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Abstract. Simulations of total and polarized cloud reflectance angular signatures suble ases

measured by the mulingular ad polarized radiometer POLDBRPARASOL are usedo evaluate

cloud heterogeneitgffectson cloud parameter retriewaEffects on optical thicknesglbedo, effective (‘supprimeé: cloud

radius and variance of troud dropletsize distribution and aerosol above clammtical thickness are
analyzedThree different clouds having the same mean optical thicknesses were generated: the first one
with a flat top, the second one with a bumpy top and the last one with a fractional cloud cover. At small
scale (50m), for obliqwe solar incidence, the illumination effects lead to hightal tut also polarized
reflectances The polarized reflectances even reach values that cannot be predicted by the 1D
homogeneous cloud assumption. At the POLDER scalkn(7x 7 km), the angularignature is
modified by a combination of the plaparallel bias and the shadowing and illumination effects. In
order to quantify effects of cloud heterogeneity on operational products, we ran the POLDER
operational algorithms on the simulated reflectanoagtrieve the cloud optical thickness and albedo.

Results show that the cloud optical thickness is greatly affelsi@skes can reach up $60%,-50% or

+40% for backward, nadir and forward viewing directions respectiv€lyncerning th@lbedoof the (‘Supprimé: cloud

cloudy scenesthe errors are smaller, betwedn7% for solar incidence angle of 20; and up to about
+8% for solar incidence angle of 60j. We also tested the heterogeneity effects on new algorithms that

allow retrieving cloud droplet size distribati and cloud top pressures and also aerosol above clouds.
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Contrarily to the bispectral method, the retrieved cloud droplet size parameters are not significantly
affected by the cloud heterogeneity, which proves to be a great advantage of using polarized
measurements. However the cloud top pressure obtained from molecular scattering in the forward
direction can be biased up to 18Pa (around km). Concerning the aerosol optical thickness (AOT)
above cloud, the results are different depending on the blaitngular information. Above the

fractional cloud, when only side scattering andiesween 100 and30; are available, the AOTs ('Supprimé: can be

underestimated because of the plpaeallel bias. For solar zenith angle of 60j, on contrary, it is

overestimated lmause the polarized reflectances are increased in forward directions.

1 Introduction

Cloud properties such a#fective radius, optical thickness apthedo arekey parameters for studies. —(Supprime: cloud

(Mis en forme :)$*+,-( 1., |-$/+0$-'1%!23415678%+59,

NN

concerning cloud radiative effects and hydrological cycle attEclimatic system. In the context of
climate change, these properties may be modifiedresult in a feedback, the sign of which remains
largely uncertainin parallel, anthropogenic activities modify the aerosol loading in the atmosphere and

consequetty play an important role on cloud through thdirectradiativeeffects of aerosols (Twomey

et al. 1977)In addition,absorbing aerogmbove clouds can generate a positive direct radiative forcing( Supprimé: To better detect and understand cloud evolutions, i
essential to monitor their properties from global observation.

(i.e. warming), that is currently not well quantified, and modify the properties of the below cloud layer
(Chand et al., 2008; Costantino anddr, 2013; Wilcox, 2010)

Currently, severalaellite radiometers use soland infraredreflectance to infer cloudand aerosols

above cloudparameters. Generally, cloogtical thicknes¢COT) andalbedo arebtained fron visible (‘Supprimé: cloud

channels Depending on instrument capabilities, the effective radius can be retjeénty with the
optical thicknesgrom a combination of visible and neafrared measurementfNakajima and King,
1990) as it is donein the operational algorithm dahe Moderate Resolution Imaging Radiometer

(MODIS Platnick et al., 2003)These parameters can also be retrieved separately fromvisuling

total and polarized measuremefisiriez et al., 1997a; BrZon and Goloub, 1988)mplementedor ( Code de champ modifié

CSupprimé: (Buriez et al., 1997; BrZon and Goloub, 1998)

the optical thicknes®or under implementatiorior the effective radiuswith the Polarizatio and

