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Abstract. In this study, we provide a comprehensive analy- suggests a relevant aerosol radiative effect on low cloud oc-
sis of aerosol interaction with warm boundary layer cloudscurrence: absorbing particles above the cloud top may heat
over the South-East Atlantic. We use aerosol and cloud pathe corresponding atmosphere layer, decrease the vertical
rameters derived from MODIS observations, together withtemperature gradient, increase the low tropospheric stability
co-located CALIPSO estimates of the layer altitudes, to de-and provide favourable conditions for low cloud formation.
rive statistical relationships between aerosol concentration We also analyse the impact of anthropogenic aerosols on
and cloud properties. The CALIPSO products are used to difprecipitation, through the statistical analysis of CDR-COT
ferentiate between cases of mixed cloud-aerosol layers froneo-variations. A COT value of 10 is found to be the threshold
cases where the aerosol is located well-above the cloud tofheyond which precipitation is mostly formed, in both clean
This technique allows us to obtain more reliable estimatesand polluted environments. For larger COT, polluted clouds
of the aerosol indirect effect than from simple relationshipsshow evidence of precipitation suppression.
based on vertically integrated measurements of aerosol and Results suggest the presence of two competing mecha-
cloud properties. Indeed, it permits us to somewhat distin-nisms governing LWP response to aerosol invigoration: a
guish the effects of aerosol and meteorology on the cloudsdrying effect due to aerosol enhanced entrainment of dry air
although it is not possible to fully ascertain the relative con-at cloud top (predominant for optically thin clouds) and a
tribution of each on the derived statistics. moistening effect due to aerosol inhibition of precipitation
Consistently with the results from previous studies, our(predominant for optically thick clouds).
statistics clearly show that aerosol affects cloud micro-
physics, decreasing the Cloud Droplet Radius (CDR). The
same data indicate a concomitant strong decrease in cloud
Liquid Water Path (LWP), which is inconsistent with the 1 Introduction
hypothesis of aerosol inhibition of precipitation (Albrecht,
1989). We hypothesise that the observed reduction in LwpPThe climate relevance of the anthropogenic aerosol impact
is the consequence of dry air entrainment at cloud top. Then clouds has been documented by the Intergovernmental
combined effect of CDR decrease and LWP decrease leadsanel on Climate Change (IPCC, 2007), which also stresses
to rather small sensitivity of the Cloud Optical Thickness the large uncertainties both in the competing processes and
(COT) to an increase in aerosol concentration. The ana|.the guantification of the impact. An increase in particle con-
ysis of MODIS-CALIPSO coincidences also evidences ancentration acting as CCN (Cloud Condensation Nuclei) can
aerosol enhancement of low cloud cover. Surprisingly, theenhance Cloud Droplet Number Concentration (CDNC), re-
Cloud Fraction (CLF) response to aerosol invigoration issulting in a reduction of the mean droplet size. For the same
much stronger when (absorbing) particles are located aboveverall amount of liquid water, a cloud made of more nu-

cloud top than in cases of physical interaction. This resultmerous smaller droplets reflects more than a cloud with
fewer and larger droplets (Twomey, 1974, 1977). Thus, an
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increase in aerosol load can lead to an increase in cloud refected by the presence of nearby clouds, leading to spurious
flectance, assuming that cloud liquid water content remaingorrelations between aerosol and cloud parameters (Marshak
unchanged. This process, referred to as “Twomey’s effect’et al., 2008; Wen et al., 2008; Varnai and Marshak, 2009).
or “first Aerosol Indirect Effect” (AIE #1) may produce a
negative radiative forcing and, therefore, a net cooling effectl.1 Purpose and strategy
on climate. In addition, a further impact of the aerosol in-
teraction with clouds is derived from the strong reduction of Our objective is to use satellite remote-sensing observa-
collision-coalescence processes in polluted clouds (smalletion from simultaneous MODIS and CALIPSO retrievals of
droplets) leading to a decrease of precipitation efficiency (Al-aerosol and cloud properties to provide further observation-
brecht, 1989). Inhibition of precipitation may increase cloud based evidence of aerosol-induced effect on microphysics
lifetime and cloud Liquid Water Path (LWP), with a possible (CDR), optical properties (COT), structure (LWP, CLF) and
further increase in Cloud Optical Thickness (COT) and cloudlife cycle (precipitation occurrence) of warm boundary layer
reflectance. This process is referred to as the “second aerosolouds. The originality of the work lies in the focus over the
indirect effect” (AIE #2) and may significantly affect cloud South-East Atlantic and the use of CALIPSO data to pro-
cover. vide a vertical description of the aerosol and cloud layers,
Aerosol impact on cloud microphysics (cloud droplet con- in addition to the horizontal sampling by MODIS. Based on
centration and size distribution) has been studied since th€ALIPSO information, the aerosol and cloud layers are as-
late 50s. Warner and Twomey (1967) and Warner (1967) resumed to be in direct interaction if their altitudes are very
ported an increase of CCN number concentration, as a corelose (within a certain threshold). For such cases, a change
sequence of the incorporation of smoke aerosol from sugam cloud properties with respect to a variation in aerosol con-
cane fires into clouds, and a decrease of cloud droplet meacentration is interpreted as the result of an aerosol driven pro-
radius (potentially impeding the growth of rain drops for coa- cess. On the other hand, if aerosol and cloud layers are well
lescence). The aerosol impact on cloud microphysics is nowseparated, the observed cloud change is considered to be in-
well-established on a global scale through several satelliteduced by other causes than direct cloud-aerosol interaction.
based analysis (e.g., 8n et al. 2002; Feingold et al., 2003; Thus, although the reduced temporal sampling of the satellite
Costantino and Bron, 2010). However, the response of cloud data does not allow a causality assessment from the statistics,
liquid water to aerosol enhancement is still poorly quanti- the analysis of MODIS-CALIPSO coincidences permits us to
fied. A number of studies show a significant positive cor- isolate (to a certain degree) aerosol-induced effects from me-
relation between liquid water path and CCN (Quaas et al.teorology. Itis then possible to obtain more reliable estimates
2008, 2009; Loeb and Shuster, 2008), some indicate a smalff aerosol impact on clouds, than when using relationships
but positive correlation (Nakajima et al., 2001; Sekiguchi etbased only on vertically integrated measurements.
al., 2003), while a few demonstrate a negative correlation The South-East Atlantic region is particularly well suited
(Twohy et al., 2005; Matsui et al., 2006; Lee at al., 2009).to investigate aerosol indirect effects. Large amount of
The widely varying estimate of the aerosol impact on lig- aerosol load, generated by fires in Southern Africa occurring
uid water path, either positive or negative (Han et al., 2002),annually (Ichoku et al., 2003; Edwards et al., 2006), are in-
may depend on the cloud regime (Lebsock, 2008), on the hujected into the atmosphere and transported by trade winds
midity profile above cloud top (Ackerman et al., 2004) or be over the Atlantic ocean (Labonne eté&m, 2007), where a
mostly driven by local meteorology (Menon et al., 2008). As semi-permanent low cloud field is present. In the absence
a consequence, the overall aerosol effect on COT and cloudf wet scavenging, the aerosol layers can stay suspended
albedo remains unclear, which results in large uncertaintiesn the atmosphere for days and be transported to consider-
for the aerosol radiative forcing quantification. able distances. South-East Atlantic is one specific area where
Regarding the aerosol impact on cloud life cycle, a stronglarge aerosol loads are transported above the cloud deck, well
positive relationship between Cloud Fraction (CLF) and separated from it. Aerosol released from savanna and crop-
Aerosol Optical Depth (AOD) was found in several satellite- land fires mostly contains Organic Carbon (OC) with various
based analysis (Menon et al., 2008; Quaas et al., 2009, 2010xmounts of Black Carbon (BC, emitted primarily in efficient
Many studies (reviewed by Stevens and Feingold, 2009¥laming fires), depending on the particular fuel, oxygen avail-
agree that aerosol optical depth and low cloud incidence corability and combustion phase (Andreae and Merlet, 2001). It
relate well with the same meteorological parameters (surfacéas been shown that a more efficient combustion regime re-
wind speed, atmospheric moisture, stability, etc.). Local vari-sults in higher abundance of oxygen at the surface of soot
ations of one of these parameters may produce misleadingarticles. Even if the mass fraction of oxygen within the par-
co-variations of aerosol and cloud retrievals. It is then ofticle remains rather low, an increase in soot surface oxidation
primary importance (but also very difficult) to untangle the increases aerosol chemical reactivity in the atmosphere and
impacts of aerosol and meteorology on cloud parameters, invater uptake (Chughtai et al., 2002; Andreae and Geéncs
statistical analysis based on spaceborne observations. In a@006). The inorganic component of biomass burning aerosol
dition, satellite products of aerosol description may be af-is made of some insoluble dust, insoluble ash material and
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soluble salts, while half of the organic matter (the major com-was found to be approximately equal to 0.7. Similarly, based
ponent) is considered to be water soluble (Reid et al., 2005pn AVHRR measurements over the oceans, Nakajima et al.,
Hoffer et al., 2005; Decesari et al., 2006). In conclusion, be-(2001) found a value of 0.5. Equations (2) and (3) yield
cause of the large fraction of organic and inorganic soluble
material, smoke particles can be already activated as CCN0gLWP = g§logNa+ 35109 CDR (4)
immediately over the fire (Andreae and Rosenfeld, 2008). i

