmosphenc heatm_g.. Profiles of aerosol and cloud e e g
features, determined statistically from the CALIPSO satel- AOD shortwave heating rate (K d)

lite measurements, are used to constrain the radiative transfer

calculations and determine where in the column to expect théig. 2. (a) The vertical profile of aerosol optical depth (AOD) in

thermal signature of the aerosol radiative warming. each 24 hPa layer of the radiative transfer model for the case with
In the lower troposphere the CALIOP lidar identifies total colurr_m optical depth of 1.@b) Simulated atmospheric short-

aerosol and cloud features at 30m vertical resolution and'@ve heating rates for smoke layers of AOD =0, 0.4, and 1.0 above

333m horizontal resolution. The vertical number distribu- & stratocumumlus cloud layer of optical th|ckn_ess 12 and _ae_rosol

tion of all daytime aerosol features identified during the JASsmgIe-scatterlng _albedo at 550_nm of 0.89. _Horlzontal bars indicate
) . o the range of heating rates for single-scattering albedo08%3.

period from 2006 through 2008 is shown in Fig. 1b. All day-

time CALIPSO passes through the box shown in Fig. 1a are

accumulated in the profile shown in Fig. 1b and c. Although

the sensitivity of CALIOP to detecting aerosol and cloud fea-

tures is weaker for the daylight portions of CALIPSO orbits

of —0.1unT?! is used to extrapolate the 0.55pm value to
other wavelengths for the broadband radiative transfer cal-
ggulations based on the column-integrated surface sun pho-

(Winker et al., 2009), only daytime passes are used here i )
order to determine the smoke profile when solar absorption i£°Meter measurements also made during SAFARI 2000 (Eck
2t al., 2003). Simulated clouds are in a single layer from 0.5

occurring. The presence of aerosol features clearly peaks bé& _ ) ) o e X
tween 2 and 4 km, indicating that the smoke is preferentiallyto 1.25 qu a!t|tUQe with uniform liquid \{vater mixing ratio of
transported from the continent to the southeastern Atlantid®-079 kg™" yielding a cloud of total optical thickness of 12.
ocean in plumes between those altitudes. Aerosol features in The diurnal mean shortwave radiative heating rate profile
the boundary layer are substantially smaller in number tharis shown in Fig. 2b for cases of AOD equal to 0, 0.4, and 1.0
at 3km. and cloud fraction of 1. In the absence of smoke aerosol the
The number distribution of all aerosol and cloud featureslower tropospheric shortwave heating rate is about 1K d
is shown in Fig. 1c. The stratocumulus clouds occur pre-The radiative heating rate peaks between the 600 and 700 hPa
dominantly between 0.5 and 1.3km. A distinct minimum in Pressure levels for smoke and cloud profiles constrained by
aerosol and cloud features occurs between the stratocumul§sALIPSO observations. The peak heating rate in the aerosol
cloud layer and the elevated smoke aerosol layer. Based ofgyeris 2Kd*and 3.5K d ! for AOD of 0.4 and 1.0 respec-
these results, a representative profile with a single layer of eltively. Seasonal-mean AOD values for cloudy conditions
evated absorbing aerosols and single layer of shallow cloudgver the southeast Atlantic Ocean are presented by Chand
below is imposed in the radiative transfer model (Fig. 2). €t al. (2009). The mean value reaches as high as 0.5 near
The model simulates scattering and absorption of shortihe coast and instantaneous values can reach as high as 1.0
wave radiation in a single column by aerosols, clouds, ozone(se€e Chand et al., 2009, Supplement Fig. 2). Measures of
water vapor, oxygen, and carbon dioxide in 75 pressure leyihe single-scatter albedo are variable and uncertain. Allow-
els from the surface to the top of the atmosphere. Each layeind for a range of +£-0.03 in the single-scatter albedo yields
is approximately 24 hPa thick in the lower and middle tro- & range of +-0.5Kd™" in the heating rate at the altitude of
posphere. The vertical distribution of AOD in each model P€ak heating. This range in single-scatter albedo is consis-
layer is shown in Fig. 2a for the case of total column opti- tent with estimates of measurement uncertainties in single-
cal thickness of value 1. The aerosols are distributed in aScatter albedo and is greater than the range of average values
half-sinusoidal profile from 1.5 to 4.2 km altitude with peak reported for different flights during the SAFARI 2000 cam-
aerosol concentration at about 3km altitude. Aerosol opti-Paign (Haywood et al., 2003).
cal properties are derived from in-situ observations during The difference between the solid line in Fig. 2b and
the SAFARI 2000 field campaign (Haywood et al., 2003) the other lines is the shortwave heating rate attributable to
where it is reported that the single-scatter albedo was 0.89 aierosol absorption. The aerosol shortwave heating rate for
0.55um. A spectral dependence of the single-scatter albedoloud-free conditions and averaged over the aerosol layer is
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Fig. 4. AIRS atmospheric temperature at tfg 700 hPa pressure
Fig. 3. Atmospheric shortwave heating rate averaged over the siMjeye| and(b) 600 hPa pressure level against AMSR-E sea surface
ulated smoke layer (1700-4300 m). Heating rate vs. AOD for cloud-iemperature for high smoke and low smoke samples. Air tempera-
free conditions indicated by the solid line and the dashed line show§res are shown separately for overcast samples only (solid lines),
the heating rate for AOD =1.0 vs. fraction of cloud cover beneath 3 for all samples (dashed). Vertical bars are the estimated 95%
the smoke layer. Gray region shows range of heating rate for singlezonfidence interval based on variability in each SST bin. The dot-
scattering albedo 0.890.03. ted line in(a) indicates the number distribution of SST values (scale

