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Abstract

The objective of the project is to use a datasetlofid microphysical and optical
properties from SEVIRI VIS/NIR generated with thB1GAF algorithm, as well as cloud liquid
water path (LWP) from passive microwave observatitm study the diurnal cycle of South
Atlantic marine boundary layer clouds and its seakwariability.

EUMETSAT’s SEVIRI is a space-borne instrument wvilte necessary temporal, spatial,
and spectral resolution to resolve the diurnal €yl clouds. LWP from SEVIRI was compared
with LWP from the passive microwave imager TMI. Aay (June 2008 to May 2009) worth of
collocated SEVIRI and TMI data were processed ideorto study the annual and seasonal
variation in diurnal cycle of cloud propertiesz cloud amount, cloud liquid water path, cloud
optical thickness, droplet effective radius, clodtbplet number concentration, and cloud
thickness over the South Atlantic marine stratodusi(Sc) and trade wind cumulus (Cu)
regime.

In general, SEVIRI and TMI showed very good agreenfier instantaneous and domain
mean LWPs in the Sc regime, while the agreemenhentrade wind Cu regime was worse.
Spatial distributions showed a high correlatiorD&2 and negligible bias on annual basis. For
individual seasons the correlation went from 0920with a small bias within +5 gfy except
for JJA and SON. In JJA and SON the mean TMI-SEMIRIP bias increased to 12-15 gm
which is due to the presence of a large amounbsdrding aerosols above the clouds.

We investigated the influence of absorbing aerosmler the Sc domain using Al
obtained from OMI. Interestingly, both TMI and SERIILWP increased with Al, but the TMI
increase was considerably larger. This was becabserbing aerosols above liquid clouds
introduced substantial negative retrieval biasesptical thickness and droplet effective radius
and, hence, in the deduced SEVIRI LWP. This SEMIRIP bias increased with Al and could

be as large as 40 ¢hin instantaneous retrievals. Neglecting aeros@caéid pixels with Al>1,



the domain mean TMI-SEVIRI LWP bias could be eitbempletely removed (SON) or at least
reduced by half (JJA). Overall, a positive correlatbetween Al and LWP was seen, which
could be due to (i) simple spatial correlationsattis, both aerosol load and cloud optical
thickness increased toward the coast or (ii) aésoactually thickening the underlying cloud
layer through dynamical processes.

The diurnal cycles of TMI and SEVIRI LWP were inaggbagreement within +10 gfrin
all seasons except JJA and SON. In JJA and SONerldrWP biases of ~15-30 gmwere
observed due to SEVIRI underestimation of LWP ie flnesence of absorbing aerosols. After
neglecting aerosol affected pixels in JJA and S@bh dhe calculated bias in diurnal cycle was
reduced to less than +10 gmirrespective of season, both TMI and SEVIRI LWérbased
from morning to late afternoon and thereafter ghglincrease was observed. Prior to sunrise
clouds are thicker and as the day progresses thiel thyer gets thinner due to the absorption of
solar radiation and associated decoupling of theckoud layer. The variation in SEVIRI LWP
was mainly due to change in cloud optical thickf@ead physical thickness as both droplet
effective radius and droplet number concentratloowsed only small diurnal variability.

The largest disagreement was observed over the wadl Cu, due to the deficit in both
microwave and VIS/NIR measurement technique inlthve cloud fraction scenes. However,
SEVIRI and TMI showed similar variations in diurralcle of LWP but with a constant large
bias of ~20 gii (TMI being higher than SEVIRI). The responsiblettas for this large bias
could be: a known positive clear-sky bias of 12¢tB? and cloud-rain partitioning error in
Wentz’s microwave algorithm together with microwdess sensitive to low LWP at 37 GHz
affecting TMI retrievals, and cloud mask uncerti@ggt plane-parallel bias, and 3D effects in
broken scenes affecting SEVIRI retrievals. We &smd that in our study region and at the ~3
km scale of SEVIRI, the VIS/NIR retrievals werehat unaffected by 3D radiative effects at
large solar zenith angles.

Finally we have evaluated the sub-pixel scale Wdiig in SEVIRI retrievals based on
MODIS Terra+Aqua retrievals. Very good agreementwben SEVIRI and MODIS was
observed with correlatior0.92 in the fully overcast cases. However, overciudy cases
SEVIRI showed a considerably lower LWP than MODMhother important finding of our
study is that with the use of the 1.6 um channfelcéf’e radius no adiabatic correction to the
SEVIRI LWP for Sc clouds appears to be neededofrirast, for MODIS LWP retrievals based
on the 2.2 um channel retrieved effective radinsadiabatic correction factor of 5/6 should be

applied.
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1. Introduction

Clouds strongly affect the earth’s climate by attgithe radiative fluxes. Clouds enhance
the albedo by reflecting incoming solar radiati@clto space and traps thermal radiation than
the clear-sky conditions. The low-level marine dsuware particularly important because they
constitute the main source of uncertainty in sirradacloud feedbacksBpny and Dufresne
2005]. These clouds typically occur persistentlytha subtropical subsidence areas and reflect
around 30% of the incoming solar radiation backpace. At the same time, longwave cooling
rates are not affected very strongly because ofcttraparably low temperature difference
between the ocean surface and the cloud top. Ttheneegetic effect of these clouds is therefore
a cooling of the atmospher®lénabe and Stricklet 964;Manabe and Wetheralti967). Recent
observational evidence indicates that low cloudkice the net radiation balance on a global
annually averaged basis by about 15 WHartmann et al1992). Because of the sensitivity of
the earth’s radiation budget to low clouds, un@arding the characteristics of low clouds is a
crucial climate questiorRandall et al.1984).

Different general circulation models (GCMs) dissgabout the magnitude and even the
sign of the cloud feedbaclCéss et al.1989). Subtropical Sc clouds have been extensively
studied, both by field experiments and using a wiaeety of models. In AGCMs the amount of
subtropical marine Sc clouds is usually under-mtedi, even when the observed sea surface
temperatures (SSTs) are prescribedkob 1999). WhenDuynkerke and Teixeird2001]
compared ERA results with observations from FIRE, ERA cloud cover and LWP are strongly
underestimated, which causes the ERA downwelling i@dation at the surface to be much
larger than observe®uynkerke et al[2004] compared results from ten SCMs with obsiova
collected in marine Sc in July 1987 during FIRE &S results. Many of the SCMs predicted
too low LWP and less cloud cover, which leads miaiger amount of downwelling SW
radiation. They suggested improving the entrainnpamémeterizations for better representation
of Sc clouds in SCMdMa et al.[1996] demonstrate that in a coupled atmospherexooedel
an underestimation of Sc cloud amount can leadsitipge SST biases of about 5 K. This is of a
particular concern for simulations and predictioh&NSO, since such errors can strongly affect
the subl/tropical circulationsPhilander et al.1996; Nigam 1997; Yu and Mechosd999).
Furthermore, the presence of subtropical Sc cl@lags an important role in the entire tropical
response to climate perturbationdil{er 1997).Li et al. [2008] assessed the fidelity of GCMs in
simulating LWP using retrieved LWP from severaleflides with passive sensors and the

vertically-resolved LWC from the CloudSat. The LWilm GCMs are much larger than the



observed estimates and the ECMWF and MERRA analyl$eslargest values in the CloudSat
LWP occur over the boundary layer Sc regions arslféfature is not evident in the analyses or
models. Better agreement is found between the twabyses and CloudSat LWP when cases
with surface precipitation are excludeédedeiros and Steverj2011] compared the BL clouds
from four GCMs with ERA-40 observations and conelddthat the Sc clouds are under-
predicted by all the GCMs compensating with theatgefrequent trade wind Cu. It is therefore
vitally important that in GCMs Sc cloud fields aecurately represented.

The diurnal cycle of marine stratiform clouds has inportant influence on their
radiative effectiveness, as it affects the radmtioudget primarily through their albedo.
Stratocumulus clouds can exhibit a marked diuralec(\Wood et al2002). During the night,
turbulence is driven by a strong long-wave rad&aiwooling near the top of the Sc clouds and
results in vertically well-mixed stable boundaryda In contrast, during daytime the transport
of heat and moisture from the surface into the dliayer will be effectively reduced or will even
be cut off due to the absorption of solar radiationthe cloud layer and hence the stable
boundary layer can become decoupled. Because mmegat maintains a steady supply of
relatively warm and dry air from above the inversiato the cloud layer, the cloud layer can
rapidly thin or even disappear during daytime. ks Fourth Assessment Report the
Intergovernmental Panel on Climate Change (IPCC)ARérster et al.2007] highlights the
diurnal cycle of thin, stratiform clouds to be asfehe major uncertainties in current estimates of
cloud radiative forcingWilson and Mitchel[1986] shown that, changing the resolution of the
diurnal cycle of cloud and radiative fluxes in alfG8M can affect the simulated climate.
Rozendaal et al[1995] inferred that, calculated with diurnally exmeged cloud fraction
overestimate cloud forcing by up to 3 Wrfl6%) at the surface and 3 Wn(i7%) at the top of
the atmosphere compared to calculations that atdouthe diurnal cycle. Comparisons of the
observed diurnal cycle of clouds with models aisd targe and potentially systematic errors in
the modelled diurnal cyclédDell et al.2008;Roebeling and van Meijgaar2D09]. Similarly, a
recent study on aerosol climate influences by ti. @limate Change Science Progra@hip,
et al, 2009] identifies the diurnal cycle of clouds agdmportant outstanding science issue.
These results suggest that accurate measuremedisrioél properties of Sc clouds are crucial
for radiation budget calculations in climate mosietulations.