1: Supprimé: for

Directionality of the EarthOs ReflectanResliometer(POLDER Deschamps et al., 1994)
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Concerning aero$® spaceborne activenstruments, such as the lidar CALIOP are dedicated tools to

detect multilayer situationsand to retrieveAerosol Above Cloud (AAC) properties(Young and
Vaughan, 2009; Hu et al., 2007; Chand et al., 2@@8)were used for climate studigZhang et al.,

2016a) Passive measurementhat allowsa larger global coverageanalsobe used An operatioal

algorithm was developet retrieve AAC scenesrom the polarization measurements provided by the
POLDER instrument onboard PARAS@Waquet et al., 2009, 2013ahdwas used to providglobal

analysis of the aerosol above clouds propeif#aquet et al., 2013bFurther, (Peers et al., 2015)

combined total and polarized radiance measurememétrieve theaerosol absorption above clouds.

color ratio technic waalso developed taetrieve theAAC optical thickness and theorrectedcloud

optical thickness rbm total radiance measurements. This method was adapted to OMI UV

measurements and MODIS mesfiectral measuremerfiBorres et al., 2011; Meyer et al., 2015) (Code de champ modifié

For computation time and simplicity reasons, all these operatidgatithmsassume that clouds are
flat, homogeneous and horizontally infinite, which is guiar from the reality Numerousstudies
presentedor examplein Davis and Marshak (2010) or in Marshak and Davis (28B6ved that this
assumptiorcan leadto large errorson the retrievedtloud parametersiFor example, the cloud optical
thickness can be affected thetsoecalled planeparallel bias induced by the spixel heterogeneity and

the nonlinear relationship beteenreflectance and optical thickness his biasusually leadsto an

effective optical thickness lower than the mean optical thickf@aisalan, 1994; Szczap et al., 2000a) - Code de champ modifié

The subpixel opticalthickness heterogeneity can also caug®sitive bia®n the meaneffective radius

retrievedfollowing the bi-spectral techniqugSzczap et al., 2000b; Zhang et al., 20¥#)ereas the sub - (Code de champ modifié

pixel microphysical heterogeneity, not studied in this papads on the contrary to an underestimation

of the effective radiugMarshak et al., 2006)The bias on effective radius can thus be positive or (Code de champ modifié

negative depending on swylixel heerogeneity of the cloud optical thickness and effective radius

(Zhang et al., 2016p) (Code de champ modifié

NN

In addition to the subpixel heterogeneityl.oeb and Davies (199&letected an increase of the retrieved (Supprimé: (zhang eal, 2016)

optical thickness from AVHRRAdvanced Very High Resolutiorgorrelated with the solar zenith

angle Indeed, for otitiue solar illumination, more energytimnsmittirg through the clouds along the - (Supprimé: elevation

_/
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cloud side (or bump)t leads tpincreasgethe upward reflectancesonsequentlythe cloud opticalv ( Supprimé: ,

( Supprimé: and

thicknessyetrieved under the homogenss cloud assumptioappears highefor tilted sun than for

kSupprimé: an

overhead suThis effect is combined with angular effects, known as 3D effghish dependn the ( Supprimé: of

sensor viewing direction. Again, in the backward scattering direction, parts of the cloud rsides &SuPprimé: andc

\\Supprimé: to higher

illuminated by theSun and lead to a larger retrieved optical thickness value. Inversely, iingiew ( Supprimé: thicknesses

directions close to the forward scattering directions, some parts of the cloud are in the shadow resul Supprime:

in smaller optical thickness or larger effge radius. This angular signature was observed on the‘k:::::::

. i
retrieved cloud optical thickness by several radiometers such as A(H&R and Coakley, 1998)  (supprimé: s
MODIS (Varnai and Marshak, 2002nd POLDERBuriez et al., 2001; Zeng et al., 2012) ( Supprimé: s

ConcerningAerosol Above Cloud AAC), intercomprisors of passive and actvretrievals vere

performed for case studi€dethva et al., 2013nd for global and multiyear data (Deaconu et al.,

2017) The methods developed for passive instrumengsatirbased on 1D calculations and, so,

generally restricted to homogeneous cloudy pixels, for which the 3D effects are minimized. In case of

aerosol retrieval in partial cloudy scenes, shadow, cloud enhancement of the clear areas by neighboring

clouds can also modify the retrieved aerosol properties. Errors on the retrieved aerosol properties are in

general dependent of the cloud distribution, optical thickness and spatial res(htiéipret al., 2016a;