The effect of physical interaction of biomass burning 1h€ Aerosol Index (Al), defined as the product of the

aerosols with water droplets can be statistically quantifiegSatellite-derived aerosol optical depth and Angstrom expo-
by long-term satellite observations. In addition, as a conse"eNt (ANG), is a good proxy to quantify aerosol number con-
2001). It gives more weight to

quence of its strong sunlight absorbing properties, the aerosdientration (Nakajima et al., _ ,
layer may warm the atmosphere above the cloud field, leag@erosol fine mode (between the most cloud active particles)
ing to a large change in the atmosphere stability. Finally, ifthan AOD alone. If cloud water amount can be assumed con-

the absorbing aerosol layer tops a cloud or a bright surfaceStant EQ. (4) gives
its presence leads to a net positive forcing at the Top Of the g
Atmosphere (TOA). 5logCDR= —§8 logNa = —0.235 log Al. (5)
In this context, our objective is to attempt a quantification
of the various aerosol-cloud interaction processes over thd his means that a linear relationship is expected between the

South-East Atlantic, where very specific conditions prevail. logarithm of the cloud droplet effective radius and the loga-
rithm of the Aerosol Index, with a slope 6f0.23, or—0.17

1.2 Theoretical background using the parametrisation of Nakajima et al. (2001). In the
. _ following analysis, the strength of the different aerosol im-
1.2.1 Cloud optical properties pact on cloud micro and macrophysics will be quantified by

) - L ) the slope value (called “sensitivity”) of the log-log scale re-
The first aerosol indirect effect can be quantitatively illus- lationship between a given cloud property and Aerosol In-
trated using the relationship, proposed by Stephens (1978)0, according to Eq. (1), the strength of aerosol impact on

between two integral variables (cloud optical thickness and;, g gptical thickness is equal in magnitude, but opposite in
liquid water path) and the cloud effective radius, which is the sign, than that on cloud droplet size, as proposed by Twomey
main parameter to describe the microphysical properties 0{1974 1977).

warm clouds On the other hand, if the assumption of constant liquid wa-

COT— 3 Lwp (1) ter path does not hold, the response of cloud optical thickness
2p, CDR to aerosol increase can be expressed in logarithm form as
wherep,, is the density of water [1gcnf] and CDR is de-  8logCOT  SlogLWP  §logCDR
fined as the ratio between the third and second moment of the s jog Al Y log Al T logAl
size distributionn(r), of radiusr. The relation between the
mean volume droplet radius and the effective radius is generThe strength of aerosol impact on cloud reflectance is then
ally estimated empirically in the form§ = kx CDR®, where the combination of sensitivity of both the droplet size and
k is supposed to vary between 0.8 and 0.9 from clean and polcloud water content to the presence of aerosol.
luted clouds (Pawlowska and Brenguier, 2000). According to  Note that, with the objective of quantifying the aerosol im-
Platnick and Twomey (1994), the cloud liquid water path canpact on the Earth radiation budget, the COT is the proper
be expressed as a function of the cloud volume mean radiuBroxy as it is well related to the cloud albedo for a given sun
and droplet number concentratiaN), in the form zenith angle.

(6)

LWP = LWC x H ~ 47 py H Nc.CDR? (2) 1.2.2 Relationship between cloud reflectance and
particle size, in precipitating and

where LWC [gn1°] is the Liquid Water ContentH is the non-precipitating clouds

cloud geometrical thickness amgl has been approximated

by CDR. ) Lohmann et al. (2000) used a general circulation model
Numerous analysis (e.g., Twomey, 1984; Kaufman andio explain differences in CDR-COT relationship between
Fraser, 1997; Nakajima et al., 2001) have shown the f0”0W'opticaIIy thin and thick clouds, as observed by Austin et
ing relationship between aerosol number concentratha) (|, (1999) off the coast of California, from AVHRR data.
within polluted clouds and cloud droplet concentration They show that precipitation works in the direction of keep-
3) ing LWP constant with increasing cloud optical thickness (as
a precipitating cloud grows, more water is removed through
whereg is a sensitivity parameter. From aircraft measure-rain). According to Eqg. (1), cloud droplet radius will show an
ments over the ocean and land (Kaufman et al., 1991), inverse dependence on cloud optical thickness for a constant

SlogN; = g8logNa
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LWP, of the form 2.1 MODIS retrievals

CDR « coT! (7)

i . MODIS aerosol retrieval algorithm over ocean (Taet al.,
On the other hand, in case of non-precipitating clouds, N01997: Kaufman et al., 1997; Remer et al., 2009) uses six

specific assumption is made on LWP. Substituting EQ. (2)gpectral channels (0.55, 0.66, 0.86, 1.24, 1.64, 2.12 um).

into Eq. (1), it follows that Level 2 (L2) products are organised into 5min “granules”.
N Only daytime data are considered for aerosol retrieval and

COT ~ 27 H N CDR”. (8) the products are generated at a resolution ok 10 kn?.

In case of adiabatic clouds, the liquid water content at alti-Kaufman et al. (2005a) provide an in-depth analysis of er-

tudez above cloud base, LWE, increases almost linearly ror estimates over ocean and calculated that cloud contam-

with altitude. LWP between cloud baseb( and cloud top ~ Ination causes a maximum error in MODIS AOD equal to
(ct) can be easily calculated as 0.02+ 0.005. Note that aerosol retrievals are only possible in

case of clear or broken clouds condition, when MODIS can

Zet Zet see between adjacent clouds.
LWP — / LWC (z)dz = / cwzdz = }cWHZ 9) _ MODIS retrievals of CIOl_Jd effective _radius and cloud op-
2 tical depth L2 products (with a resolution ofd1 k@), are

Zeb Zeb derived using six spectral channels (King et al., 1998) at vis-

ible and near infrared wavelengths (0.66, 0.86, 1.24, 1.64,
2.12, 3.75um). In this range of wavelengths, reflectance de-
creases when droplet size increases, for a constant cloud op-
tical depth. Non-absorbing channel at 0.86 um (over ocean)
is chosen to minimise the surface contribution together with
the base radiance at 2.12 um (and eventually at 1.64 and
3.75um). Then, the couple of retrieved radiances are com-

wherecy [gm~4] is the moist adiabatic condensation coef-

ficient. It is almost constant in short stratocumulus clouds
with geometrical thickness smaller than 1km (Brenguier,
1991), depending slightly on the temperature (ranging be
tween 1 and 2.5 10-*gm* for temperatures between 0

and 40°C).

If a stratiform boundary layer cloud is not precipitating 4 ,
and not influenced by entrainment, there is ample observapared with pre-comp_uted Look Up Tabl_e (Ll{)T)_.@n et
tional evidence (Pawlowska and Brenguier, 2000) that clouaal‘ (2005) show t?at, if the CIOL.jd cover is 80% instead of
LWC vertical profile follows the so-called adiabatic cloud the assumed 10(.M’ » an °Vere$“”?ate. of the cloud droplet ra-
model. Putting together Egs. (2), (8) and (9), the relationshipd'u§ up to 2L{m IS _expected, |qq|cat|ng that MODIS ClOl.Jd
between CDR and COT results retrieval algorithm is very sensitive to cloud heterogeneity.

On the other hand, cloud retrievals based on the 0.86/2.1 um

CDR x COTO'ZNC_O"‘. (10) combination are thought to be little affected by the presence
of biomass burning and dust aerosols (Haywood et al., 2004).
As the adiabatic cloud droplet number concentraignis Cloud top properties, such as Cloud Top Pressure (CTP),

constant in a non-precipitating cloud, the droplet effectiveare determined using radiances measured in spectral bands

radius is expected to be an exponential function of cloud op4ocated within the broad 15 um G@bsorption region (with

tical thickness, with exponent equal to 0.2. The comparisorg resolution of 5< 5 km?). The comparison against lidar ob-

of Egs. (7) and (10) leads to the conclusion that the slopeservations indicate that the accuracy of CTP estimates is

of the CDR-COT relationship is positive (resp. negative) for about 50 hPa for mono-layer clouds (Menzel et al., 2008;

non-precipitating (resp. precipitating) clouds. Garay et al., 2008; Harshvardan et al., 2009). However, in
case of atmospheric profiles with a strong inversion (e.g., ma-
rine stratocumulus areas), MODIS retrieval algorithms can

2 Dataset place the cloud layer above the inversion, up to 200 hPa off

. - . .__its true position (1000—-3000 m). The Level-2 cloud fraction

Depending on the specific a_naly5|_s, we use data vaUIre?satSkm resolution) is derived from the 1 km resolution cloud

over whole South-East Atlantic region, within°’[M-30° S; mask.

ig;\s{\t/_o%irlgblzr \/I\I/:Fr:tiﬁd[ztg ?;rgaﬁrvsog E]JUVS\/tech;éze All atmospheric products are averaged ona 1 degree

data derived from the MODIS and CALIOP sensors, which grid box (on daily, weekly and monthly time scale), and are

] : known as Level 3, L3, products. The QA “confidence” flag
are onboard the AQUA and CALIPSO satellites, respectlvely,(Whose value ranges from 3 to 0, where 3 means “good” qual-
both part of the so-called A-Train satellite constellation. ’

ity and O “bad” lity) i d f ighting L2 prod-
Theyflyincloseproximityonthesameorbitat705kmofal-Iyan means "bad" quality) is used for weighting L2 pro

itud ithi ) ¢ h other (Steoh uct onto a 2 grid low-resolution product.
titude, within one to two minutes from each other (Stephens In addition to aerosol and clouds, MODIS is able to re-

etal., 2002) insuring near-coincident observations. trieve fires and other thermal anomalies. MODIS Level 2 Ac-
tive Fire Product (Giglio et al., 2010), MYD14, provides the
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Table 1.Level 2 product used to characterise cloud and aerosol properties from MODISCALIPSO coincident retrievals.