EUMETSAT’s SEVIRI is the first space-borne instrumhevith the necessary temporal,
spatial, and spectral resolution to resolve thendiucycle of clouds. The objective of the project

was to use the existing CM-SAF dataset of cloudropicysical and optical properties from



SEVIRI as well as cloud liquid water path from passmicrowave observations to study the
diurnal cycle of clouds, with a focus on the didreycle of marine boundary layer clouds.

Droplet number concentratiol€DNC) is a major parameter affecting cloud physical
processes and cloud optical characteristics, amdehéo alter the estimate of cloud radiative
forcing and aerosol indirect effect. In most climahodels,CDNC is usually assumed to be
constant or a function of the aerosol number comagon. Using constant value in the gamma
size distribution ofCDNC is not unique for all clouds, and moreo@DNC is a function of
temperature and can affect SW cloud forcing. A cangon of relationships betwe@DNC and
aerosol concentration indicates that estimateS@NC from aerosol concentration can have an
uncertainty of about 30-50 ¢fy resulting in up to a 42% uncertainty in cloud Ssdiative
forcing. Gultepe and Isaa¢2004] suggested, use of relationships betw€&NC and T, to
improve climate simulations. In plane-parallel Rdel CDNC is retrieved based on cloud
radiance measurements and assuming adiabatic iomsdBrenguier et al[2000] inferred that
the retrievedCDNC is usually underestimated the measurements. Tderestimation irCDNC
leads to larger droplets and more absorption, wimeply less radiation reflected at top-of-
atmosphere, and this will introduce large erroithe radiation budget and hence the climate
simulations. HenceCDNC should be estimated to certain accuracy leveleHee evaluated
CDNCfrom SEVIRI retrievals and Bennartz [2007].

This study uses cloud products retrieved from $FH\Vheasurements using the algorithm
developed and run operationally in the CM-SAF. Agral overview on the CM-SAF is given in
[Schulz, et al2009]. Basic information on the CM-SAF cloud prottuused in this study can be
found inRoebeling et al[2006] andMeirink et al [2010]. A necessary first step in the working
with satellite estimates of LWP is the evaluatiénh@ accuracy of the different datasets. This is
especially of importance as SEVIRI is a comparaidy instrument and little experience with
the stability of SEVIRI retrievals over the courdethe day exists. Validation of CM-SAF LWP
estimates using ground-based radiometers and ratkormetworks have been reported in
[Greuell and Roebelin@009; Roebeling et al 2008a; Roebeling et al 2008b]. While this
approach can take advantage of the greater accofabg ground-based instruments, these are
not available for the study area.

Recently, a large number of papers have studieddifierences in liquid water path
retrieval based on passive microwave and visib&hrdrared satellite observationSdethala
and Horvath2010; Wilcox et al.2009; Greenwald2009; Bennartz2007; Borg and Bennartz

2007;Horvath and Davie2007]. Differences between the two methods haea lsbown to be



correlated with various factors, including cloudadiion, observation geometry, retrieval
assumptions, aerosol above clouds, and othersldédo picture has yet emerged. This is partly
caused by the correlative nature of the satelliteliss, which does not necessarily allow
establishing causal relations. A few issues a&ively clear. A slight (mostly) positive bias of
passive-microwave derived LWP in cloud-free sitiasiin the order of 10-15 gfrexists, which

is cross-correlated with other retrieved varialfl€seenwald2009; Greenwald et al.2007].
Also, agreement appears better for more stratifolonds, where a near-adiabatic cloud liquid
water profile can be assumed. Recent studies hewealed a significant bias of cloud SW
radiative forcing due to the plane parallel assuomptRossow et al[2002] reported an
overestimation of up to 13 Wfin ISCCP andOreopoulos et al.[2009] reported an
overestimation of up to 6 Wfrfor liquid water clouds in MODIS.

Because microwave and optical techniques reprdséiptindependent approaches the
analysis of retrieval discrepancies can reveal magorithmic shortcomings, although does not
necessarily establish absolute accuracies. Hezegghroach of comparing SEVIRI visible/near-
infrared observations with passive microwave olegoas is followed as well. Since the diurnal
cycle is targeted here, the use of TRMM observat@ppears particularly useful. The non sun-
synchronous orbit of TRMM allows for a comparisdnobservations at different local times.
Over the course of a month the entire (daylightyrthl cycle can be evaluated. The TRMM data
used in this study were obtained from Remote SgnSiystems and were derived using the
algorithms described irHilburn and Went2008]. The error characteristics and uncertairdfes
these data are similar to SSM/I and AMSR-E estima&arious sources of error and potential
uncertainties are listed for example @'Dell et al.2008].

Another aspect of this project is to evaluate thpdct of sub-pixel scale cloud variability in
SEVIRI retrievals. Geostationary imagers sampla ebarser resolution than polar imagers. The
SEVIRI cloud properties are retrieved at 3x3%kmsolution but the MODIS retrievals are done
at 1x1 knf resolution. A coarser resolution gives rise totesymtic biases in the derived cloud
physical properties, especially when the cloud esetogeneous. According tdenrich et al.
[2010] the resolution with the least bias in th&iegal of optical thickness seems to be the
1kmx1km pixel area. Thus, to investigate the pigele effect on SEVIRI retrieved cloud
properties, we compare them with the high resautODIS retrievals, which could provide
some estimate of the introduced error in SEVIRI tlueoarser pixel size.

This report is structured as follows. The dataastsdescribed in section 2 and then the

methodology is given in section 3. The resultsdaseussed in section 4, basically the domain



mean statistics, spatial distribution, and themhaiicycle of cloud properties from SEVIRI and
LWP comparison with TMI. We further evaluated tké&ieval artifacts of absorbing aerosols
over the Sc clouds, and overviewed the cloud foaatiependence and solar zenith angle effect
on SEVERI CPP. Finally, the effect of sub-pixeldscaariability in SEVIRI retrievals is shown

in comparison with MODIS high resolution retrievatsshort conclusion is given in section 5.

2. Data Description

2.1 Spinning Enhanced Visible and InfraRed Imager (SEVIRI)

The Spinning Enhanced Visible and Infrared Ima@E\(IRI) is an optical radiometer
onboard METEOSAT-9 geostationary satellite devetopg the European Space Agency (ESA)
and operated by the European Organization for tkgdiation of Meteorological Satellites
(EUMETSAT). SEVIRI measures radiances at 12 spectrannels with 4 VIS/NIR channels
(0.4 - 1.6 um) and 8 IR channels (3.9 — 13.4 ung,@oduces one image in every 15 minutes.

The CM-SAF CPP (cloud physical properties) algonitfdeveloped at KNMI, retrieves
cloud optical thickness and cloud particle effeetradius based on measured reflectances at 0.6
pum and 1.6 um channel. The retrieval scheme isridescin Roebeling et al[2006], and is
based on earlier methods that retrieve cloud dptiuakness and cloud particle size from
satellite radiances at wavelengths in the non-&lsgrvisible and the moderately absorbing
solar infrared part of the spectrumdakajima and Kingl990;Han et al. 1994; Nakajima and
Nakajima 1995; Watts et al.1998). The Liquid Water Path (LWP) is computednfrahe
retrieved optical thickness)(and droplet effective radiusg( by (Stephend.978): LWP = 2/3t
reeum) i, Wherep is the density of liquid water. The SEVIRI retriégvaare available only
during daytime and the retrievals are performediragsy that the clouds are plane parallel. In
case of 3D broken cloud fields measured radianesasage of the cloudy and cloud-free part of
a pixel, and this could introduce error in retriéveloud properties due to the non-linear
relationship between cloud optical thickness arfteetance. Also, SEVIRI retrieve€DNC
following Boers et al. [2006jmethod based on plane-parallel RBennartz[2007] calculated
CDNCfrom the retrieved andr.. Here we compar€DNC from Boer’s and Bennartz's method,
and a general negative differencedBDNC and an associated positive difference in cloudrdep
are observed in Boer’'s method compared to Bensamzthod. However, the tr@@NC can be

judged only from the actual observations.