appears on right-hand axis). 2267 samples with OM&&I 3126

samples with LOMI Al <= 2; 897 samples with OMI A} 2.

shown as a function of AOD from O to 1 in Fig. 3 (solid line).

The layer-mean aerosol heating rate increases from 0 for no , )
aerosol to just less than 1.5 Klfor AOD=1. The aerosol ~chand etal. (2009) study, and may explain the higher clear-

shortwave heating rate increases with cloud fraction because<Y forcing efficiency reported in Magi et al (2008). The cal-
the smoke aerosol absorbs both the downwelling solar radiaulations presented in Figs. 2 and 3 were designed to explore
tion and the upwelling solar radiation reflected by the clougthe radiative consequences of variations in cloud cover and
beneath the aerosol. For the AOD = 1 case. the aerosol shorfmoke aerosol loading for cases where smoke resides above
wave heating rate increases from just less 1than 1.5%far clouds in the same column. On the basis of the comparisons
cloud-free conditions to 1.8 K for overcast conditions. with other reported values, the absolute forcing values com-

. B puted here may be underestimated, but the caluculations pre-
in 'I":f:g a;?,er((;)srorlegg(?:(\jlvsa\;g Ze?;;gti:/a;eﬂzc:: CA;I\?e_rgleizgvm sented here illustrate the relevant physics and capture the ap-

. roximate magnitude of the variations in radiative forcing.
the atmosphere of 42 W for cloud-free conditions and P 9 g

57 W m2 for overcast conditions. These values can be com-

pared with atmospheric radiative forcing efficiency valuesy gmoke absorption and lower tropospheric air

reported elsewhere in the literature. Chand et al. (2009) temperature

use Calipso retrievals of aerosol optical depth in clear and

cloudy conditions together with aerosol optical propertiesThe AIRS air temperature retrievals at the 700 and 600 hPa
from the SAFARI 2000 campaign and a radiative transferpressure levels are shown in Fig. 4 binned by AMSR-E SST.
model to report a clear-sky atmospheric forcing efficiency vertical bars in Figs. 4 and 5 indicate the 95% confidence
of 59Wm2¢; and an overcast forcing efficiency of interval estimated as plus/minus double the standard devi-
9lwm_2‘l,'5_5]6nm These values are greater than the estimatestion of the mean of all samples in each SST bin. In the
reported here because Chand et al. (2009) adopt a lower valuebsence of reliable boundary layer air temperature, SST is
of the single scattering albedo (0.85). Magi et al. (2008)used here as general indicator of boundary layer tempera-
report an atmospheric forcing efficiency based on a radiature. While LWP increases strongly with SST in this re-
tive transfer model and using a more rigorous application ofgion, as discussed further below, there is no apparent re-
SAFARI 2000 observations that accounts for spatio-temporalationship between free-tropospheric temperature above the
variability in aerosol radiative properties. But they compute boundary layer and SST. The data are further stratified by low
a value only for clear-sky conditions. The Magi et al. (2008) smoke loading and high smoke loading conditions, where
value is 70.3+£5.1 W ni 2 T%%nm They observed a nega- low smoke conditions are indicated by OMI Al less than 1
tive correlation between aerosol single-scattering albedo andnd high smoke conditions are indicated by OMI Al greater
AOD which would lead to an enhanced atmospheric radia-than 2. At the 700 hPa pressure level, approximately the
tive forcing efficiency that is not accounted for here or in the level of peak aerosol shortwave radiative heating, high smoke