Product Dataset Horizontal Resolution  Sensor (Satellite)
NumberLayersFound 5km

Aerosol (05kmALay) Layer Top Altitude 5km CALIOP (CALIPSO)
and cloud (05kmClLay) Layer BaseAltitude 5km

EffectiveOptical. DepthBestOcean(0.55pum)  10km
AngstromExponentl_Ocean(0.55/0.86 um)  10km

Aerosol (MYDO04L2.C5)

Cloud Optical Thickness 1km MODIS (Aqua)
Cloud Water Path 1km
Cloud (MYDO06.L2.C5)
Cloud_EffectiveRadius 1km
Cloud.Top.Pressure 5km
Cloud_Fraction 5km

position of active fires (latitude and longitude at centre of fire CALIPSO retrievals of aerosol and cloud top and bottom
pixel) with a high spatial resolution of 1 km. layer altitude in presence of thick clouds.

29 CALIOP retrievals 2.3 MODIS-CALIPSO coincidences
Cloud parameters are obtained from MODIS Level 2 cloud

CALIOP is the first spaceborne lidar optimised for aerosol product of collection C005 (MYDO06 L2.C5) at 1 km resolu-
and cloud measurements. It uses two orthogonally polartion for Cloud Optical ThicknessCloud Water PathCloud
ized channels at 532 nm and one at 1064 to measure the tdffective Radiusand 5km resolution foCloud Top Pres-
tal backscattered signal (Winker et al., 2007). Its footprint sure and Cloud Fraction Aerosol Effective Optical Depth
is very narrow, with a laser pulse diameter of 70m on theBest Ocean(0.55um) andAngstrom Exponent 1 Ocean
ground (Khan et al., 2008), with a higher vertical resolu- (0.55/0.86 um), from MODIS Level 2 aerosol product of col-
tion in the lower atmosphere than in and the upper layers]ection CO05 (MYDO04 L2.C5) at 10 km resolution, are used
from 30 to 300 m (Winker et al., 2004). CALIPSO Level-1 to estimate Aerosol Index.
products provide vertical profiles of Attenuated Backscatter Cloud and aerosol layer altitudes are taken from CALIPSO
values, while Level-2 products provide, among others, geodevel 2 products. We make use dumber Layers Found
physical products at three different horizontal resolutions forLayer Top Altitudeand Layer Base Altitudeat 5km reso-
clouds (333 m, 1 km and 5 km) and one for aerosol (5km). lution for both aerosol and clouds. MODIS and CALIPSO

Despite non-perfect spatial coincidences, Kim et al. (2008)datasets are summarised in Table 1.
consider both geometrically thin and thick clouds (up to sev- We use data acquired from June 2006 to December 2010.
eral km) and find a general agreement of CALIPSO estimate®When CALIPSO detects the presence of mono-layer aerosol
of cloud and aerosol top and bottom heights with those de-and cloud fields, we look for MODIS cloud and aerosol re-
rived from surface-based lidar observations, within 0.1 km.trievals within a radius of 20 km from the CALIPSO target.
On the other hand, they show a strong discrepancy in aerosd@ases of clear-sky are not considered. Time-coincidence of
layer altitudes between ground base and CALIOP lidar, wherretrievals is assured by the A-train coordinated orbits of Aqua
aerosol is located below thick clouds. In a more recent work,and CALIPSO. This method is described schematically in
Kim et al. (2011) compared cloud top altitudes retrieved from Fig. 1.
the Cloud Profiling Radar (CPR, onboard of CloudSat satel- Aerosol and cloud layers are assumed to be physically in-
lite) with those observed by CALIOP. For thick tropospheric teracting when the vertical distance of aerosol bottom alti-
clouds, while cloud top altitude retrievals from the two in- tude from cloud top altitude is smaller than 100 m. Inversely,
struments show good agreement with each other, discreparhey are considered “well separated” if this distance is larger
cies arise for cloud base estimates, as a consequence of thigan 750 m. Aerosol and cloud layers with distance between
strong CALIOP signal attenuation. 100 and 750 m are uncertain and excluded from our analysis,

As a consequence, and as further discussed in the nexs are cases with the aerosol layer underneath the cloud layer.
section, cases of multilayer clouds and aerosol below cloud In order to deal with shallow clouds only, cloud top pres-
will not be considered to avoid the strong uncertainties insure retrievals smaller than 600 hPa are excluded. In addition,
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0001' 15" tive winter season of each hemisphere (Fig. 2). From Novem-
ber to March, fires are concentrated in the Sahel region, south
of the Sahara Desert and north of the Equator, extending ap-
proximately from the West coast of Mauritania to Ethiopia
(i.e., extending East-West over almost the entire continent).
From May to September, fires are mainly located in Southern
Africa, covering almost the entire subcontinent, betwees 0
and 20 S. In April and October, fires are observed in both
regions, north and south of the Equator, but in much smaller
numbers. Figure 2 shows seasonal maps of wind speed and
direction at 950 and 750 hPa (corresponding approximately
at 0.6 and 2.5km of altitude) for 2005, obtained from the
monthly averaged data provided by the European Center for
Medium-Range Weather Forecasts (ECMWF). Each arrow
indicates the direction and intensity of the mean wind at
that point. Wind speed is expressed in degrees per day so
that arrow’s length represents the distance travelled by the
air in 24 h. Low level winds at 950 hPa (green arrows), over
South-East Atlantic betweerf @ and 60S, show a N-NW
R circulation. During April-June and July—September, oceanic
air masses from the south penetrate into the inner continent
Fig. 1. Scheme of CALIPSO-MODIS coincidence methodology. (over the Sahel region), while the wind field is particularly
When CALIPSO detects the presence of single-layer aerosol andveak in Southern Africa. On the other hand, during January—
cloud fields, we look for MODIS retrievals within a radius of 20km March and October—December, the Gulf of Guinea becomes
from CALIPSO target. The temporal coincidence is insured by thea convergence zone between the northward wind flow from
coordinated satellite orbits. South-East Atlantic and the southward flow from Sahel. At
pressure levels of 850 (not shown in the figure) and 750 hPa

. red arrows), winds of the Northern Hemisphere (between
COT smaller than 5 are also excluded because neither acleaf, \ .4 o N) turn W-SW, while those of the Southern

distinction between aerosol and clouds, nor an accurate "&emisphere (betweer?@ and 26'S) turn W-NW. During
tri_eval of cloud pr_(_)perties is reliably POSSibIe for opticall;_/ April-June and July—September, the wind speed over South-
thin clouds (Nakajima et al., 2001). Finally, cases of mulii- ern Africa increases consistently. Coincidently with the peak

layer aerosol or clouds (retrievals can be ambiguous in suclg)f fire occurrence (the so called biomass burning season)

cases) and aerosol with top layer altitude larger than 10 km ; . :
are also excluded. All MODIS retrievals within a 20 km ra- & strong easterly air transport from the inner continent over

) ocean is established. In the Northern Hemisphere, air masses
d.'gs fr(_)mlthe C:EALItPSO ;ar?et(;are ?jveraged Itogether,tto prfo'from the Sahel are advected westward and southward over
Vide single estimates of cloud and aerosol parameters 1o e Central Atlantic ocean and the Gulf of Guinea.

eaghLSVAE)LIIPSO St?]m' Cégges%vnh aver?gg Cd?T Iarggréhan 3 From this analysis, one may conclude that, during the win-
an arger than gm are excluded to avold deep o firq season, the transport of biomass burning aerosol to

convective clouds. the Gulf of Guinea is limited and mostly westward, only
if the aerosol reaches a sufficient altitude. During the sum-
3 Results mer season, biomass burning aerosols from Southern Africa
are transported efficiently towards the West, but not in the
3.1 Aerosol production and transport over S-E Atlantic low atmospheric layers. Nevertheless, this analysis is based
on seasonal averages and does not exclude different trans-
We consider four time periods that differ from classical sea-ports, when the wind field does not follow the mean cir-
sons and go from January to March, from April to June, from culation. Another smoke transport mechanism has been ob-
July to September and from October to December. This parserved by Haywood et al. (2008), analysing data from the
ticular seasonal choice allows to properly centre the peadDABEX (Dust And Biomass-burning Experiment) field cam-
of the African Southern Hemisphere dry season biomasgpaign. Over West Africa, mineral dust is transported south-
burning activity, that mostly occurs from July to Septemberward from the Sahara Desert (where a strong static stability
(Ichoku et al., 2000; Myhre et al., 2003; Swap et al., 2003; prevent dust from mixing vertically and trap aerosolin a layer
Eck et al., 2003). between 900 and 850 hPa), while biomass burning particles
MODIS Level 2 Active Fire Product for 2005 shows that from savanna burning are subjected to a northward advection.
fires over the African continent mainly occur in the respec- When the two flows come into contact (over the convergence
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Jul—Sept

200 400 600 800 1000 1200 1400

Fig. 2.Maps of fire occurrence for 2005, according to MODIS Active Fire Product. Colour-scale represents the number of active fires detected
during each time period, at a nominal resolution (at nadir) of 1 km, withih & 1° grid box. Wind fields at 950 (green) and 750 (red) hPa
(corresponding approximately to 600 m and 2.5 km of altitude) for 2005 are over-plotted on the figure. Seasonal wind maps are obtained from
monthly averaged data provided by the European Center for Medium-Range Weather Forecasts (ECMWF). Arrows indicate the direction
and intensity of the mean wind at that point. Wind speed is expressed in degrees per day so that arrow’s length shows the distance travellec
by the air in 24 h.