The CPP products used in this study have been @eeat KNMI. They differ from the
official CM-SAF products in a number of ways: (iJacal (KNMI) cloud mask rather than the
CM-SAF cloud mask has been used to identify cloymbyels, (i) latest information on
instrument calibration has been used, (iii) algmnitimprovements with respect to atmospheric
correction have been introducedd€irink et al. 2009), (iv) the full 15-minute SEVIRI dataset
was processed instead of an hourly dataset pratesgerationally in CM-SAF, and (v)
compared to the standard CMSAF products opticakttess and LWP, additional cloud (micro-
)physical properties were derived.

2.2 Moderate Resolution Imaging Spectroradiometer (MODIS)

MODIS is a key instrument aboard the Terra (EOS Ay Aqua (EOS PM) satellites.
Terra's orbit around the Earth is timed so thaagses from north to south across the equator in
the morning, while Aqua passes south to north dverequator in the afternoon. Terra MODIS
and Agua MODIS are viewing the entire Earth's stefavery 1 to 2 days, acquiring data in 36
spectral bands.

Similar to SEVIRI, MODIS uses VIS/NIR technique retrieve cloud properties. Over
the ocean, MODIS uses the 0.86 visible band containing optical thickness infotioia, in
conjunction with one of three water-absorbing nieéared bands located at 1.6, 2.2, and 3.7
um, which are sensitive to the droplet effectiveiuadAlthough all three near-infrared channels
generally observe the upper portion of clouds, iv&rt sampling of droplets becomes
progressively deeper from 3.7 to Juéh due to decreasing absorptiddldtnick, 2000]. The
operational LWP parameterization relies on they@i2band and assumes no vertical variation in
cloud droplet size, leading toNP = 2/31 re.2umypi. (Note that LWP is only estimated if both
and e retrievals are successful; the latter often fathin clouds leading to fewer LWP retrievals
than cloudy pixels.) Presumed vertical homogengitgombination with cloud top effective
radius retrievals can lead to LWP biases of boginsidepending on the actual droplet profile.
For example, in the absencetand g retrieval errors, LWP would be an overestimatenarine
Sc clouds, where the effective radius often in@edmearly from cloud base to top. For such
boundary layer clouds, an adiabatic model has pesposed based on cloud top effective radius
letop [WOOd and Hartmann2006] LWP = 5/91 rep.2umypi, Which reduces operational MODIS
LWP by a factor of 5/6 or 17%. Because this modedsdnot consider entrainment mixing, it
represents only a first-order LWP correction in thosubadiabatic marine Sc. In addition, df r



decreases with height, which might occur in drizglor raining clouds, could even exacerbate

the underestimation of LWP.

23 TRMM Microwave Imager (TMI)

The TRMM Microwave Imager (TMI) is a well-calibrate5 channel, dual-polarized,
passive microwave radiometer orbits at an altitoidé00 km and continuous monitor the tropics
between 40°S and 40°N. Unlike SSM/I (in a near-padain-synchronous orbit), the TRMM
satellite travels west to east in a semi-equataribit, this produces data at different local times
for any location. The radiometer measures the miave radiation emitted by the Earth's surface
and clouds at frequencies of 10.7, 19.4, 21.3,85/% GHz. The Wentz’' absorption-emission
based algorithmWentz1997; Wentz and Spenc&000) is used to retrieve several important
meteorological parameters such as sea surface tatupe(SST), surface wind speed (W), water
vapor path (V), liquid water path (LWP), and raater (R), over the ocean. Our primary interest,
LWP, is derived from 37 GHz observations at a nesah of 13 km, but here we used the 0.25°
gridded daytime product.

2.4 Ozone Monitoring Instrument (OMI)

Areas affected by biomass smoke or desert dust werdified using OMI ultraviolet
Aerosol Index (Al). OMI Al represents the deviatiohmeasured 354-nm radiance from model
estimates calculated for a purely molecular atmesplvounded by a Lambertian surface, with
positive values indicating the presence of absgrbaerosols Torres et al 2007]. A
distinguishing feature of OMI Al is its ability tdetect absorbing aerosols above (and even
mixed with) clouds. Specifically, we used the daigvel-2 gridded product (OMAERUVG) and
averaged 13x24-km footprint data to 0.25° resotutio

3. Methodology

To investigate the diurnal cycle of cloud liquid tesa path annually and in different
seasons, we have processed a full one year Jugt@®day 2009 of data from SEVIRI, TMI,
and MODIS. SEVIRI 3kmx3km data is downscaled to Tid$olution and collocation is done
for those SEVIRI retrievals within TMI observatidime of +/-7.5 minutes. As such, the mean
liquid water path is representative of the meacloud liquid water path. To compare it with
TMI grid-box mean, we scaled it with the liquid abb fraction (the fraction of SEVIRI liquid

pixels within a TMI grid-box) calculated from SEMIReasurements. Similarly, for a matching



comparison both Terra and Aqua MODIS data have beewnscaled independently to
0.25%0.25 which is TMI resolution. For the comparisons beaweSEVIRI and MODIS
observations, original SEVIRI 3kmx3km data were dewvaled and collocated based on those
pixels within MODIS observation time of +/-5 minagteThese collocated SEVIRI data are
termed SEVIRI_M.

Our entire study domain is roughly %60° covering [36W-20°E, 35'S-10N] over the
South Atlantic Ocean. Near the Namibian coast, I&®ets form over relatively cold SSTs, in
shallow and generally well mixed boundary layerspeal by a strong temperature inversion. As
these air masses are advected equatorward, thec&s ttansition into scattered cumulus due to
the increase in SST and the associated decredswen tropospheric stability. Ultimately, the
stratocumulus is replaced by scattered, predoniinahallow cumulus (trade wind Cu). Thus
our study domain is frequently covered by extensheets of sub-tropical marine Sc clouds,
trade wind Cu with significantly lower cloud covand deep convective clouds. The presence of
ice cloud above masks water clouds below in VIS/K8Rievals. Also, the microwave signal is
sensitive to liquid cloud and rain, and the raitriegal is performed assuming a fixed rain-
threshold of 180 gif which can introduce a systematic error in retiev&P. Thus, in this
study we examine the mean and diurnal charactsistif only low-level non-raining
warm/liquid clouds to avoid instrumental sensifivib rain and ice. These low-level clouds
consist of optically thick homogeneous Sc clouds emore broken optically thin trade wind Cu
clouds. We have noticed that the amount and thatitwt of these stratocumulus decks varied
from month to month depending on where the sufhss, we have selected Sc clouds based on
the location of 78 percentile cloud fraction threshold and their aested neighbors that fall
within the selected (frequent occurrence of Scjomegwhich will locate our exact Sc field.
However, for more broken trade wind Cu regime weehehosen a £810° grid-box depending

on their frequent occurrence.
4. Results and Discussion

(i) SEVIRI versus TMI
4.1 Effect of Absorbing Aerosolson SEVIRI Retrievals

In this section we examine the impact of absorba@gosols residing above South
Atlantic Sc clouds. Biomass burning is a significasource of tropospheric aerosols in
southwestern Africa during the dry season JASO y{Buigust-September-October) and



produces episodic plumes of dark smoke over théheast Atlantic Ocean. The mean aerosol
index map from OMI for JASO 2008 is depicted in EBid.1. Aerosol index is an index that
detects the presence of UV-absorbing aerosols wpesttive values generally represent
absorbing aerosols such as dust and smoke and @nmedbative values represent non-absorbing
aerosols and clouds. From the figure it is cleat the smoke absorption is higher near the
Namibian coast and reduced as we go away from.cBastath the elevated layer of smoke is a
persistent deck of bright marine Sc cloud. When lsmesides above low-level clouds, the
measured visible (0.6 or 0.8 um) channel refletamitl be decreased due to the absorption by
smoke, which can introduce a negative bias in dotiplet effective radius and optical thickness,
and hence in SEVIRI LWP. This negative bias in th@ um effective radius is significantly
larger compared to 2.2 um effective radius whichgaally less than 1 pm, however, it can be
up to 30% in optical thickness according to caltaies byHaywood et al[2004]. In SEVIRI

1.6 um retrieval, a strong decrease in the effectadius from 11 to 7 um is observed (Figs
4.1.2d and 4.1.3d) even for the smaller aerosaxmuf 3.5.Bennartz[2007] noted a systematic
MODIS LWP underestimation in Sc off southern Afridaring the biomass burning season,
which was attributed to overlying absorbing aerssniBennartz and Harshvardhg2007]. In

the same region and seas®Vijcox et al.[2009] estimated a domain-mean absorbing aerosol
effect of 5.6 grif, corresponding to less polluted caseethala and Horvatii2010] also
estimated a mean negative bias of 3°gmMODIS LWP over a larger 2%25° South Atlantic

Sc domain.