Stap et al., 2016b) - (supprime: )

Therefore, depending on the cloud heterogeneity, solar zenith angle and viewing geomeﬂry,m»cl«(;rise"ﬂ’""e A0, BI0S2<H 168 )

parameters (i.e. optical thickneand effective radiusand AAC parametersan ke either underor

overestimated. Several studies based on simulations of total reflectances were made at thelswale of 1

corresponding to a moderate resolution radiometer such as MODIS or the GLobal Imager

(GLI/ADEQOS?2) to assess errors for liquid watdouds on optical thicknegdwabuchi and Hayasaka,

2002; Zinner and Mayer, 2006) on effective radiu§Zhang et al., 2012Kato et al. (2006analyzed

in addition the error on thalbedoof the cloudy scenesvhich is an important parameter for cloud.-(Supprimé: cloud )

radiative budget studies. AtKim pixel size, they found significant error@nging betweer0.3% to

14% (5% to 30%)from nadir (obliqué viewing depending on the cloud heterogeneity. Some recent( Supprimé: ) )

studies were also madler ice clouds and foundom negligible errors on retrieved COT froniraRed ( Supprimé: in case of )

(IR) measurementé-auchez et al., 201%y from visible and neainfrared measuremen(ghou et al., ( code de champ modifié )
( Code de champ modifié )
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2017) Concernincaerosol above clouektrieval,to our knownledge,no studywere conducted to assess

errors due to cloud heterogeneity.

In this paper, wénvestigate the impact of cloud heterogeneities on retrieved parametdyservations

from the POLarization and Directionality of Earth Reflectance radiometer, POLDER, which was on
board the platforms ADEOSL1 in 1999, ADEOS2 in 2002 and PARASOL between 2005 and 2013.
POLDER/PARASOL allows to measure mudingular total reflectances from 443 to 102@& and
multi-angular polarizedeflectancesor three channels (490, 670 and 86B5).

A review of the POLDER capabilities for cloud measurements and retrieval are preseiftarbiret

al., 2004) Comparisons with MODIS cloud products were analyzed for cloud fractideng et al.
(2011) for cloud phase iZeng et al. (2013and cloud optical thickness ibeng et al. (2012)In the

latter, the plangarallel bias and 3D cloud effects were observethenCOT values retrieved from

multi-angle measurements wrdoblique solar illuminationlower COT were retrieved in the forward - (Supprimé:,

viewing direction and larger COT in the backward viegvdirection (Figure 8 and 9 inZeng et al.

(2012). Reflectangesimulations from known cloud propesti help to understand quantitatively the - (Supprimeé:

»

errors or biases on the retrieved cloud properties. In addition, assessment of POLDER algorithms will
be helpful h a nearfuture asthe Multi-viewing, Multi-Channel, MultiPolarization Imaging mission
(3MI), a POLLER type followon instrument isplanned to be part of the future generation of
EUMETSAT polar satellites, ERSG (Marbach et al., 2015)

Total but alsopolarized reflectances were simulated at a small scalenj5@om synthetic 3D cloud - (Supprimé: Accordingly, t

fields and averaged at the POLDER pixel siz&r(irx 7 km) to simulate POLDER measurements. The

]

different clouds used in our study and presenteggation 2 are generd using an enhanced version of - ( Supprimé:

/

the 3DCLOUD mode[Szczap etl., 2014; Alkassem et al., 2017)he POLDER cloud operational

algorithm described in(Buriez et al., 1997)s then used to retrieve the COT and, #ileedoof the ( code de champ modifié

; Supprimé: cloud
cloudy sceneResults are presentedsaction 3. (Supprimé: clou

( Supprimé: s

Contray to MODIS, POLDER does not make measurements in the near infrared to get information ( supprime: i

cloud particle size. The twiirst moments of the cloud droplet distribution are obtained from polarized

angular measurementBrZon and Goloub, 1998; Breon and Doutri@oucher, 2005ps well as the

5
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»

cloud top pressuréGoloub et al., 1994)Polarized reflectancmeasurements are also used for cloud (Supprimé:

»

dropletretrievals by the Research Scanning Polarim@xandrov et al., 2012)Cloud heterogeneity - Supprimé:

effects on polarized mearements of liquid clouds have been studiechfeingle flat cloud irfCornet

et al.,, 2013)and almost no effects wereund. Here, we go further and presentSection 41 (Supprimé: s )

differences between 3D and 1D polarized angular reflectances for different clouds and geometries.