Al

Jan—Mar Apr—Jun Jul—Sept Oct—Dec

Fig. 3. Maps of seasonally averaged measurements of Aerosol Index (Al), for 2005. Al seasonal variability is high, but somewhat different
from that of AOD, because aerosol composition and, hence, Angstrom exponent vary during the year.

zone of low level winds, slightly north of 10 N), the hotter air maximum value over a small area in the northern part of the
mass from biomass burning overrides the cooler dust and isegion, where it is smaller than AOD, because the Angstrom
lifted to higher altitudes. With decreasing pressure level, lo-exponent is generally lower than one. Over the Gulf of
cal wind turns southward and westward, allowing for smokeGuinea, Aerosol Index ranges between 0.2 and 0.35, AOD

transport over the Gulf of Guinea. between 0.5 and 0.8 and Angstrom exponent is around 0.5 or
lower. Dust transported from the Sahara at relatively high al-
3.2  Aerosol distribution titude dominates the aerosol load. From April to June, when

fires begin to occur in Southern Africa, aerosol load sensi-
bly increases over coastal areas between the Gulf of Guinea
and Angola. Aerosol index increases up to 0.5 and Angstrom
Fxponent varies between 0.8 and 1.1, suggesting an east-
erly transport of smoke particles from Southern Africa over

. . ocean, by trade winds.
Figur nd4r ively show Aerosol Index (Al) an ' . L .
gures 3 and 4 respectively show Aerosol Index (Al) and The heaviest aerosol concentration is observed during the

A AN for 2 . While A . . .

| ngstr_om exponent G). maps for 2005 e ACToso biomass burning season (July—September), with Al values
ndex is somewhat proportional to aerosol number concen, articularly elevated over a wide area off the coasts of An-
tration, ANG (computed from measurements at 550 and” la b twy 0.5 and 1.5 (saturated in the fi that

865 nm) expresses the spectral dependence of aerosol Ogglsﬂrgcaize;&ini?m 0;‘ O(%a urated in the ngure that uses a
tical depth and provides additional information on aerosol ANGStrom exponent ove.r t'he whole redion is cenerall
size (the larger the coefficient, the smaller the patrticle). An rge? than 0 7p exceeding unity (yellowgand reg points})/
Angstrom exponent larger than 1 indicates a dominance o*a V

fne-moce paricles (Smimow. 2002 Quefce et al, 20037°™ S o 1S 02t of o, T, st ey, vl
Thieuleux, 2005). During January—March, Al reaches its P gp

We make use of MODIS Level 3 aerosol daily product over
ocean (1 resolution) to analyse six years (2005-2010) of
“seasonally” averaged maps of vertically integrated aeroso
and cloud properties.
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2005 ANG
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Fig. 4. Maps of seasonally averaged measurements of Angstrom exponent (ANG), for 2005.

in the atmosphere. From October, fire occurrence in South- '
ern Africa decreases significantly. Average values of Al and v
ANG during October—December are much lower than during c >
July—August. = 4
Satellite data for 2006—-2010 show a similar annual cy- é II ¥
cle of aerosol production and transport (with modest inter- = s =3
annual variability compared to seasonal variations), domi- - 3 _
nated by two different regimes. The first one, from Octo- 5
ber to March, is characterised by optically thin aerosol layers 3
(with Al generally below 0.2) and Angstrom exponents usu- 2 ol CDR = 9.98 A0 &
ally smaller than one, indicating the dominance of coarse- 5 | CDR = 13.76 AlI™®® ]
mode aerosols. The second one, marked by the presence of = | ,
larger concentrations of smaller particles, begins in April and 003 005 o 0z 03 0405
culminates during the biomass burning season, when Al and Acrosol Index
ANG get both larger than one. Fig. 5. Cloud Droplet Radius (CDR) retrievals averaged over con-
. ) stant bin of Aerosol Index (Al), in log-log scale, for cases of well-
3.3 Aerosol impact on cloud droplet radius separated cloud and aerosol layers (blue) and mixed and interacting

) o ] layers (red), in the region within {25-15 S; 14 W-18’ E]. Error
In Fig. 5 coincident MODIS-CALIPSO estimates of cloud pars represent the confidence level of the mean values if one as-

effective radius are averaged over constant bin of Al, fromsumes independent data. They are calculatetbas —2)¥z, where
0.02 to 0.5 (by step of 0.2), and reported in log-log scale.  » is the number of CDR measurements within the bin andis
Cases of mixed or nearby aerosol and cloud layers are intheir standard deviation.
dicated in red, while case with aerosol above the cloud top
are shown in blue. For a total of more than 15000 valid re- ) )
trievals, 56% are identified as cases with well-separated lay- ' n€ strength of aerosol impact on CDR can be quanti-
ers, while 44% show close or mixed aerosol and cloud layersfied by the linear regression slope of CDR-AI relationship
The study area is reduced to the smaller region off the coast! /09-10g scale. In good agreement with Twomey’s hypoth-
of Angola, within [2 S—15 S: 1& W-18 E], where a previ-  €SIS, Fig. 5 shows that the logarithmic relationship between
ous analysis indicated that MODIS-CALIPSO coincidencesCPR and Al in case of mixed and interacting layers is close
are more homogeneously distributed than over the whole SEO linéar, with a correlation coefficient equal 0.76. The
Atlantic and statistics are less affected by local variation ofStrong CDR sensitivity to aerosol increase is expressed by
meteorological parameters. the best-fit slope 0f-0.15, five times smaller than in case
Mixed and unmixedcase statistics converge to very simi- ©f unmixed layers£0.03), and in good agreement with the
lar CDR values when aerosol particle concentration is closé*Pected value (betweer0.23 and-0.17).
to zero. With increasing Alunmixedstatistics do not show
any significant correlation between changes in Aerosol Inde
and cloud droplet r§d|us variations. CDR of clouds below theAveraging coincident MODIS-CALIPSO retrievals of liquid
aerosol layer remains almost constant, close to 14-15umfoy . . path, within [2S-15 S; 14 W-18 E], over constant
32;‘22;:; rbegg?)f)itgg f;,i?g:ﬁ&gﬂ%’”ﬁ%%ﬁfﬁ’ 1C1D$n bin of Aerosol Index, LWP-AI relationship (Fig. 6) is some-
Al varies f y 002100 5’ H HM. aZhat similar to CDR-AL. In case of mixed layers, LWP is
varies from .92 10 9.. decreased by 37 % (from 95 to 60 gf as Al increases
from 0.03 to 0.5. The resulting linear slope in log-log scale is

>§.4 Aerosol impact on cloud liquid water path
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Fig. 6. Liquid Water Path (LWP) retrievals averaged over constantgig. 7. Cloud Optical Thickness (COT) retrievals averaged over
bin of Aerosol Index (Al), in log-log scale, for cases of well sepa- constant bin of Aerosol Index (Al), in log-log scale, for cases of
rated (blue) and interacting (red) cloud-aerosol layers, in the regioRye|| separated (blue) and mixed (red) cloud-aerosol layers, in the
within [2° S-18 S; 14 W-18 E]. The error bars indicate the sta- regjon within [2 S-15 S; 14 W-18" E]. The error bars indicate
tistical uncertainties as in Fig. 5. the statistical uncertainties as in Fig. 5.

equal to—0.16. Otherwise, when the aerosol is located above ,
cloud deck, LWP does not show any sensible dependence Wh(_an aerosol and cloud layers are \{vell sepa_rated, linear
on aerosol concentration. Cloud water amount remains a|§lope is very small and equal to 0.01 (with statistical error of

most constant at approximately 80-90 gffor all aerosol * 0'24 and Iin?ar.regressio; Coﬁﬁ“?‘e’”& O'l)f' | h
regimes and the resulting best linear fit slope is equal to These resu ts_ |ndlcate_ that the w_np_act Ot aerosol on the
—0.04. cloud optical thickness is hardly distinguishable from the

In good agreement with expectation, mixed and unmixed"0'S€:

layer relationships converge to a same LWP value (within
statistical uncertainties), when Al decreases to very smal

values. We do not get the same result for the whole South- o o
East Atlantic region, within [#N-30° S; 14 W-18 E]. In The cloud lifetime question is complex, and none of the hy-

the latter casemixed statistics show that LWP would in- POthesis discussed in recent literature can uniquely explain
crease up to 110gm for Al approaching to zero (while Fhe stror)g pos!tlve CLF—AI relgtlonshlp,_generally observed
unmixedLWP would remain almost unchanged). in satelllte—derl_ved relationships. As discussed _abov_e, the
present analysis focuses on a specific area, that is unique by
3.5 Aerosol impact on cloud optical thickness the presence of a layer of low clouds, often topped by large
loads of biomass burning aerosols. We use MODIS Level 3
In Fig. 7, coincident MODIS-CALIPSO estimates of cloud daily product (1 degree resolution) to compute linear regres-
effective radius are averaged over constant bin of Al, fromsion of log-log scale CLF-AI relationship from 2005 to 2010.
0.02 to 0.5 (by step of 0.2), and reported in log-log scale.  Resulting slopes are equal to 0.30-0.32, in good agreement

Both formixedandunmixedcases, COT is little dependent with the satellite based results of Menon et al. (2008) and
on the Aerosol Index and shows variations that are not a cleaQuaas et al. (2009), but overestimating the values obtained
function of the Al. A best fit among the rather scattered dat-from model simulation. For this mono-satellite analysis of
apoints indicates that COT varies in average between 8.5 andloud-aerosol relationship, where no distinction is made be-
9.0. For Al values higher than 0.2, larger error bars indicatetweenmixedandunmixedstatistics, we make use of MODIS
stronger statistical uncertainties than in case of lower aerosaletrievals acquired over the whole South-East Atlantic re-
loads, due to fewer measurements in the corresponding bingion, [4° N-30° S; 14 W-18° E].