www.atmos-chem-phys.net/10/11769/2010/ Atmos. Chem. Phys., 10, 17682010
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200 e
——— high smoke (OMI Al > 2)
low smoke (OMI Al < 1)

2.5 e ———— (Kalnay et al., 1996) for low smoke loading and high smoke
loading samples (not shown). The sum of the differences
between low smoke and high smoke conditions for the com-
ponents of dynamical heating are less than 0.5K dug-
gesting that much of the difference in AIRS temperatures at
this level between low smoke and high smoke conditions is
attributable to the shortwave radiative heating.

At the 600 hPa pressure level, near the top of the smoke
layer, there is no systematic difference between low smoke
loading and high smoke scenes, except for the 30% of sam-
ples with SST cooler than 293 K, where the low smoke sam-
. _ ples are on average warmer than the high smoke samples. As
ol ol T Lisisias L, indicated in Fig. 2, the aerosol heating rates at the 600 hPa
280 285 290 295 300 0 001 002 003 004 level are substantially smaller than at the heating rates at the

sea surface temperature (K) relative frequency of cloud features 2.

700 hPa level, therefore shortwave aerosol radiative effects

Fig. 5. (a) AMSR-E cloud liquid water path against AMSR-E &€ expected to contribute only a small, if any, difference in
sea surface temperature afy relative frequency of occurrence temperature between low OMI Al and high OMI Al sam-
of CALIPSO cloud features. Both are shown separately for highples at the 600 hPa level. Furthermore, the free troposphere
smoke (red) and low smoke (green) samples. Vertical b iare is decoupled from the boundary layer, therefore SSTs are not
the estimated 95% confidence interval based on variability in eachexpected to contribute to any difference in temperatures be-
SST bin. The total number of low smoke and high smoke CALIPSO tween low OMI Al and high OMI Al samples.

cloud features between 0 and 2.5km altitude are 3279831 and

922,596 respectively.

2.0
150

w0
T

100

altitude (km)

<)
T

50 r

cloud liquid water path (g m?)

05

5 Lower tropospheric warming and cloud thickening

samples are systematically warmer than low smoke sample§loud LWP increases strongly with SST as shown in Fig. 5a.
by nearly 1K. This is true regardless of SST except for thosen the southern half of the domain the mean overcast LWP
samples at the edges of the SST distribution. However, lesgnd mean SST both increase to the northwest. In the north-
than 8% of samples are associated with SST less than 290 RN half of the domain the spatial patterns of the mean fields
or greater than 298 K (SST distribution is indicated by dotted@r€ not coherent. The positive correlation may suggest that
line in Fig. 4a). The cloud LWP data discussed below is lim- higher SSTs promote thicker clouds through greater fluxes
ited only to overcast samples. The AIRS retrievals, however0f heat and moisture from the surface to the boundary layer.
are available for conditions that are either clear or overcastl NiS characterizes the response of clouds to changes of SST
at the 0.25 grid resolution. Figure 4 indicates that the high N shorttime scales of a day or less (Pincus etal., 1997). But

smoke loading scenes are warmer at 700 hPa than the lowiven the non-local effects of SSTs and static stability up-
smoke scenes regardless of cloud cover. wind on local cloud development (Klein et al., 1995), proper