Here, we estimated the bias in SEVIRI LWP for JA@r our entire study domain and
aerosol dominated Sc domain. Over this domain tearmAl ranges up to 3.5. As shown in Fig
4.1.2 and 4.1.3 SEVIRI increasingly underestimdibtl as a result of reduced optical thickness
and droplet effective radius. The TMI-SEVIRI LWPabiincreased with aerosol index over Sc
domain and in the entire domain. Over the domanLWP underestimation due to the presence
of smoke is ~27 gify however the individual values can go > 40%gwen at the Al of 2.5 (Fig
4.1.2b and 4.1.3boddington et al[2010] found that overlying absorbing aerosol lagbove
stratus cloud biases SSFR cloud retrievals to emaffective radii and optical thickness based
on the aircraft measurements (cloud retrievals)Sofar Spectral Flux Radiometer (SSFR)
irradiance (below aerosol layer above cloud laymmd above aerosol layer) during the
Intercontinental Chemical Transport Experiment (BXFA) and also using a forward radiative

transfer model.
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Fig4.1.1: OMI aerosol index averaged for JASO 2008

The results from Fig 4.1.2a and 4.1.3a indicatetharease in LWP with aerosol index,
which is observed in both TMI and SEVIRI measuretsenMI showed a strong LWP increase
from 60 to 100 gifi as the aerosol loading varies from 0.25 to 3.5vever SEVIRI increase is
less prominent and the increase is reduced drlgtiwéh aerosol index. We also found an
increase in cloud thickness with Al from SEVIRI mrsaeements. The optical thickness also
increased from 4.5-8.5 (7-12 for Sc domain) for shedy domain with aerosol index, however
this increase could have been larger for the leiatpd cases, as absorbing aerosol above cloud
underestimate the retrieved optical thickness. &hesults are similar to a recent observational
study whereWilcox[2010] examined the consequences of smoke fromoeabbiomass burning
in the West African overlay the persistent southédkantic Sc cloud deck, using CALIPSO
measurements. He found that the diurnal mean SWhnigeate has been increased in case of
smoke resides above clouds. This extra heatingdaotred additional warming of 1K in the 700
hPa air temperature above the cloud deck, andasetethe buoyancy of free-tropospheric air
above the temperature inversion capping the boyndaer. This increased buoyancy inhibits
the entrainment of dry air through the cloud-tdygreby helping to preserve humidity and cloud
cover in the boundary layer. This also coincideth WMWP increase by 20 gfrlower cloud tops
compared to smoke free environment. The modelinglystalso confirm these results, for
example:Johnson et al[2004] used LES and shown an increase in LWP wHhgsoraing
aerosols reside above Sc clouds. Using an atmaspbeneral circulation model (GFDL
AGCM) Randles and Ramaswani®010] indicated that strong atmospheric absorpfi@m

these particles can cool the surface and increas@nd motion and low-level convergence over



southern Africa during the dry season, and finaligrease in clouds. However we doubt that

higher aerosols loading samples are also coincigghtthicker clouds.
Further, while sampling SAFARI-2000 data offshofeAsest Africa, Hobbs[2002] and
McGill et al. [2003] argued that smoke was typically observedayers that were vertically

separated from Sc clouds below and hence the dmémtophysical interaction between the

aerosols and Sc clouds is often inhibited by thenst temperature inversion above the cloud

layer. Wilcox[2010] confirmed this result from CALIPSO obsereat that aerosol layers occur

predominantly between 2 km and 4 km, but cloudrsyee identified predominantly below 1.5

km altitude and beneath the layer of elevated sraekesol.
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We further evaluated the impact of absorbing adsosweer Sc regime especially in the
diurnal cycle representation. The diurnal cycleTédl and SEVIRI CPP averaged for JASO
2008 is presented in Figs 4.1.4-4.1.6. The clopiical thickness decreased about ~50% from
morning to late afternoon, but the droplet effeetradius remains more or less stable with time.
As a general phenomena 20% decrease in clouddnaatid 100m difference in cloud physical
thickness also observed with time. The cloud ditoplanber concentration also showed a little
bit decrease of ~50cth Overall, both TMI and SEVIRI LWP showed a 50% mase from
morning to late afternoon. Both SEVIRI and TMI shemlvsimilar variability in diurnal cycle,
however a large bias 10-20 ¢/ris existed between them. This large bias betwaemtis
partially removed by considering least pollutedesais the analysis. Figs 4.1.5 and 4.1.6 are the
diurnal cycle of TMI and SEVIRI CPP where the ptéldi pixels are removed, and the results are
much more agreement and considerable amount ofalsashas been reduced. In Fig 4.1.7 the
JASO mean TMiersusSEVIRI LWP statistics is revealed, and obviougig 1 WP bias has
been reduced to halve for pixels with Al<l and thas is further halved for datasets with
Al<0.25. It can also be noticed that SEVIRI liquichter path increased with changing Al



threshold. The mean LWP bias over Sc domain i49L§/nf. The LWP bias has been reduced
from 16.49 g/mi to 8.82 g/m when we considered datasets with Al<1l. We furtheglected
those datasets with Al<0.25 which reduced the LVié further to 3.73 g/fn From the Fig
4.1.7 it is also very clear that the SEVIRI obsénores are shifted more and more closer to the
one-to-one line as we remove more and more aem@$etted pixels. As these absorbing
aerosols introduce low bias in SEVIRI LWP, for flaether analysis we neglect all the aerosol

affected pixels i.e. Al<1.
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4.2 Mean Statistics of Cloud Properties

In this section, we describe the annual and s@hsogean statistics of cloud properties
over Sc, trade wind Cu, and entire South Atlanbendin as obtained from both SEVIRI and
TMI and shown in Figs 4.2.1 to 4.2.5. Note thaturgs we show here are only for Al <1. Over
the South Atlantic Sc region both SEVIRI VIS/NIRdaiMI microwave techniques showed
robust skill to retrieve LWP with largest corretatiof 0.9-0.94 as seen in middle panel of Figs
4.2.1 to 4.2.5 annually and in all seasons. BotH @Ml SEVIRI showed mean annual LWP of
~45 g/nf with small bias of 0.26 g/frand standard deviation of 21 d/riThe daytime averaged
seasonal LWP variation of SEVIRE. TMI is 35.64vs.42.51, 69.24/s.66.66, 52.24/s.52.15,
and 38.27vs. 38.16 in respective months JJA, SON, DJF and MAdirall et al. [1990]
estimated the mean Sc LWP of 75 §wff the coast of Southern California from the lomye
and shortwave irradiance measurements during Friail March through October 1987. An
average cloud LWP of 120 + 320 gris reported b uidema and Hartmanf1995] from SSM/I
data averaged over stratus cloud regime. These ilRes are somewhat larger compared to
our mean LWPs. However, the mean TMI-SEVIRI LWPskiimour Sc domain is within +5 g
in all the months/seasons, except those monthshwdme affected by absorbing aerosols. In
July-August-September-October, the observed meas ibi 10-25 gt and SEVIRI retrievals
are artificially affected by the absorbing aeroswisthese months. As we explained in the
previous section, the absorbing aerosols introduoegative bias in both optical thickness and
the effective radius, and hence in the deduced IMGEVIRI VIS/NIR retrieval. Neglecting the
pixels with larger loading of absorbing aerosolsd aronsidering only those pixels with
0<AI<1.0, the bias has been reduced to halve ass~g8?in individual months and the bias is
even reduced to ~7 gfnseasonally. All together the bias between TMI &&VIRI LWP is
small, compared to AMSR-E-MODIS LWP biaSeethala and HorvatB010), where MODIS
highly overestimated and the overestimation redusey after applying the adiabatic correction
to MODIS LWP. As TMI and AMSR-E retrievals are bdsen same Wentz’'s algorithm, these
differences may arise from SEVIRI and MODIS retakdifferences. The basic difference
between SEVIRI and MODIS is, SEVIRI effective raglitetrievals are done based on radiance
from 1.6 pum channel which sample clouds slightlgpbr compared to MODIS 2.2 um channel,
which is mostly sensitive to top layer of clouddew larger MODIS droplet effective radius in
case of more adiabatic Sc clouds. This could hasgrficant impact, even if the retrievals
are likely to be same in both 1.6 um and 2.2 pnmeés. Another possibility could be, for thin
clouds of cloud optical thickness)(below 8, SEVIRI CPP algorithm weighs towards &



climatology of 8 um, but MODIS provides true rete values. Again SEVIRI original pixels
are an order larger than the MODIS pixels, and @sesluce the resolution the errors in retrieved
T and ¢ may cancel-out and get better comparison of SEWRIh TMI. Another difference
could be related to the so-called clearsky restapglied for MODIS. MODIS retrieves cloud
properties only in confident cloudy conditions whiecay introduce a high bias in optical
thickness. On the other hand, SEVIRI retrievalsgantly cloud pixels may introduce a low bias
in optical thickness. These effects would introdackigh/low LWP bias in MODIS/SEVIRI,
respectively. Thus above listed differences cowddilg explain the difference in MODISs.
AMSR-E comparison and our SEVIR$. TMI comparison.