Consequence®r, 3D cloud radiative effects on the effective radius, effective variancecloud top ( supprimé: of

o\

pressure retrieval are presentedSiction 4.2, The impacts of the 3D effects on the POLDER above ( Supprimé: s

cloud AOT operational retrievals in case of fractional clewgte evalated and presented in Section E upprime: 5

Supprimé: The POLDER polarized reflectances are also used
retrieve the aerosols above cloud propeifi#aquet et al., 2013)

4.3 Conclusions are summarizedsactions,

retrieval are also studiezhdpresented inSection 5.

NS AN

[Supprimé: The cloud heterogeneity effects onas®l above cloud

" ('Supprimé: s

2 Description of the synthetially generatedcloudsand radiative transfer simulations

—/

‘ (Supprimé: 6

The clouds used in this studhave beergenerated wit the 3DCLOUD mode(Szczap et al., 2014,
Alkassem et al.,@17). 3DCLOUD is a fast and flexible algorithm designed for generating realistic 3D

extinction or 3D opticaihicknessfor stratocumulus, cumulus and cirrus cloud fields. 3DCLOUD cloud - ( Supprimé: depth )

fields share some pertinent statistical properties observeshirciouds such as gamma distributed

optical thicknessand theFourier spectral slope close to !5/3 between the smallest scale of the ('supprimé: deptn )

simulation to the outescaleL... where the spectrum becomes flat addition, the user can specifet
mean @tical thicknessCOT, theheterogeneijparameter” (standard deviation cOT normalized by ('Supprimé: depth )

(Supprimé: inhomogeneity )

the mean ofCOT) andthe cloud coverag€. In a first step, 3DCLOUD solves drastically simplified
basic atmospheric equations and integratesQsseprescribed largeale meteorological profiles
(humidity, pressure, temperature and wind speed), in order to simulate 3D cloud structures of liquid

water conten{LWC). In a second stefthe amplitude of thevaveletcoefficient ofthe extinctiors are

manipulatedwith a 3Dwavelet transform of the whole 3D cloudy voluteeconstrairthe mean COT (Supprimé: W )
" JandL (Alkassem et al 2017) { Supprimé: the intensity of )
y - out " 8

Here, we generated three cldiglds composed of 140 x 140 pixels with an initiarizontal resolution (supprimé: s

of 50 m resulting to a 'km x 7 km field, which correspond® a POLDER pixel sze. The choice of

50m for the pixel scale was made considering the mean free path of the gootmsponding to the
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inverse of the extinction coefficienb to about 70m but also considering computation time and virtual

memory availability.
The threegeneratec¢loudshavethe same mean optical thicknessse to 10 at 86Bm. We created two

stratocumulus clouds and one cumulus cloud. The latter is the result of instabilities of the boundary

layer and lead to fractional cloud cover and largéerogeneity parametéKawai and T&eira, 2011) Supprimé: We creaed two stratocumuls douds and one cumulug
- cloud.The choice of assimilated meteorological profiles determin

The flat and bumpy cloudsepresenting overcast stratocumulus clohdsethe same heterogeneity | the cloud top structure and is used to generate two stratocumuly

clouds: one withaflat top and the other witabumpytop. The

. . . . . 3 lusis th lof instabilitiesof the b d; I d lead t
parametr across _the 140x140 pixgl$ = 0.6 which is atypical value for stratocumulus cloydThe ™. | fractional cloud coveand larger heterogeneipaamotetrel).

cumuluscloud has a fractional cloud coverualto 0.76and g heterogeneity parameterjual t01.12 - (supprimé: thus
3 Supprimé: computed from 5@n-pixel (optical standard deviatiol
over the meaoptical thickness)

setting clear skyixelsto null values(0.95if computedonly with the cloudy pixels These values ar