The threshold on OMI Al of greater than 2 to indicate characterization of the relationship between SST and LWP
r{_equires a Lagrangian analysis. Nevertheless, regardless of

ambiguously overlain by a significant amount of absorbingthe SST, F_ig. 5a indicatgmzs that LWP is systematically greater
aerosol. The threshold on Al of less than 1 for low smoke PY @Pproximately 20gmr for overcast scenes overlain by

cases is chosen to isolate samples with unambiguously Ieg_y.gh levels of smoke loading compa}red to I,OW smoke load-
absorbing aerosol above the cloud layer. This populatiorfng scenes. These results are consistent with the large-eddy

of samples may include cases with scattering (high Singlesimulation results presented by Johnson et al. (2004) where
scatter albedo) aerosols above cloud. The gap in OMI Alsimulations of a stratocumulus cloud layer overlain by a layer

between the two populations allows for some noise in theOf absorbing biomass burning aerosol resulted in LWP val-
es of 5 to 10 g m? greater than in a simulation without the

measurement as well as the other sources of uncertainty di% burni N
cussed in Sect. 2 above. The results in this section and Sect.3°Mass burning aerosol iayer. S _
The Johnson et al. (2004) simulations indicate that the in-

below are qualitatively robust to reducing the thresholds by s s .
crease in the buoyancy of the layer immediately above the

1 or using a single threshold of either 0 or 1 to discriminate . . X
between the two populations cloud owing to warming by solar absorption reduces cloud-
' attOp entrainment. Reduced entrainment of dry air through the

Estimates of heating rates by dynamical processes clloud—top acts to preserve humidity and cloud cover in the

700 hPa are found to be substantially smaller than the aeros . .
: : : oundary layer. The result is a shallower boundary layer with
shortwave heating rates estimated above. Horizontal temper- :
eater LWP in the cloud layer.

ature advection and subsidence heating are derived using tha
temperature and wind fields from the NCEP reanalysis data

high smoke loading is chosen to isolate samples that are u
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The shallower boundary layer is indicated in the frequencylow smoke cases by approximately 1 um. However, the ra-
of occurrence of CALIPSO cloud features sorted by OMI diative impact of the smoke above the cloud introduces a low
Al (Fig. 5b). The relative frequency of occurrence of cloud bias of less than 2 um in the MODIS retrievals of effective ra-
features for high smoke and low smoke conditions is showndius (Haywood et al., 2004), which could account for the dif-
separately as the ratio of the number of features in each 30 rference observed here. Costantino anéldsr(2010) confirm
layer in the CALIPSO lower-tropospheric feature mask prod-that the inverse relationship between cloud drop effective ra-
uct and the total number of either high-smoke or low-smokedius with aerosol load in satellite data is substantially weaker
features detected below 2.5 km altitude. The vertical distri-for cases where the smoke and cloud layers are physically
bution of cloud features is lower for the high-smoke casesseparated compared to cases where the vertical separation is
compared to the low-smoke cases. The altitude of the peakmall and microphysical interaction is likely. These results
of the cloud feature distribution is lower by as much as 200 msuggest that the increase in LWP observed in this study is
for the high-smoke cases compared to the low smoke casesiore likely a response to the warming above the cloud layer
Subsidence of the cloud deck accompanies subsidence of ttthan a microphysical interaction of aerosol entrained into the
free-troposphere above. The altitude of the cloud top is detereloud.
mined by a balance between the subsidence above the bound-A layer of absorbing aerosol over a bright cloud layer will
ary layer and the vertical entrainment at cloud-top. With darken the scene as viewed from above owing to the absorp-
the reduction in entrainment implied by the warmer free-tion of both downwelling solar radiation and upwelling re-
tropospheric air above the inversion when smoke is presenfected solar radiation. Podgorny and Ramanathan (2001)
subsidence of the cloud-top accompanies the continued suhise radiative transfer modeling to describe how the direct ra-
sidence in the free-troposphere above. The subsidence of ttdiative forcing of scenes containing both absorbing aerosols
cloud-top is also indicated in greater cloud-top pressure andnd low clouds depends upon cloud fraction. They find that
greater cloud-top temperature values in the MODIS data forthe direct aerosol radiative forcing at the top-of-atmosphere
high smoke conditions for all values of SST. However, thesechanges from negative to positive as cloud cover increases.
values are determined from a combination of the observed inThe level of cloud cover corresponding to the change in
frared radiances and simulated temperature profiles from asign of the forcing depends on the aerosol optical thickness,
atmospheric analysis data product which has known deficienaerosol single-scattering albedo, and whether the aerosol
cies in resolving strong temperature inversions (Harshvardiayer resides above the cloud or in the cloud. Chand et
han et al., 2009), therefore the MODIS products may not re-al. (2009) determine that this critical cloud fraction is about
liably capture the magnitude of cloud-top subsidence in this0.4 for the southeast Atlantic region considered here based
region of strong inversions above the boundary layer. Indeedon satellite remote sensing observations. Therefore, the di-
the difference in cloud-top pressure between high-smoke andect radiative forcing at the top-of-atmosphere of the smoke
low-smoke conditions implied by MODIS is substantially aerosol is expected to be positive for the overcast scenes ex-
greater in magnitude than is indicated in the CALIPSO data.plored here. However, the albedo of low clouds increases