Over the trade wind Cu domain, SEVIRI retrieve serdlWP and TMI retrieve larger
LWP compared to Sc domain, which leads a very |laggitive bias of 15-25 gfbetween TMI
and SEVIRI in all seasons, although they showeddgmwrelation of 0.79-0.86. The dominant
error sources in both VIS/NIR and microwave techgri the broken cloud fields could explain
this bias. Especially, larger 3D effect in VIS/Ni&rieval and non-linear average of reflectances
in partial cloudy pixels could introduce negativasbin retrieved SEVIRI LWP. Moreover,
weighs g towards gclimatology of 8 um for optically thin clouds o€8 would introduce strong
negative bias in SEVIRI CPP algorithm as these tc@wds are very thin and often have an
optical thickness below 5. Besides, a known pasitias of 12-15 gifiis also observed in
Wentz microwave algorithm in clear-sky cases wiscites for broken cloud scenes as well.
Unfortunately, these errors cannot be separatem ttte measurements, and more modeling
study is required to quantify them.

Over the entire South Atlantic domain, the corietain LWP between two techniques
varies from 0.48-0.74, with the domain mean posiVMI-SEVIRI) LWP bias of 8-18 gif
The mean LWP varies with season and maximum in Mz and minimum in February. In
this case, SEVIRI seems underestimating the LWPTavilseems overestimating it in all the
seasons. Similarly, a global mean positive biag&§m? is observed in AMSR-E and MODIS
comparison. So, the microwave technique appedoe twverestimating the LWP in general, due
to their overestimation in broken cloud fields. Trual mean bias is only 12 Grwith 52 gn¥’
deviation from mean. MAM showed least bias of awbuid gn¥, but with larger mean deviation
of 66 gm? and least correlation of 0.48. The largest biag8gm? is observed for JJA, with
mean deviation of 45 gfmand correlation of 0.64. But for SON and DJF, esse bias is 12
gm? and 13 grif, with mean deviation of 42.5 gfrand 48.7 g respectively. Over this study



domain, the amount of observed mean liquid wateh ps largest in September-October-

November.
500 [T T T e T o e e e B
F [ A
- 300f  ven T =s2ee o
r * * L MEAN SEVIRI = 40.28 e i
g 400k ® B & 20 e bies = 12,32 R ]
I F ® [ . ]
£ £ =
E by ¥ « £ 20l SORRELM = 0,82 L .
: L % P = [ sTo0Ev = 5221 R ]
B oznl * %*** ¥ whonk E % 2100 wum = 235838E408 e ]
= Fows *x ¥ o e & L , ]
s p - o 1sof .
= iaﬁ e 3 e, Ng o F i
z T X = F 1
= R " * 3 £ 150 .
E oop ;&f***g w* 1 b=l [ ]
" 1 h=d
R 5 : 2 1o .
— r i* * w _ 8 J i
E * E 5o =
L » G 1
w100 B " E B 50 ]
¥ ] - : ]
g!** ; 30 I’ b
0 p T T TR o I I RN EPN BRI AR
o] 100 200 300 400 500 O 30 &80 90 120150 180 210 240 Z70 300 330
TMI liquid water path (gm™®) THI liquid water path {g m™)
B{Q [T e e ey 3T T T T T T T T T
& i [ 7]
g ] 300F  VEANTH = 430 R
r * b L MEAN SEVIRI = 44,48 LY ]
g~ 400 F - ;}1\270,_ MEAN bins = 0.2 R ]
‘e F ] E oypl  comRELN = 032 P ]
()] L 4 L L4 4
— F - E = [ =TopEY = 2135 e ]
= [ * ] £ 210 ’ b
= T HM = 1166405 ]
2 00b wx * X L : gL + . ]
N *e ] C 1e0f ]
=z o f ] T 3 1
2 E *g ] = F ]
F *i # ] = 100 ]
2 200F % gkt x e T b 1
= |- —
=) E * ” ] T 1207 ]
= [ * 1 = [ ]
] [ ] S0 b
G B B, ] a0 L ]
w100 * = U g5p 4
E ¥ ] ]
: ] 30 el ]
¥ ] [ ]
D e e 0 [ S RN BN RN B R B
4] 100 200 300 400 500 Q30 60 90 128150 180 210 240 270 300 330
TMI liquid water path (gm™) Thl liquid water path {g m™2)
500 ” Y B B o B e e B RN R S
] [ A
300 MEANTH = 4348 R
1 L MEAN SEVIR| = 26.80 e ]
&~ 400 B & 270 Ve bins = 2267 . ]
) B L 4
£ ] E oupF  corRan - 0s3 . ]
E | [wal L Ed 4
E = [ sToDEv = 25.2a R4 ]
= ] £ 210 . .
T HUM = 1.55001E+05 ]
S 300 ] T r + e 1
5 ] o 180 . ]
G ] 5] r ]
= 3 21505 ]
2 200 3 z i 1
= ] = 120 T
= ] E sof .
& ] o L ]
w00 |
* E v 60 -
: ] 30 ]
8] P T T T Dm I P N B B B B
o] 100 200 300 400 500 o 30 60 90 120 150 180 210 240 270 300 330
Tl liquid water path (grn™2) THI liquid water path {g m™)
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4.3 Spatial Distribution of Cloud Properties

In this section, we discuss the annual and seasoeah maps of TMI and SEVIRI cloud
LWP, TMI-SEVIRI LWP bias, cloud optical thicknegs(), droplet effective radiusg)r droplet
number concentrations calculated based on BoerglsBennartz’'s method, and LCF (liquid
cloud fraction) of all four seasons, for our®880° study domainKlein and Hartmanr{1993]
used surface-based cloud climatology and showedtikee is strong seasonal variability in the
amount of stratus clouds, and the seasonal cycl8cotloud amount is closely tied to the
seasonal cycle of static stability. For the Soutlaiic Sc region, the maximum static stability is
observed during September-October-November andntiemum in February. They also
revealed from Earth Radiation Budget Experiment tha strongest net cloud forcing occurs
during the months of August through November. Thius important to examine the seasonal
variability of these clouds throughout the year taalters the earth’s radiation budget directly
through net cloud forcing. The below given annual aeasonal mean maps (Figs. 4.3.1 to 4.3.5)
are calculated only for no ice, no rain conditiotzsyeduce obvious first order errors. Overall,
SEVIRI mean LWP is much lower compared to TMI m&sviP except over the South Atlantic
Sc region, regardless of seasons. Over the madmdo®ain, both SEVIRI VIS/NIR and TMI
microwave retrieval techniques showed very gooceament, but often with a very small
SEVIRI overestimation. This SEVIRI overestimationeo the Sc domain is much smaller
compared to MODIS overestimation in this domain paned to AMSR-E LWP (see the AMSR-
E-MODIS LWP bias map ofeethala and HorvatR010). The possible reason for the better
agreement between TMI and SEVIRI is discussedenptievious section. It is clear that, in JJA
and SON the SEVIRI retrieval seems to be highlyemestimating LWP over the Sc region, due
to the presence of large amounts of absorbing aksto®ver this Sc domain optical thickness
varied from 6 to 10, and the effective radius véfi®m 7-11. The cloud thickness differs from
season to season with annual mean of 350 m. Theetiraumber concentration is larger during
JJA and less in all other seasons. The comparis@DbdIC from Boer’'s and Bennartz’'s method
revealed that there is a factor two difference leetwcalculated CDNC in both methods. The
true value can be inferred only after comparingrtheth the real observations.

The worst agreement in retrieved LWP between tleteghniques is observed over the
trade wind Cu regime. TMI is retrieving higher L\Wd®mpared to SEVIRI. The observed
discrepancy might be due to the fact that both NIR/and microwave techniques are less

accurate in low cloud fraction scenes for the folltg reasons:



(&) There is a known TMI positive clear-sky biasiethcould also be representative of
more broken fields

(b) The performance of the SEVIRI cloud mask is nown, and the cloud mask
algorithm is more similar to MODIS; b@thao and Di Girolamd2006] showed that with a 15-
m-resolution cloud mask, MODIS agrees only 62%ha& time in trade wind Cu, thus, cloud
detection problems in SEVIRI might partly explamstlow LWP bias,

(c) 3D radiative effects (solar/view angle effecisg¢ larger over the more broken trade
wind Cu,

(d) SEVIRI may underestimate optical thickness tuthe nonlinear averaging of visible
reflectance versus optical thickness in brokenegen

(e) Underestimation in SEVIRI optical thicknesstlas retrievals are performed also for
partially cloudy scenes (and not applying cleansstoral like MODIS does),

(f) for thin clouds of cloud optical thicknesg pelow 8, SEVIRI CPP algorithm weighs
re towards gclimatology of 8 pm which can underestimate tru@nd hence LWP.