The low COT sensitivity to aerosol increase is significantly ~ Figure 8 shows cloud fraction estimates averaged over
quantified by the log-log scale linear regression slope. Wherconstant bin of cloud top pressure, from MODIS L3 daily
cloud and aerosol are mixed and interacting, the slope iproduct. The data are sorted from clean to polluted into six
particularly small, even slightly negative, equal t@®.02. samples based on the Al by step of 0.05. The mean Al value
The large statistical uncertainty in the slope value, equalof each subset is reported in the figure, indicated with the
to £0.06, and the modest linear correlation coefficieat same colour of the respective symbols. CLF correlates well
—0.47 stress the large variability of COT and its little linear with cloud top pressure, which is a proxy to roughly estimate
dependence on Al. cloud vertical development. Lower top pressure indicates

B-6 Aerosol impact on cloud fraction
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Fig. 8. CLF-CTP relationships from MODIS daily products, at 1 Fig. 9. CTP-CLF relationships from MODIS daily products, at 1
degree resolution, in the region within’[R-30° S; 14 W-18"E].  degree resolution, in the region within’[N—3C S; 1 W-18 E].

The whole 2005-2010 dataset is sorted by Al, from little to high The whole 2005-2010 dataset is sorted by Al, from little to highly
polluted atmosphere, by step of 0.1. Colours represent differenpoliuted atmosphere, by step of 0.1. Colours represent different
Aerosol Index intervals (mean Al values are reported in figure). Theaerosol Index intervals (mean Al values are reported in figure). The
error bars indicate the statistical uncertainties as in Fig. 5. error bars indicate the statistical uncertainties as in Fig. 5.

taller clouds that reach higher level of the atmosphere. UpCTP, at least up to 700 hPa. We then argue it is better to com-
to 700 hPa, the tallest clouds are characterised by the largegtare CLF responses of clouds with similar vertical develop-
horizontal extension for all aerosol regimes. The results shownent. Cloud top pressure was found to be rather indepen-
a boomerang shape of CLF-CTP relationship, with a max-dent from aerosol interaction with cloud (Fig. 9). Keeping it
imum at approximately 700 hPa. The diminution of cloud constant, we minimise CLF variations caused by consider-
coverage for CTP larger than 700 hPa may indicate the ocing clouds with largely different CTP (due to different local
currence of “high” clouds with larger cloud base altitude (in meteorological conditions), without losing any significant in-
that case CTP is no more representative of cloud vertical exformation on the strength of aerosol effect.
tension) or multilayer cloud conditions (in that case the CTP-  According to these considerations, mixed and unmixed
CLF relationship has to be considered meaningless). MODIS-CALIPSO coincidences are sorted by CTP from low

Note, however, that higher aerosol concentrations are chartto high clouds, by step of 10 hPa, to provide a more accurate
acterised by larger cloud coverages at every pressure level. description ofmixedandunmixedCLF sensitivity variation

On the other hand, CTP does not show any significant dewith cloud top pressure. CLF retrievals of each subset are
pendence on Al, if CLF is held constant. Figure 9 shows thataveraged over constant bin of Al (from 0 to 0.7) by step of
CTP variations, averaged over constant bin of CLF, are very0.2. The linear regression slope of each CLF-AI relationship
limited as Al varies between 0.03 and 0.37. For CLF largerin log-log scale is calculated and plotted as a function of the
than 60 %, they fall within the 2005-2010 annual variabil- correspondent CTP interval. This process is performed twice,
ity. Slightly larger CTP variations, with increasing Al, are once for themixed(red) and once thenmixedcase (blue),
observed for CLk 60 %. In that case, larger error bars indi- as shown in Fig. 10.
cate fewer retrievals and averages with smaller representivity. We make use of data from the whole South-East At-
For constant values of CLF, higher aerosol concentrations artantic [4° N-30° S; 14 W-18° E], including those regions
not always associated with smaller top pressure, suggestingxcluded in previous analysis. That is because the CTP sort-
that CTP variations are not induced by aerosol-cloud inter-ing allows minimising the effect of spatial heterogeneity of
action. In the hypothesis that aerosol does affect cloud structocal meteorology on CLF-Al co-variation. Note that high
ture, the results indicate that its primary effect is to increaseclouds generally show a large cover fraction (almost equal
the horizontal extension rather than produce taller and moreo 100% even at very low Al) that would obviously results
convective clouds. in CLF-Al slopes equal to zero. Only cases with CLF lower

In an attempt to isolate aerosol-induced from meteorologi-than 97% for Al= 0.01 are then considered.
cal effects, we now analyse CLF-Al statistics from mixed (in-  We define the sensitivityS) to aerosol increase, of the
teracting) and well-separated (not interacting) cloud-aerosotloud parametet, as

layers.
As shown from MODIS observations, larger CTP implies Slogk 11
in average larger CLF, as well as larger CLF implies larger - SlogAl’ (11)
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Fig. 10.Cloud fraction sensitivity (i.e., the computed linear regres-

sion slope of CLF-Al relationship in log-log scale) as a function of rig 11 Cloud Droplet effective Radius (CDR) retrievals averaged
Cloud Top Pressure (CTP), for cases of mixed (red) and well sepagyer constant bin of Cloud Optical Thickness (COT), for cases of

rated (blue) cloud-aerosol layers, in the region withifilf4-30° S;  mixed (red) and unmixed (blue) cloud-aerosol layers. Data are rep-
14> W-18 E]. The error bars indicate the statistical uncertainties as,ggentative of low clouds (top pressure lower than 600 hPa) over
in Fig. 5. South-East Atlantic, within [@N-30° N; —14° E-18 E]. Note that

in case of mixed layers, only retrievals with AI0.09 have been

) ) ) ) selected (polluted clouds). The error bars indicate the statistical un-
In case of mixed and interacting layers, cloud fraction sen-certainties as in Fig. 5.

sitivity is small but positive, with no specific dependence on
CTP. The error bars indicate the statistical uncertainties, as
in Fig. 5. Apart from a few points for CTP between 950 and ponential fit for clean clouds returns an exponent equal to
900 hPaS(CLF) varies between 0.025 and 0.015 with an av- 0.80, which is four times larger than the expected value for
erage value of 0.020. adiabatic clouds (0.20) and larger than that obtained using
In case of unmixed layers, CLF sensitivity variations with MODIS daily retrievals (for the entire 2005-2010 dataset)
CTP are compellingS(CLF) is almost zero when top layer over the same area (0.14; not shown). Similarly to the clean
altitude is larger than 2km (CTR800hPa). As cloud top cloud case, thin polluted clouds show a positive CDR-COT
pressure exceeds 800 hPa, however, CLF dependence on Adlationship. The exponential fit returns an exponent equal
becomes positiveS(CLF) undergoes a dramatic increase to 0.59, hardly smaller than in case of well-separated layers.
positively related to cloud top altitude diminution. In case This is consistent with Twomey'’s effect, according to which
of very low clouds (CTP =970 Pa), CLF sensitivity reaches athe effective radius of polluted droplets is smaller on average
maximum value of 0.10, five times larger than that observedhan that of unmixed and clean clouds. A cloud optical thick-

in mixedstatistics for similar top pressure levels. ness of approximately 10 defines the threshold value beyond
_ S which CDR-COT relationship changes sign, suggesting the
3.7 Aerosol impact on precipitation occurrence of precipitation in both clean and polluted clouds.