‘(Supprimé: of
4 CSupprime’:
Figure 1 shows the vertical profiles of potential temperature and of vapor mixing ratio prescribecﬁ in t(sl,pprimé: (ref)

typical values obtained from Landsat dé@arker et al., 1996pr stratocumulus and cumulus clouds..

study to generate the three cloud fields. Globally, the vertical profiles of potential temperature &, Supprimé: and
.. . . L. X X i . Supprimé: Thethefractional cloud coveis setto 1.
vapor mixing ratio give the cloud position. @&mean cloud top height is mainly determined by the (Supprimé:

fractional

height where the potential temperature increases and the vapor mixing ratio decreases. Cloud top h(Supprimé: fixed
(Supprimé: an

fluctuations (shapes of top bumps) are mainly the result of the intensity of the vertical grhthent

CSupprimé: da
potential temperature and vapor mixing ratio. (' supprimé: equal to

Supprimé: if the heterogeneity paramefeptical standard
v deviation over the meawptical thicknessjs computingncluding the

Figure 2 showshe horizontal cloud optical thickness field and a vertical profile through each cloﬂd. I Supprimé: zeros
Supprimé: or
. ( Supprimé: if it is computing

cloud, to bemore important than the microphysical heterogenéitiagaritZRonenet al., 2016) - ’(sl,,,primé: (Szcap et al., 2014Figure 1 shows
Consequently, the cloudroplet size distribution is assumed uniform everywhere in the cloud and(Mis en forme :=105.12-=32@5+46( 18.C 1D168%

this study, we focus on the effects of the optical thickness heterogeneity, which is supposed, in

ANAANANE. A AN AANAAANAANA AN SA

follows a lognormal distributio with an effective radius of 1dm and an effective variance of 0.02.

From these 3D cloud fields, we simulated i@l and polarizetidirectional refletances function for

the viewing zenith anglé and the viewing azimuthal ang# By conveniencein the following we

call themtotal reflectance&® and polarized reflectandty:
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where+#$%.' 98 #5%.' % #$%.' ®:; §#3%' are the four Stokes parameters in \¥.sq',,  the solar .-

Sy (Mis en forme :'EF;1($%-

5 flux in W.n7? and$. . the solarzenithangle.

v

Reflectances fothree solar incidence angde20j, 40; and 60are computedvith the 3D radiativef_

transfer model3ADMCPOL It js a forward MonteCarlo modelableto computeradiativereflected or

transmitted Stoke vector as well as upwelling and downwelling fluxes threedimensional "

10 atmosphere Initially, developed for solaradiation (Cornet et al., 2010)it was next extended to

thermalradiation(Fauchez et al., 2014J0 save time andof an accurate computation @fflectances

’CMis en forme :'EF;1($%-

*, [Supprimé: b

[Sunprimé: FO

NN AN

Supprimé: From these 3D cloud fields, we simulated total and
polarized reflectance® for viewing zenithangle#and viewng
azimuthalangle$ defined as|

)

i

whereisare theradiancan W.m?2.sSr?, F0 the solar flux in W.n¢

' | and 90 the zenithsolar incidence angle.

the local estimatemethod (Marshak and Davis, 20053 used Periodical boundary conditions at the b’CSupprimé= (Cometetal., 2010) )
horizontal domain limits are usedror highly peaked phase function, the potter truncation is
implemented Molecular scdering is computedaccording to the pressure profile. A heterogeneous
15 surface can also be specified with Lambertian reflection, ocean or snow bidirectional fuhlgon.
model participatednd was improved durinitpe Intercomparison dPolarizedRadiativeTransfer model
(IPRT) on homogeneous cloud cag&snde et al., 2015ndon 3D cloud casefEmde et al., 2018)
Simulations are ruwith a total of1¢f photors and 1f photongfor thehomogeneous and heterogeneous -(Mis en forme :1B1%G+#0HIESH, )
clouds respectively.The MonteCarlo uncertaintiesare estimatel with the computation ofstandardj %::: :: ::::::E:’i;:zw%w %
20 deviationwith 10 and 50independent realizatiorsf 10° and 2010° photons ér the homogeneowand * . (Mis en forme :1B14G+#0H%SH, )
heterogeneous cloud respectiveipr the homogeneous caske relative standard deviatids below »».,:‘CMis en forme :!B1%G+#0'H%S$H, )
0.12% for the totaleflectancesand below 1.2% for thepolarized reflectance$or the heterogeneous (s en forme 5134csonsst )
clouds, at 50m resolutionthe meanrelative standard deviatide below 1.3%for the total reflectance
For polarized reflectancest 50 m, themeanrelative standard deviatiorariesaccording ta¢he angular
25 geometryandis between 2% and 107% foery smallreflectancevalues with a meanvalue 0f23%. At