In general, over the broken cloud scenes the dptitekness is below 5 with large
number of CDNC and larger droplet effective radqitl um) than the Sc regime.

Figure 4.3.6 depicts the monthly/seasonal variaitioaloud fraction for twelve months.
We can notice from the cloud fraction map, thatdistribution and amount of South Atlantic Sc
deck is varying from season-to-season or more ggcmonth-to-month. In SON, we observe a
huge amount of these clouds with large spreadJMthiere are relatively less clouds and they
are shifted a bit to the north. Lower cloud frantia seen in MAM and the least is observed in
DJF. The results are in agreement Wiilein and Hartmanr{1993] findings that the season of
maximum stratus clouds are associated with theoseat greatest lower-tropospheric static
stability. In South Atlantic Sc region SON showedaest LTS and DJF showed the least. They
also inferred that a 6% increase in stratus fraelicrea coverage is associated with°@ 1

increase in static stability.
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4.4 Diurnal Cycle of Cloud Properties

We examine the diurnal cycle of cloud propertiesrahe entire South Atlantic domain,
and more specifically the Sc and trade wind Cu domaespite occurring over the oceans in
regions of large scale subsidence, marine Sc skhowsteresting diurnal variatioM{nnis and
Harrison 1984. Over the extensive marine Sc regime, regardédsseason, both TMI and
SEVIRI LWP decreased with time from sunrise to ginand thereafter slightly increased as
shown in Figs 4.4.3-4.4.7. The figures shown heeeoaly for aerosol neglected pixels, to avoid
misinterpretations related to retrieval errors eaulgy aerosols (see Section 4.1). Our results are
consistent withVood et al[2002] who also studied the diurnal variation in LWP otlez South
Atlantic Sc region which is same as our Sc domlaased on two complete years of TMI data
and found similar diurnal features. However, thare many other scientists who contributed
their effort in investigating diurnal cycle of Stoads which occur over other parts of globe.
Notably, Blaskovic et al[1990] evaluated the diurnal cycle of North-Eastif@ Sc clouds off
California coast from the observations taken dufiBE. Their results indicated that, cloud
thickness and liquid water path showed a clearedser during the day from sunrise to sunset,
increasing thereafter, the decrease in LWP is &s®olcwith the decrease in cloud thickness. The
cloud base height has diurnal range of (150+/-30)ismg from sunrise till mid-afternoon. The
cloud top height has a similar diurnal range of0#/330) m, but the main descent occurs in the
late afternoon. Surface air temperature also ise®at sunrise, directly in phase with the cloud
base lifting, and has a diurnal range GC2Ciesielski et al.[2001] evaluated the diurnal
variation of North Atlantic Sc clouds from Atlanti§tratocumulus Transition Experiment
(ASTEX) and his results showed, fractional low dmess varies over this region from a
maximum of 54% in the predawn hours to a minimum38% in the mid-afternoon. These
changes in low cloudiness are accompanied by aositeptrend in the boundary layer moisture,
which shows a predawn drying and an afternoon mist. Duynkerke et al[2004] compared
the diurnal variation in the cloud liquid water Ipdtom the results of the six LES models and the
observed data from FIRE, and found a fair agreerbetwteen them. Their analysis revealed that
the diurnal variation in the cloud liquid water Ipas related to the transition from a decoupled
boundary layer during daytime to a vertically walixed boundary layer during the night. The
observed diurnal cycle of Sc is characterized Imyoad layer which gradually thickens during
the night, whereas during the day the cloud layénst due to SW radiative absorption and
decoupling. The latter state is characterized igh8y negative buoyancy fluxes and a minimum

vertical velocity variance near the cloud basesTihiplies that surface-driven, moist thermals



cannot then penetrate the cloud layer, while emtmant maintains a steady supply of relatively
warm and dry air from just above the inversion itlie cloud layer. This results in a distinct
diurnal cycle of the LWP, which has minimum valwh#ing the day. During the night the
vertical velocity variance has one single peak ieamiddle of the boundary layer. Moreover,
the diurnal cycle in SEVIRI LWP is mainly driven blge cloud optical thickness rather than
droplet effective radius, which showed less valighiCloud optical thickness showed a sharp
decrease of ~6 from morning (10) to evening (4) nnual mean results. However individual
seasons showed even a decrease of ~10 in optickhésses (SON) from morning to late
afternoon. MODIS Terra+Aqua optical thickness égrestars) are also shown in Figs 4.4.3-
4.4.7. MODIS also showed a decrease in opticakti@ss from morning to afternoon, however
less than SEVIRI. The SEVIRI effective radius andpdet concentration did not show much
variability during the day. MODIS optical thicknessid effective radius values are always
higher than SEVIRI values, with optical thickne$srmagnitude 1 difference and effective radius
of ~3 um difference. MODIS Terra LWP is very goodemgnent with SEVIRI and TMI in
magnitude, however MODIS Aqua LWP underestimategI|REand TMI values. This MODIS
underestimation is mainly due to a lower cloud titag as we scale SEVIRI and MODIS LWP
by their liquid cloud fraction in order to compangth TMI domain means. (Note that if we
compare in-cloud LWP, MODIS is higher than SEVIBhd this issue is explained in detail in
next section.) Compared to SEVIRI, Aqua-MODIS ha8%4ower cloud fraction while Terra-
MODIS agrees within 10%. The large difference ioucl fraction in Aqua-MODIS and SEVIRI
would be a consequence of MODIS clearsky restaml fetrieval only over confident cloudy
pixels), together with larger SEVIRI pixel sizein&lly to represent the entire diurnal cycle we
have plotted TMI data (grey curve) which includeshbday and night, which clearly represents
the observed diurnal cycle.

Again, the diurnal cycle in LWP consistently follswthe variation in the cloud fraction as
well. This result is further consistent wilairall et al. [1990] who stated that the cloud fraction
is maximum at sunrise of 0.74 and minimum at sunéé&t41, with maximum cloud albedo of
0.61 at sunrise and a minimum of 0.31 a few hofies the local noonZuidema and Hartmann
[1995] stated that the stratus cloud LWP is coteglawith cloud amount and is negatively
correlated with low cloud-top temperature. Theyoaisferred that no correlation is observed
between effective radius and liquid water pathlaager drops are found in the evening than in
the morning, along with lower LWPs and lower alb®dén our study the occurrence of
maximum LWP is during 07-09 UTC, but it highly vesiwith season. The diurnal range in LWP



is 60% - 75% which is fairly high compared to pms studies wheraVood et al.[2002]
reported the diurnal amplitude of 15-35% in lowudoregions to the west of continents using
TMI data,Zuidema and Hartmanf1995] showed only 25% variation in LWP using SSM/I data.
However,Fairall et al. [1990] found larger amplitude in diurnal cycle @-80% using a 17 day
period of near-continuous ground based microwag®mnaeter data around the time of FIRE.

The diurnal variation of TMI and SEVIRI liquid wex path is in good agreement within
+5 gmi, in the aerosol unaffected seasons and also iartheal basis. In JJA and SON, even if
we eliminate aerosols affected pixels witteA] the diurnal cycle agreement is within +10gm
which is mainly due to strong underestimation of -205gm? in SEVIRI LWP. This is due to
the fact that and ¢ decreased due to the effect of absorbing aeredmsge these clouds. This
implies that removing the pixels with A1 would eliminate only part of the LWP bias and the
influence of aerosol is still present in the d&ar analysis indicates that considering another Al
threshold of 0.25 leads to much better resultslesslbias.

Fig 4.4.2 shows the annual and seasonal averageadaycle of cloud properties in trade
wind Cu regime. Over the trade wind Cu, we haveepled different diurnal cycle with season;
however, both the SEVIRI and TMI LWP showed simitariability, but with a relatively large
bias of 10-40 gf. This large LWP bias might be partially due to $EMunderestimation and
partially due to TMI overestimation. Similarly, tieeis no clear regular trend in diurnal cycle
with season is observed either in optical thicknessn effective radius over this trade Cu
domain. Finally, we have evaluated the diurnal eyaf liquid clouds over the South Atlantic
domain as given in Fig 4.4.1. The LWP decreasecthimaiuring day till late noon and then
increased slightly. Both TMI and SEVIRI LWP agreithin 10 to 30 grif, mainly with SEVIRI
underestimation. Similar variation in diurnal cyateobserved in the optical thickness and the
trend is not clear in droplet effective radiusislinteresting to notice a clear diurnal cycle over
trade wind cumulus clouds and which is obvious il @ata (grey curve) as well.