For COT between 9 and 11, CDR reaches a maximum value

To observe the effect of aerosol-cloud interaction on predpi'approximately between 17 um (clean clouds) and 15.5 um

tation, we compare the CDR-COT relationship of mixed and o 1uted clouds), sufficiently large to allow for precipita-
unmixed cloud-aerosol layers. Cases of aerosol above cloug%n production. For a COT of 10 (optically thick clouds)

top are considered representative of clean cloud propertieqhe computed exponent of CDR-COT relationship in case of

In case of cloud-aerosol interaction, we only select data with, .. ;<51 above clouds is negative and equak@043, about

Al larger than 0.09 to avoid very low aerosol regimes (when half the expected value in case of constant LWL In

CDR values of interacting layers converge to those of Un-c,qe of holluted clouds, the calculated exponent is four times

mixed ones) and considenixedstatistics as representative larger than for clean clouds and equaH0.11. This means

of pollute_d_ cloud properties. _ _ ) that LWP enhancement with increasing COT is stronger in
In addition, for A_‘|> 0.09, mixed "?‘”F" unmixedretrieval . mixedthan inunmixedcases. In the hypothesis that precipita-

”“T"ber concentrations are very similar over S-E Atlantic. i, occurrence reduces the range of variation of liquid water

This spatial homogeneity allows to consider all MODIS path as cloud optical thickness increases, results may indicate

and CALIPSO coincidences retrieved over the whole re-p, inhipition of precipitation production as a consequence of
gion, within [ N-30°S; 14 W-18 E]. Figure 11 shows aerosol-cloud interaction.

cloud droplet effective radius estimates averaged over con-
stant bin of cloud optical thickness, for clean (blue) and pol-
luted clouds (red). In case of thin clouds (CQTL0), the ex-

www.atmos-chem-phys.net/13/69/2013/ Atmos. Chem. Phys., 13, 8382013
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250 T ' L One may wonder if cloud microphysical parameters may
I ] depend on cloud altitude and, in particular, if the small dif-
ferences betweemixedand unmixedCTP with increasing
I _ Al, shown in Fig. 14, can affect CDR and COT (hence LWP)
i II statistics. In a preliminary study, we sorted data by pressure
150 gﬁg ¥ levels and plotted cloud-aerosol relationships as a function
I S ] of cloud top pressure. Results did not shown any signifi-
100 ,';111" ] cant difference between resulting CDR and COT sensitivi-
i = ] ties (almost constant with increasing CTP for botixedand
* ] unmixedcases) and those values presented herein, obtained
r e ] considering all CTP together. Only CLF-AI relationship has

E . L L] the peculiar dependence on CTP shown in Fig. 10.
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4.2 Absorbing aerosol above cloud top
Fig. 12.Liquid Water Path (LWP) retrievals averaged over constant
bin of Cloud Optical Thickness (COT). Input data are the same asSatellite-derived correlations between cloud parameters and
in Fig. 11. aerosol concentration are prone to measurement artifacts and
other factors due to systematic errors in satellite retrievals.
o One may suspect that the presence of absorbing aerosol
4 Error sources and uncertainties above the cloud layer can affect MODIS cloud retrievals and
create a bias on CDR and COT which depends on aerosol
concentration (Wilcox et al., 2009).
Costantino and Breon (2010) analyse the CDR-AI rela-

Figure 13 shows thahixedandunmixedcase retrievals are . hio i fnixedand ived ina POLDER
fairly homogeneously distributed over the same area, the cerfionship in case omixedandunmixedcase using

tral part of South-East Atlantic. We, therefore, argue thatestimates of CDR (toggtherwith MODIS estimates of Al and
these two populations are affected by similar, if not equal,tk;'? C(:jALII_DrﬁOPvgrEBEIRmformatlon and t? emjo']zclloAT_gAlgéeLr
climatological conditions, over the whole time-period. A fur- altitude). The instrument (on board o

ther check would be the analysis of the data per seasorrQ,atellite) uses a completely different retrieval technique with
but the relatively low number of MODIS-CALIPSO coinci- respect.to MOD.IS’ based on cloud bow analysis by means
dences does not allow a further binning of the input data, ToOF Polarized radiance measurements (Breon and Doutriaux,

address this issue, future work should make use of additiona?,oos_)'_ POLDER retrievals of cloud d_roplet I’adIUS? with no
more recent. observations. identified causes for error, allow for direct comparison with

On the other hand, the existence of two populations over A\/IODIS ones. In both cases of aerosol above and mixed with

given region demonstrates the effect of meteorology and itscrl]ouds,hthey _Ob;"?"” verr]y S|m|If§1r CE R'A]I Le.ll.a tlor]:sl\r/:g;ltso
temporal variability. One shall question whether meteorol- 10S€ shown in Fig. > that confirm the reliability o

ogy, and not aerosol, may explain the observed difference?,‘"l,sed statistics of CDR for different aerosol regimes and po-

betweenmixed and unmixedrelationships. In the cleanest sitions.

cases (low Al), however, cloud properties are very similar IFZrOOVZhath concr(?rns COT’h t%esg\/'g”f of Hayt;/yooq et f
for both populationsMixed andunmixedstatistics of CDR, al. ( ) shows that using the 0. ~Lpm combination o

LWP, COT and CTP (Fig. 14) converge to the same Valueswavelengths (that used in this work) the error in COT is min-

(within the statistical uncertainties) with decreasing aerosol'm'se.d.’ .W'th respect to other MODIS spectral channel. The
concentration. This result has a certain relevance, as it sugo-oss'b'“ty that absorbing aerosol above clouds can create a

gests a uniform impact of meteorology on both populations_negative bias in COT retrievals (and, hence, LWP estimates)

and indicates that changes in cloud properties with increas'—f] grucial. .In thg case I?f mz<ed cloud an? aerlosol Iayers,f
ing Al, when aerosol and clouds intermingle, are most Iikelyt e screening criteria allow the presence of (at least) part o

to be the result of aerosol-cloud interaction. Cloud top pres-m'xed aerosol layer above cloud top. A decrease in COT with

sure is probably the strongest link to background meteorol-mcre"jls_'bnlg 'él (g_llfe tc:1a MODIStr]?trlev_arl artifact vafoultd m;\sk
ogy.MixedandunmixedCTP are very similar for low aerosol & POSSIbI€ enhancement from fwomey efiect and ex-

concentration and this supports the hypothesis that meteoroQIbaln thel IO\(/jv ?]ependencr:a_ OTVIC(:)ODTISO E.Al' In c%se of aer;)s_ol
logical effect is low. Moreover, asnmixedstatistics do not above cloud, however, this las would not explain

show any significant dependence on aerosol variability, we:hetlpw CtOT chantge \g'th mcreqsw&g(ﬁl. As ItQT)Twome); ec];-
can also conclude that meteorological effect, if present, is ectis not present, a decrease in would be expected as

not a function of Al aerosol concentration augments. Thus, comparingdand
' unmixedstatistics and inferring aerosol effect by the differ-

ence between the two, it seems that MODIS retrieval error

4.1 Meteorology
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Number of retrievals within a 2x2 degree box

Mixed cloud and aerosol layers Aerosol above cloud layer

Fig. 13.Number concentration of coincident MODIS-CALIPSO retrievals for all aerosol regimes, in the region within [2S-15S; 14W-18E].
Colour scale represents number of measurements within 2 @egree box, for cases of mixed (left image) and well separated (right image)
cloud-aerosol layers.

780 ' . ' . 2.2 4.4 Cloud adjacent effect
800 120 A number of works points out another important source of
error for MODIS aerosol product, the so called cloud ad-
18 jacent effect (or “blueing” effect), when cloud-free pixels
are brightened (or shadowed) by reflecting light from sur-
roundings clouds. Marshak et al. (2008) found out that en-
hancement in column radiance is more pronounced at shorter
wavelength. Scattered light by clouds in cloud-free pixel is
further scattered upward by molecules (Rayleigh scattering)
located above cloud top, leading to cloud-induced enhance-
900 Lorrrnen, s, s, e, o 1o ment of visible reflectance, when aerosol are trapped in the
00 0.1 02 03 04 05 boundary layer (Wen et al., 2008). According to Varnai and
Aerosol Index Marshak (2009), this effect may lead to significant overesti-

Fig. 14.Cloud Top Pressure (CTP) retrievals averaged over constanfhation of AOD retrieva_ls_in cloud-free pixels, as far as 15 km
bin of Aerosol Index (Al), in linear scale, for cases of well separated @Way from cloud. As it is stronger at shorter wavelengths
(blue) and mixed (red) cloud-aerosol layers, in the region within (Where molecular scattering is larger), it can affect the spec-
[2°S-15 S; 14 W-18 E]. The error bars indicate the statistical tral dependence of AOD and lead to increased estimates of
uncertainties as in Fig. 5. Angstrom exponent near cloud edges and a biased high cor-
relation between fine aerosol concentration and cloud frac-
tion.
due to the presence of absorbing aerosol above clouds is not o CALIPSO retrievals are not expected to be affected by
the leading factor in determining the COT response to Al in- ¢oud side scattering, we made a short attempt at quantifying
crease. the blueing effect, analysing the difference between MODIS
and CALIPSO estimates of AOD as a function of the distance
between the observed aerosol and cloud layers. One major
As observed in Sect. 2.1, the bias in MODIS retrieved cIouddlfrlculty Is that the MODIS-CALIPSO estimate difference is

top pressure can be particularly high over those areas chara@rg.e and rather yarlable making an a}ssessment asa funpﬂon
of distance unreliable. Nevertheless, in case of aerosol mixed

terised by strong temperature inversion, as the study region . )
In our analysis, however, we account only for relatively low with clouds, the MODIS-CALIPSO AOD difference shows a

clouds. Cases of MODIS retrievals with top pressure lower ™Y small decrease (of about 0.034) as cloud-aerosol pixel

than 600 hPa are not considered. We then expect that errorg,iStance incregses fr(_)m 2 t013.5 k.m.(colh erent WiFh the blue-
coming from considering clouds erroneously placed in theNd effect), while no significant variation is shown in case of
elevated layers of the atmosphere up to 1000-3000 m abov@eros.OI above cloud top.. In'our dataset, howeve_r, the aver-
their real position, are mostly avoided. age distance between coincident aerosol-cloud pixels ranges
’ approximately between 10 and 20 km, which is mostly out
of the adjacency effect radius of influence. We then argue

that Rayleigh enhancement of MODIS retrieved radiance in
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cloud-free pixel is not expected to be a primary source ofsatellites at high vertical resolution. However, the assump-
error in CLF-Al relationship. tions required by Ackerman’s hypothesis are compatible with
South-East Atlantic meteorology: during the biomass burn-
ing season of Southern Africa, large amount of aerosol par-
ticles are transported in elevated atmospheric layers by dry
air masses, from inner Southern-Central Africa over ocean.
It is reasonable to argue that aerosol-load air is dryer than
The observed CDR decrease with increasing Al, only in casdhat just 'above the inversion (there is no cloud, neither abovg
of mixed layers, is in good agreement with Twomey’s the- the continent, nor abovg the ocean at th'e aerosol I'ayer.altl—
ory and suggests a direct modification of cloud microphysicside)- When aerosol mixes with underlying cloud field, in-