Increases in LWP associated with increases in aerosol loadith LWP, therefore the thickening of the stratocumulus
are often attributed to a microphysical interaction wherebycloud in response to overlaying smoke aerosol is expected
aerosols entrained into the cloud layer suppress drizzle (Al{o yield a negative semi-direct radiative forcing that counter-
brecht 1989). Often this effect is argued to yield an increaseacts the positive aerosol direct radiative forcing. In the John-
in area-averaged LWP through an increase in cloud coverson et al. (2004) simulations of the case of absorbing aerosol
Only overcast LWP is addressed in the present study. Hencegver cloud these two forcing effects nearly cancel. As noted
the increase in LWP attributed here to the smoke aerosol is above, however, this balance will depend on the amount and
geometric thickening or an increase in the liquid water con-optical properties of both the aerosols and the cloud. There-
tent of the cloud. A significant microphysical response of thefore, the cancelation of the two forcing effects should not be
clouds to the smoke is not expected based on the CALIPS@xpected to hold for all cases of aerosol over low clouds.
analysis presented above and the SAFARI 2000 results (e.g. This study has focused specifically on the increase of over-
Hobbs 2002) indicating clear air often occurs beneath thecast LWP attributable to aerosol direct heating above the
smoke layers. This is further confirmed by Costantino andcloud. Increased stability of the lower troposphere may also
Bréon (2010) who find that 83% of CALIPSO profiles, out increase the coverage (i.e. cloud fraction) of stratocumulus
of more than 7000 examined in the same region, have a vereloud as implied by the spatio-temporal correlation of lower
tical profile where the aerosol and cloud layers are sepatropospheric static stability and cloud cover (Klein and Hart-
rated by at least 250 m. If substantial microphysical interac-mann, 1993). This effect would contribute an additional neg-
tions between the smoke layer and cloud layer are occurringtive radiative forcing.
then a negative correlation between aerosol load and cloud
drop effective radius would be expected. Examination of the
MODIS data indicates that the effective cloud drop radius
retrieved for the high smoke cases is smaller than that of the
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6 Summary diative effects of absorbing smoke aerosols is occurring dur-
ing the dry season over the Southeast Atlantic Ocean.
The stratocumulus clouds capping the marine boundary layer The direct radiative effect of absorbing aerosols residing
over the Southeast Atlantic Ocean frequently reside below amver a bright cloud deck is a positive radiative forcing (warm-
elevated layer of smoke aerosol transported offshore from théng) at the top of the atmosphere. However, the semi-direct
regions of African Savannah burning. This study has inves-+thickening of the cloud layer is a negative radiative forcing
tigated the radiative impact of the smoke on the atmospheri¢cooling) owing to the enhanced albedo of thicker clouds.
temperature in the free-troposphere above the marine boundrhe balance of these opposing radiative forcing effects will
ary layer, and the properties of overcast samples of the cloudgepend on the amount and optical properties of the aerosol,
capping the marine boundary layer. as well as the optical thickness and fractional coverage of the
Analysis of CALIPSO satellite lidar data indicate that the cloud deck.
smoke over the ocean primarily resides between 2 km and
4 km altitude, while the stratocumulus cloud decks generallyAcknowledgementsThis work was supported by the NASA
reside below 1.5km altitude. Radiative transfer calculationsRadiation Sciences Program and NASA grant # NNX10AM44G.
based on the observed profile and aerosols and clouds, &MSR-E data are produced by Remote Sensing Systems and
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in the aerosol layer for cloud-free conditions exceeds 1K d Adaptive Processing System at NASA GSFC. CALIPSO data are

for AOD values greater than about 0.5 and exceeds 1.5K d distributed by the Atmospheric Science Data Center at NASA
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