When we consider the entire domain we still seéearadiurnal cycle in annual mean
LWP which is mainly from optical thickness. Similaariation is seen in cloud fraction and
cloud thickness. The effective radius and droplehber concentration remained constant during

the day which is as expected.
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Fig 4.4.2: Annual mean Diurnal cycle of CPP over south Atlai®c domain
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Fig 4.4.3: JJA mean diurnal cycle of CPP over south Atlantd8main
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Fig 4.4.6: MAM mean diurnal cycle of CPP over south Atlantad®main
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Fig 4.4.7: Annual mean diurnal cycle of CPP over trade wind cu regime
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Fig 4.4.8: JJA nean diurnal cycle of CPP over trade wind cu regime
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Fig 4.4.9: SON nean diurnal cycle of CPP over trade wind cu regime
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Fig 4.4.10: DJF nean diurnal cycle of CPP over trade wind cu regime



24

24
24

2
2

18
18
18

L | el L el L M el L
1 P - 3 -
! 049 i i
| | m= L m= L ="
— m — m b — m
x| E £ £ = 2
! = = [ = ==
5 ! @ 5 @ 5 @ L = I
3 _ o= &
e |
E G ++ *
FoE v ! o 2 o 2 o
@ I it 3
1@ ©
— O ! nm
FE 2 ! " 3 " 3 "
1
+x I +
L ! 1 4 1 ! 1 L a 1 [ I | 4 1 1 1
=) =) o =) [ — 3 ol ® @ o =) =) o [
& =+ = 2] I — — =] =] = =]
| =+ 1 ol —

fun} snipot aajoaye

{p_ B so1 yied Jsiom pinb (W) ssausoiyy pnoje

=+ =+ =+
T [n] T T T ™ T T T T T ™ T T T T T
r by r by r by r
- w L w L 2] L
L il L il L il L
**H 5 m m
L = = L = L
T m T m T m
E E E
i= i= i=
I 7] I 7] I 7] I
- o - o - o -
- mo mo mo
= = | I I I = |

| I T ST S Y I [N AT (NI NI N | | | I I I R
Lo v I = o oo O o@m w0 ca 1 i ] =] c L Lol ] =]
o o = —_ - = - ol C1 L1 ] L

P I 1 1
e L o o
83 = s ¥ N g § g g ¢
{z-t4E) yod Jsjom pinby SsELAIY |Pofde (%] vonocyy pnoja pinby [p-uo] opup zpCuLag/sie0g

15 18 21 24

12
Tirne (LST)

Fig 4.4.11: MAM mean diurnal cycle of CPP over trade wind cu regime



4.5 Cloud Fraction Dependency of Cloud Properties

The cloud fraction is calculated from SEVIRI valiquid pixels within the TMI grid-box

as shown in figure below. Most of the grid-box sleovthe calculated cloud fraction > 95%, and

this may be due to SEVIRI 3kmx3km resolution whiglfairly coarse compared to MODIS. The
LWP increased with the cloud fraction in both TMIdaSEVIRI; the TMI-SEVIRI LWP bias
decreased with increasing cloud fraction. If treud fraction is >95%, TMI and SEVIRI showed
better agreement in retrieved LWP, with bias ~r6°gThe bias between AMSR-E and MODIS
showed ~31 gifiin the most broken cloud scene with cloud fracef% bin Seethala and
Horvath [2010], Fig 4.). Unlike AMSR-E and MODIS comparisohMI and SEVIRI showed
less LWP bias of ~10 gfin 0-5% cloud fraction bin. The optical thicknesffective radius and

the droplet number concentration also increasel thi cloud fraction.
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4.6 Solar Zenith Angle Dependency of Cloud Properties

The 3D effect at large solar zenith angle is a idamt source of error in VIS/NIR
retrievals. In this section we would like to dissuke solar zenith angle dependence of SEVIRI
cloud properties. TMI uses microwave technique hadce not subject to solar zenith angle
dependency. Fig4.6 gives TMI and SEVIRI cloud prtips as a function of solar zenith angle.
There is an increase in LWP with sun angle howd#vierincrease is observed in both TMI and
SEVIRI. Hence that would be a real increase rathan increase due to 3D effect. The bias
between TMI and SEVIRI is also very small and withs gm?>. SEVIRI increase in LWP with
sun angle in associated with increase in cloudcapthickness. The droplet effective radius
showed least variation with sun geometry. Howe@&NC showed an increase with solar
geometry. In our previous studeethala and HorvatB010 (see Figure 8(b)) and many other
studies reported a sharp increase in MODIS LWP watlar zenith angle compared to AMSR-E
LWP based on microwave technique. The differenc&€EVIRI and MODIS is that MODIS
retrievals are done at 1kmx1km resolution and SEVK®s 3kmx3km pixels. This would imply
that at 3km scale SEVIRI data is least affecte@Dyeffects at large solar zenith angle likely due
to the cancellation of errors.
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(i) SEVIRI versusMODI S

Geostationary imagers sample at a coarser resoltitan polar imagers. Thus SEVIRI cloud
properties are retrieved at 3x3 kmesolution but the MODIS retrievals are done at kx?
resolution. A coarser resolution gives rise to eysitic biases in the derived cloud physical
properties, especially when the cloud is heterogesieMoreover, Fig 4.5f depicts that most of
the SEVIRI pixels within TMI gridboxes have a clofrdction> 0.95, which is primarily due to
the SEVIRI coarser resolutiorenrich et al [2010] reported that 1kmx1km pixel area seems
least biased in the retrieval of optical thickneBsus, to investigate the pixel size effect (sub-
pixel scale variability) on SEVIRI retrieved cloymtoperties, we compare them with the high
resolution MODIS retrievals, which can provide wsne clues on introduced error in SEVIRI
due to coarser pixel size.

Comparison is done on monthly, seasonal, and atrmeahs, however the results are shown
here only for the annual means. Further the arslgsne in two steps (1) considering all the
pixels (total sky) and (2) considering fully ovestaixels i.e. pixels with 100% cloud fraction in
MODIS and SEVIRI at a 25km resolution.

4.7 Spatial Distribution of Cloud Properties
4.7.1 Total sky

We discuss the spatial distribution of SEVIRI aM@DIS cloud properties such as liquid
cloud fraction, LWP, cloud optical thickness, dmtptffective radius, and their bias and relative
biases. The annual mean cloud fraction varies 80r100% in SEVIRI and 0-70% in MODIS
retrievals. Over the extensive marine Sc regionctbad fraction is >75% in SEVIRI but only
50-70% in MODIS. The larger cloud fraction in SEVIRtrievals is mainly the outcome of
clearsky restoral for MODIS and larger pixel sioe $EVIRI. The mean optical thickness over
Sc region is 6-8 in SEVIRI and 7-9 in MODIS, wheseaver the more broken trade wind Cu
regime MODIS values are 6 to 8 but SEVIRI meanagbtihickness value is <5. Thus there is a
difference of 1-1.5 in optical thickness in bothatets over Sc domain and larger difference in
optical thickness over broken fields.

This SEVIRI small optical thickness value wouldrattuce a lower retrieved effective
radius for SEVIRI as the CPP algorithm weighsorards gclimatology of 8 um, but MODIS
provides actual retrieved values. Moreover SEVIRéative radius is retrieved from 1.6um
channel reflectance and MODIS retrieves effectiaglius at 1.6pum, 2.2um, and 3.7um



wavelengths. 3.7 um channel samples mostly thelager of cloud and 2.2 um channels
samples little deeper than 3.7 um channel and th&lannel samples further deeper than other
two channels although all three channels samplasstop of cloud due to its weighting function.
SEVIRI and MODIS LWP is deduced from optical thieks and effective radius, however
SEVIRI uses optical thickness at 0.6 um and effectadius at 1.6 um channel reflectance,
whereas MODIS uses optical thickness from 0.8 pemphl over ocean and effective radius
from 2.2 um channel reflectance. So we will disdM€3DIS effective radius at 1.6 um and 2.2
pm and SEVIRI¢gat 1.6 um for the comparison. Over Sc regigwaries from 9 um to 13 um
in both MODIS channels with 2.2 um channel valuételbit larger than 1.6 um channel,
whereas SEVIRIgvaries from 8 pum to 10 um. Thus there is a difieeeof 2 umto 4 um in s
observed between SEVIRI and MODIS. Over thin tr@deregimes MODIS.ris larger than 15
pm but SEVIRI gis between 12 um to 14 um. The relative biag is also less than 40% over
Sc regime and larger than 70% over trade Cu regime.

Based on optical thickness and effective radiusenals, the calculated SEVIRI LWP
varies from 40-70 gihand MODIS LWP varies from 50-90 ghover Sc regime. The mean bias
is ~15 gnf. Overall SEVIRI LWP is less compared to MODIS L\&#d the LWP bias is much

larger over more broken clouds.