(decrease of the cloud droplet mean size) as a consequen€&€ase in cloud fjroplet number concentration (as a conse-
of cloud interaction with aerosol particles, working as CCN. duénce Twomey’s effect) may result in the observed LWP

For strong aerosol loads, the mean difference in droplet rafeduction of 35g m?, which is comp;grable to that esgimated
dius between clean and polluted low clouds over South-EaspY Ackerman et al. (2004) of 25gm, for RH of 10 %. If

5 Discussion and interpretation

5.1 CDR-AI

Atlantic is between 3 and 5 um. aerosol remains high in the atmosphere, well separated from
The spatial distribution of MODIS-CALIPSO coincidence cloud deck, no aerosol-cloud interaction is possible and LWP
number concentration (Fig. 13) shows thmixed and un- is expected to remain unaltered. This is in agreementuvith

mixedcase retrievals are mostly concentrated over a simila/Mix€dLWP trend of Fig. 6, which is very little dependent on
area. Satellite estimates are then expected to be represenr0sol concentration. o .

tive of clouds developed under similar meteorological con- ' Nere are anumber of implications to our findings. First of
ditions. According to Sect. 4.1, the observed differences in@!l: the concept oinhibition of precipitation commonly re-
mixedandunmixedcase statistics can be reliably interpreted 'atéd to LWP increase according to the so often invoked Al-
as resulting from a real aerosol-induced effect, and not fromP"€CNt's hypothesis, can be misleading. The increase of num-
changes in local meteorology. The fact that CDR does notb,er droplet concentrations and decrease of coalescence effi-
show any sensible evident change with Al increase, wherf1€NCY, in clouds polluted by sub-micrometers aerosol, may
aerosol is located above cloud top, suggests that meteorolod§@d 10 a large loss of LWP even if surface precipitation is
(if present) has very little impact on statistics, while aerosol '¢duced. Under such conditions, COT-Al relationship can be

indirect effect is the leading factor in governing the negative POSitive or negative, depending on the competitive effect of
CDR-Al relationship, in case of interaction. simultaneous LWP and CDR variations with Al.

52 LWP —AI 53 COT-Al

Aerosol interaction with cloud field over South-East Atlantic Prévious results return a log-log scale CDR-Al linear slope,
produces a sensible decrease in cloud liquid water amount(CPR), equal t©0—-0.15 and a LWP-Al linear slope,
which is in clear contrast with the so-called “lifetime effect”, S(LWP), of the same order and equal+@.16. Equation (6)
proposed by Albrecht in 1989. In a more recent work, how-Shows that the cloud op.tlcal thickness response to aerosol
ever, Ackerman et al. (2004) point out that aerosol-pollutedeNnancement can be estimated as the difference of these two
boundary layer clouds are not generally observed to holdP@rameters. Hence, in this particular case, no significant COT
more water, but significantly less. They infer that cloud wa- Variations with aerosol enhancement are expected. Averaged
ter response to precipitation suppression (due to increasefftlues of COT over constant bin of Al, shown in Fig. 7 in
droplet number concentration) is determined by the balancd®9-109 scale, are consistent with this estimate.

of two competitive factors: (1) moistening, from precipita- 1€ effect of liquid water path loss compensates the
tion decrease, which tends to increase LWP with increasind!"OPIet size decrease. This finding has a strong radiative im-
aerosol concentration; (2) drying, from increasing entrain-Pact- Even if Twomey’s hypothesis is valid at a microphysics
ment of dry overlying air, which tends to decrease LWP. In scale_, ae_r_osol-mduced_droplet size decrease does not produce
their model simulation, they find that the entrainment rate@nY Significant change in cloud reflectance, as a consequence
[cms~!] always increases with increasing droplet number ©f LWP.Io.ss. _Conseqqently, also the resulting aerosol indi-
concentrations due to Twomey’s effect. Only if overlying air "€Ct radiative impact will be rather small.

is humid or droplet number concentration is very low, sun‘ace5 4 CLE-Al

precipitation reduction is strong enough to dominate LWP ™

response. In conclusion, they identify relative humidity (RH) jnmixed relationships are supposed to reproduce CLF-Al

above boundary layer as the leading factor determining LWF. \ariations induced by other causes than aerosol-cloud in-

response to changes in droplet concentration. If moisture igeraction. so where do these positive CLF-Al relationships

high enough, entrainment of air does not result in a drynes%ome from? And why are they so strongly related with CTP?
of cloud. Relative humidity is presently not detectable from
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When aerosol is located above clouds, an increase in loveven if consistent with experimental data, can not be consid-
tropospheric stability (LTS) with increasing aerosol concen-ered as definitive evidence of a certain CLF (and LWP) re-
tration would explain the positive CLF sensitivity observed sponse to aerosol perturbation.
in case ofunmixedstatistics. Low tropospheric stability is In case of low cloudsunmixedCLF shows a strong de-
defined as the difference between the potential temperaturpendence on aerosol concentration that is much larger than
of the free troposphere (700 hPa) and the surface (Klein andhat observed for mixed cloud-aerosol layers. This result sug-
Hartmann, 1993; Klein, 1997; Wood and Hartmann, 2006).gests that the so often invoked “swelling effect” is prob-
The idea that cloud incidence tends to increase with increasably not the main factor governing the observed CLF and
ing LTS goes back to the beginning of the twentieth century,Al co-variations. Humidification of aerosol in the vicinity of
with the stratocumulus studies of Blake (1928). clouds would induce to retrieve a stronger (at least equal)

In a more recent work, Klein and Hartmann (1993) find positive CLF sensitivity when aerosol particles are closer
a linear relationship between seasonal mean LTS and lowio clouds (ixedcondition) and not fartherufnmixedcon-
cloud amount, for regions in the subtropics. dition, with an aerosol-cloud distance threshold of 0.7 km).

Aerosol absorption of solar radiation may largely warm This result is far from being an accurate estimate of the indi-
lower free troposphere if aerosol resides above cloud covemect aerosol effect on cloud cover. However, it indicates that
Over the Atlantic ocean off the coast of Angola, Wilcox if this effect exists, asnixed statistics suggest, its magni-
(2009) simulate the radiative effect of an aerosol layer (withtude is just a small fraction of that 0.30-0.32 value obtained
single scattering albedo of 0.890.03) distributed between from MODIS daily product, probably dominated by other
1.5 and 4.2km, with a peak at 3km, and a stratocumu-factors than a true aerosol-cloud microphysical interaction.
lus cloud field (cloud optical thickness of 12) between 0.5 Among them, the tendency of cloud fraction to correlate with
and 1.3km (according to a statistics based on CALIPSO reaerosol-driven changes in low tropospheric stability seems to
trievals from July to September 2006—2008). For AOD =1, be the main actor.
they find a peak heating rate of 3£3.05K day ! at pres-
sure level slightly below 700 hPa, about 2.5K dayarger 5.5 CDR-COT

than in case of no aerosol. In addition, they find that the

air temperature at 700 hPa in the case of high smoke loadOF POth clean and polluted clouds, the changing sign of the

is warmer on average by nearly 1K, than in the case of lowCPR-COT relationship beyond CG¥10 indicates that pre-

smoke samples. cipitation mostly occurs in optically thick clouds, when the

Unmixedstatistics of Fig. 10 shows a positive CLF sen- average droplet radius attains a critical size between 15.5 and
sitivity to aerosol increase, smaller for higher cloud top al- 17 #M. Examining cloud-precipitation interaction by a com-
titudes, but very large in case of shallow clouds. This sug_blned use of radar and a solar/infrared radiometer on board of
gests an aerosol-driven increased inversion strength, moréRMM (Tropical Rainfall Measuring Mission), Kobayashi

effective at trapping moisture within the boundary layer, as(2007) concludes that the largest effective radius for non-
a leading factor in governing the (positive) relationship be- Precipitating cloud is between 15-20 um.

tween low cloud coverage and the concentration of absorbing 11€ calculated exponential fit for COT10 returns expo-
aerosol above clouds. nential values (0.80 for clean and 0.59 for polluted clouds)

However, when aerosol lies within the boundary layer, sensibly larger than expected for adiabatic clouds (0.20) and

aerosol warming of air below the inversion is not expected tothan observed using MODIS alone (0.14), from L3 daily
produce any increase in cloud cover. By means of large eddroduct over the same area, for 2005-2010 (not shown).