200806-200905 200806-200905

[T
o=

0Z—

oz-

of -
[

75 75
SEVIRI LWP (g m™) MODIS LYP (g m™)

200806-200905 200806-200905

o0l-

oZ-

og—

-10

—— ——
80 100 120 140 160 180 200 220 240 260
[MODIS—SEVIRI) /SEVIRI LYP bias (%)

30

0 20
MODIS-SEVIRI LWP bias (g m™)

Fig 4.7.1: Annual mean liquid water path (a) SEVIRI, (b) MODI§ MODIS — SEVIRI LWP
bias,(d) MODIS vs. SEVIRI LWP bias relative to S&VI



200806-200905 200806-200905

7 7
SEVIRI TAU MooIS TAU

200806-200905 200B06-200905

o1 -

oZ-

oL —

— ——
50 60 70 80 90 100 114 120 130 140 150
[MODIS—SEYIRI] /SEVIRI TAU bias (%)

Q
MODIS—SEVIRI TAU bias

Fig 4.7.2: Annual mean optical thickness of (a) SEVIRI, (b)IMK) (c) MODIS - SEVIRI,(d)
(MODIS — SEVIRI)/SEVIRI



-10

-20

-30

—20
=

200806-200905
-10

8 10 20 22

12 14 16 18
SEVIRI(1.6um) R_eff (um)

200806200905

-10

10

30 40 50 60 70 8 80 100
[MODIS(1.6um)—SEVIRI(1.6um)]/SEVIRI R_eff hias (%)

200806-200905
—20 -10 Q 10

8 10 20 22

12 14 16 18
MODIS(1.6um) R_eff (um)

200806-200905

0 1 2 3 4 5 6 7 8 8 10
MQDIS(2.2um)—SEVIRI(1.6um) R_eff bias (um)

200806-200905
-10

30 40 50 60 70 80 90 100
[MODIS(2.2um) - SEVIRI{1 .6um)] /SEVIRI(1.6um) R_eff bias (%)

200806-200905

-20 - 10 0 10

12 14 16 18 20 22
MODIS(2.1um) R_eff (um)

200806-200905

-10 0

10

—
-200 -120 -040 040 1.20
MODIS(2.2um) ~MODIS(1.6um) R_eff bias (um)

200806-200905
-10 Q

0=

oz—

og-

10

5 7

0 2 10
[MODIS(2.2um)~MODIS(1.6um)] /MODIS(1.6um) R_eff bias (%)

Fig 4.7.3: Annual mean droplet effective radius of (a) SEVIRé pum), (b) MODIS (1.6 um), (c) MODIS
(2.2 um), (d) MODIS (1.6 um) — SEVIRI (1.6 um)MEDIS (2.2 um) =SEVIRI (1.6 um), (f)
MODIS (2.2 pm) - MODIS (1.6 pm), (g) [MODIS (1.6 )MSEVIRI (1.6 pm)]/ SEVIRI(1.6
um), (h) [MODIS (2.2 um)-SEVIRI (1.6 um))/ SEVIRB(Lm), and (i) [MODIS (2.2 pm)-
MODIS (1.6 um)]/ MODIS(1.6 um)

olL-

oz-

og-




200806-200905 200806-200905

-20 —10 Q 10 —10 0

50 25 50
SEVIRI LCF (%) MODIS LCF (%)
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4.7.2 Overcast Sky

In the overcast analysis we consider only thoselpiwith 100% cloud fraction in
SEVIRI and MODIS retrievals. The SEVIRI annual méaNP is ~100 grif and MODIS mean
value is ~120 gi. The spatial pattern of both SEVIRI and MODIS L\&tees very well with
each other but with MODIS LWP being ~10-20 §rhigher than SEVIRI. The relative bias
varies from 10-40%. The optical thickness mean evadul4 in both SEVIRI and MODIS and
almost zero bias is observed, especially over §tne The relative bias is also less than 4%
except very few points. Comparing from MODIS 1.6 pym and 2.2 pum channel showed a
difference in g of 1-2.5 um over the marine Sc regime. Similadynparing ¢ from SEVIRI 1.6
pm channel with MODIS 2.2 um channel also showéd315 um difference over main Sc
domain. The larger.difference of 2.5 um (MODIS 1.6 pm vs. 2.2 umpBd um (SEVIRI 1.6
pm vs. MODIS 2.2 um) is mainly observed over thedpminant smoke regions (due to spectral
response function??). Very good agreement, wittifference less than 1, is observed between
SEVIRI 1.6 pm and MODIS 1.6 um. Moreover the rekti, difference between MODIS 2.2
pm channel and SEVIRI 1.6 um channel is ~15-35%tlaaidof MODIS 1.6 um vs. SEVIRI 1.6
pm is smaller than 10%. Thus, in a mean sensedbeii2.2 pum channel retrievedim LWP
calculation in MODIS would increase the LWP to ~268&mpared to SEVIRI LWP (as there is
no considerable difference in optical thickness, difference is only fromgy. FromWood and
Hartmann[2006], Greenwald[2010], Borg and Bennartf2007], Seethala and Horvatf2010] it



is clear that MODIS operational LWP is larger ov&c regime compared to microwave
measurements and this overestimation is eliminbtedpplying sub-adiabatic correction to the
MODIS values, which is simply a 17% reduction te #ODIS standard LWP. To denote, we
have already seen unbiased mean LWP between TMIS&\WRI (cf. the spatial distribution
maps in Section 4.3). This might be due to the that SEVIRI uses 1.6 pm, rwhich will
automatically reduce LWP by ~20% (compared to stahddODIS), and hence it is not
necessary to apply the adiabatic correction as @DV&. So, SEVIRI LWP can be directly
compared with adiabatic MODIS LWP over this Sc negi
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4.8 An Example M ean Statistics of (February) Stratocumulus Cloud Properties

Here we show the statistics between SEVIRI and NBD@ver Sc domain for February
2009. Mean SEVIRI LWP is 60 gfrand is ~19% lower compared to MODIS LWP with biés o
13.54 gnf. If one applies adiabatic correction to MODIS LW#e bias would be reduced
completely. Thus there is very good agreement tatw&EVIRI and MODIS LWP with high

correlation of 0.93.

50D [T e e B B S I e B B B B B
F ] r 2]
30pL  MEAN MaDIs = 7362 R
r MEAN SEWIRI = E0.04 e
g~ 400 4 {‘270__ VEAN bins = 13,57 ’ ]
I . - L
E [ GORRELN = 033 ]
g = 240F
o = [ swooev = 21.02
£ F ] S 2100 = ear7sostos p
g 300F * 3 2 L
P x o 180f .
(=] - L
z . * z £ 1501 ]
2 zoof ® ¥ " 3 2 ok
E * ]
= F o . e iy [
E soe*#& E oD N
] F * * b =
W 100F L E B g ]
N x ¥ an ]
F * ] 4
8] N T T TS n.0 ! 1 1 [ 1 1
o 1ac 200 300 400 500 o 30 80 0 120 150 180 210 240 270 200 330
MODIS liquid water path (gm™) MODIS liquid water path {g m™)

Fig 4.8: SEVIRI versus MODIS LWP statistics over Sc regimteebruary 2009

5. Conclusion

The best agreement between SEVIRI VIS/NIR and TMtrowave technique is
observed over the marine Sc region, with least Wi#lsin +5 gm? and high correlation of 0.9.
The diurnal cycle of TMI and SEVIRI liquid water thaalso showed very good agreement
within +5 gni® over this Sc domain in all months except JJA a@SHowever, those results
are largely affected by absorbing aerosols andecégh those affected datasets from the
analysis shown better comparison. Both TMI and SH\IWP decreased from morning to late
afternoon and thereafter a slight increase wasrebdeThe diurnal variation of SEVIRI LWP
followed the variation in cloud optical thicknegsdan fact the cloud fraction and cloud physical
thickness; whereas droplet effective radius andpldtonumber concentration showed less
variability with time. Also, the retrieval seemsa$t affected by the 3D optical effects at large
solar zenith angle at SEVIRI 3kmx3km resolutioneThargest disagreement is observed in the
trade wind Cu, due to the deficit in both microwarel VIS/NIR measurement technique in the

partial cloudy scenes. Also, comparison of SEVIRH aMODIS CPP retrievals showed very



good agreement between SEVIRI and MODIS with cati@h>0.92 in the fully overcast cases,
otherwise high MODIS values are noticed. Anothepamtant finding of our study is use of 1.6
pm channel effective radius applies automatic adialrorrection to the Sc clouds in SEVIRI
LWP retrievals, otherwise a 5/6 correction factas o be applied for MODIS LWP retrievals
which are based on 2.2 um channel retrieved efieatadius while comparing them with

microwave retrieved LWP.
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Acronyms

AMSR-E Advanced Microwave Scanning Radiometer
CDNC Cloud droplet number concentration

FIRE First ISCCP Regional Experiment

ISCCP International Satellite Cloudn@itology Project
LWP Liquid Water Path

MODIS MODerate resolution Imaging Specithometer
SEVIRI Spinning Enhanced Visible and Infrared Image
SSM/I Special Sensor Microwave/lImager
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TRMM Tropical Rainfall Measuring Mission
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