simulation of stratocumulus clouds, Johnson et al. (2004)[he difference between statistics resulting from MODIS-
found that aerosol located within well-mixed boundary layer CALIPSO coincidences (retrieved at 5km resolution) and

may in turn enhance entrainment of dry air and decreasd/ODIS observations (obtained merging 5 km onto 1 degree
cloud liquid water path and cloud fraction (semi-direct ef- 9rid box) may indicate that warm clouds differ locally from

fect). In case of mixed cloud and aerosol layers, we observe &diabatic assumption, although the assumption is valid at
constant and positive CLF sensitivity (CLF increases with in- [27ger scale. _ _ _
creasing aerosol concentration) as function of CTP (Fig. 10). |TwelookatLWP as afunction of COT in case of optically

Results suggest that even if the aerosol semi-direct effecthin clouds (Fig. 12), cloud water amount increases rapidly
exists, it is not dominant. Therefommjxedstatistics may re- with increasing optical thickness. As COT varies between 5

flect the effect of aerosol-cloud microphysical interaction in @1d 10, LWP increases from 40 to 120 gfn(clean case)

2 . .
the way theorised by Albrecht, where precipitation suppres-a1d from 40 to 90gm* (polluted case). In conclusion, thin

sion by cloud-active aerosols leads to longer-lived cloudsiauid clouds over the ocean have in average smaller water

Note, however, that we do not dispose of observations de@mount if they are mixed with polluted atmospheric layers

scribing the entire cloud life-cycle and providing the tempo- (Al >0.09).
ral information that would permit a clear distinction between
causes and effects. This is to say “cloud lifetime” hypothesis,

www.atmos-chem-phys.net/13/69/2013/ Atmos. Chem. Phys., 13, 8382013



84 L. Costantino and F.-M. Bréon: Aerosol indirect effect on warm clouds over South-East Atlantic

For COT=10, the production of large droplets by any consistent correlation between changes in CDR and in
coalescence-suppression processes is strongly inhibited iAl, confirmed that aerosol-cloud interaction is the leading
polluted environments, so that droplet radius of non-factor governing the observed cloud response.
precipitating clouds is limited at 15.5 um. For C&TL0, the Similar to CDR, we also performed statistics of LWP-
larger exponent ahixedcase statistics suggests that polluted Al and COT-AI, to investigate the response of cloud water
clouds rain less than clean ones. As cloud optical thicknesemount and optical properties to changes in cloud micro-
increases from 10 to 19, the liquid water path of clean cloudphysics. According to Twomey's theory, we expect an in-
is increased by 50 g (from 120 to 170 g m#), while pol- crease in cloud optical depth, when mean droplet size drops
luted liquid water by 90 g m? (from 100 to 190 gm?). The  down (first indirect effect). This is only valid when assuming
percentage difference between clean and polluted LWP inthat the liquid water path is constant.
creases approximately from15 to 15%, as COT varies Contradictory with this hypothesis, coincident MODIS-
from 10 to 19. It is equal to zero for CO¥ 12. CALIPSO observations show a clear decrease in LWP, from

Results seem to identify the presence of two different90-100 to 60 gm?, as Al varies between 0.02 to 0.5, in
regimes. In case of thin clouds, aerosol enhanced entraincase of interaction of cloud and aerosol layers. LWP remains
ment of dry air at cloud top is the main mechanism in de-almost constant with increasing Al, when aerosol is above
termining the LWP response to an increase in aerosol nhumeloud top and cannot interact with the underlying layer. We
ber concentration. This is a clear consequence of the speanfer that aerosol-induced LWP diminution is due to the en-
cific meteorology of South-East Atlantic region, where ex- hancement of dry air entrainment, that leads to droplet evap-
tremely dry air is transported above cloud top, together withoration at cloud top. Dry air is presumably transported by
aerosol particles. Over other regions, with different humidtrade winds from inner continent over the ocean, together
condition above the inversion, completely different resultswith aerosol particles. In Southern African, absolute humid-
are expected. In case of thicker clouds, the LWP increase duity can reach extremely low values during the biomass burn-
to aerosol-induced suppression of collision-coalescence proing season.
cesses dominates the water loss due to droplet evaporation Cloud optical thickness response to aerosol enhancement,
at cloud top. If they are thick enough (CGT12), polluted  resulting from the balance of LWP depletion and CDR in-

clouds carry more water than clean ones. crease, is very weak in both cases of mixed and unmixed
layers.
Although aerosol impact on cloud microphysics is strong,
6 Summary and conclusions the effect on cloud optical properties is not significant. As

a consequence, the first aerosol indirect effect cannot be

Itis always difficult to assess the aerosol impact on cloud anddemonstrated over this particular area. Rather it appears that
precipitation from statistical analysis of satellite observationsthe very clear impact of aerosol on the cloud microphysics
as the presence of aerosols correlates strongly with meteoras somewhat compensated by the impact on the cloud liquid
logical conditions. As a consequence, it is impossible to fully water path. To address this issue further, independent mea-
separate aerosol from meteorological contribution to the obsurements of LWP such as those from other instruments of
served cloud property variations. the A-Train (AMSR-E and CLoudsat) would be most use-

In the present analysis we attempt to reduce this long{ul. Indeed, MODIS algorithm calculates LWP directly from
standing issue, making use of CALIPSO information to CDR and COT estimates and is, therefore, not independent.
define whether or not aerosol and cloud layers observed As indicated in Sect. 4.1, to better infer the role of local
by MODIS are mixed and presumably interacting. MODIS meteorological conditions, we recommend further work to
and CALIPSO fly in close proximity on the same sun- study the seasonal variability of the observed relations, which
synchronous orbit and allow for coincident observations ofwe did not performed in part due to the insufficient number of
the same Earth target. MODIS-CALISPO coincidences. In addition, we believe that

We analysed the CDR-Al relationship, showing a decreasesub-sampling each relationships by cloud optical thickness
in droplet effective radius ofmixed case clouds, approxi- would be an interesting way to analyse the aerosol signature
mately from 15-16 to 11 um, as Aerosol Index varies from on different cloud types.
0.02 to 0.5. When aerosol is located above the cloud top, The cloud fraction response to aerosol-induced changes in
as it often occurs over South-East Atlantic, effective radiusLWP has been investigated from the analysis of CLF-Al re-
remains almost constant, close to 14—15 um. Results are itationship. We found that CLF is strongly correlated to cloud
good agreement with Twomey'’s hypothesis (Twomey, 1974;top pressure, which is a good proxy to approximately esti-
Twomey, 1977), according to which fine aerosol particles (ef-mate cloud vertical extension. If clouds form under the same
ficient CCN) may largely increase cloud droplet number con-quantity of aerosol but different meteorological condition,
centration. As a consequence, more numerous droplets leatiey would develop differently and present different vertical
to smaller mean droplet sizes, if cloud water amount remainsextensions.
constant. The fact thatnmixedcase statistics do not show
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Since changes in local meteorology can produce spuriougre in good agreement with Albrecht’s hypothesis (Albrecht,
correlation between changes in CLF and Al, we decided t01989) and LWP response to Al enhancement seems governed
minimize the effect of considering clouds under different me- by two opposite effects.
teorological conditions sorting data by CTP. In that way, dif- The first one is a drying effect due to aerosol-induced en-
ferences betweemixedand unmixedcase statistics can be hanced entrainment of dry air at clouds top, that leads to
reliably attributed to the effect of aerosol-cloud interaction. droplet evaporation and is dominant in optically thin clouds.

In case of mixed layers, we found a positive CLF sen-The second one is a moistening effect, due to aerosol de-
sitivity equal to 0.02, for cloud top altitude at every pres- crease of collision-coalescence processes, that leads to pre-
sure level. This value is much smaller that those generallycipitation suppression and increased cloud water amount,
found from satellite-based observations (Menon et al., 2008gdominant in optically thicker clouds.

Quaas et al., 2009). Indeed, when aerosol lies above cloud Evidence of the present results shows that aerosol intru-
top, cloud fraction sensitivity is large for lower clouds (up sion into low cloud systems can suppress precipitation and
to 0.09 at CTP =970 hPa), decreasing with decreasing CTHead to longer-lived clouds, stressing a further possible path-
(almost zero at CTP =750 hPa). Absorbing particles abovevay by which human activity is associated to changes in hy-
cloud top may largely warm the atmosphere and increasealrologic cycle and more generally to climate change. Further
the low tropospheric stability. The enhancement of LTS in-work is needed to better quantify pollution impact on rain
creases the strength of inversion, suppressing cloud verticalevelopment and, more generally, on low cloud coverage en-
extent, maintaining a well-mixed and moist boundary layerhancement (with and without physical interaction between
and providing favourable condition to the enhancement ofaerosol and cloud droplets). In order to address this issue, the
low cloud cover over ocean. Aerosol radiative effect is thenuse of precipitable water retrievals together with low tropo-
supposed to be a major driver of cloud fraction increase, inspheric stability estimates and independent measurements of
case of unmixed layers. the cloud liquid water content would be a valuable addition

Aerosol impact on precipitation and cloud life-cycle has to MODIS-CALIPSO statistics.
been analysed as well. Previous studies (Lohmann et al.,

2000) have shown that occurrence of precipitation is de-
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