7km, as the reflectances are averagethtive standard deafion values aranuch lowerbelow 0.01%

and0.8%for total and polarized reflectances respectively.
8
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At this stage, mlecularscatterings integrated but no aerosolBo remain consistent with assumptions

made within POLDER operational algorithran oceanicsurface with a windspeedof 7 m.s? is ( Mis en forme :1EF;1(5%-

_/

included for totalreflectance while a blacksurfaceis included for polarizeaeflectance. Indeed.for

retrieval using polarized reflectancéise multrangular ability of POLDERprovides the advantag of

not using the directisclose tothe sunglint where the polarized reflectances can be Qigh. (supprime:

As POLDER measures up to Birections, we simulate reflectances for ROLDER typical zenith Supprimé: The choice of not considering the surface for algorit

using polarized reflectances rely on the fact fidarized

observation angles in the solar plafietal reflectances of the thretouds are presented Figure3 reflectances are not affected aiyfacefor cloud optical thickness

larger than 4.

(first column)with a 50m spatial resolution for a solar incidence angle of 60j in the cloudbow directior supprime:

w

(40j from the backward direction). Polarized reflectafielels are discussed jgection 4.1. (supprimé:

N

{ Supprimé:

1\Supprime:

3 Impactson total reflectances andconsequencefor optical thickness angalbedoretrieval —(Supprime:

cloud

We averaged spatially the 50 resolution reflectances fields akih x 7 km to mimic the radiometer
measurements and applied the POLDER operational algorithm on these synthetic measurements to
obtain cloud optical titkkness and albedo. In order to assess the retrieval errors due to the cloud
homogeneous assumption without biases due to differences in reflectance computations, we also

computed the 1D reflectances of thece equivalent homogenous clouds, which areesulently used

for retrieval to act as references for ihbomogeneousloud retrievals. The COT of the equivalent

homogerous clouds is the mean CQOdf the heterogeneouslouds, and their cloud top and base

altitudes correspond to timeaximum and minimuraltitudes of the respective homogenous cloyd$he (‘supprime:

equivalent homogenous cloud

_/

mean optical thickness, and the cloud top and base altitudes corresponding to the maximal and minimal

altitudes of the heterogeneous clouds are used.

Figure 4 summarizes theesults obtained for the retrieved cloud optical thickness for the three sola Supprimé:

N

N
]

zenith angles and the four casesinelythe homogeneous (1D), the flat, the bumpy and the fractional

(Supprimé:

w

)

{ Supprimé:

eg

cloud, The optical thicknesses are plotted as a function of sensor zenith angle with negative vasupprimé: .

corresponding to backward scattering directions and positive value to forward scattering directions. ] Supprimé:

AN

)
Note that in the three cases, the operational algorilk‘
retrieves a cloud cover equal to one.

J

homogeneous cloud values (\L&re only plotted for control and we observe logically that the retrieved
9
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value is almost constamind close to 10, independentt the solar incidence angle, since the same (Supprimé: iy

assumption XD homogeneous cloud) is used in both fthevard simulaton and retrieval algorithm (Supprimé: eg

( Supprimé: direct

Slight differences appear because of inclusion of aerosol optical thickness in the forward model usetw

build the lookup table(Buriez et al., 1997but not inour simulations. The small angular difference in - ( code de champ modifié

('Supprimé: to

the backwad direction at 20; can be attributed to interpolation in the LUT.

Looking at results concerning the heterogeneous clouds (3D), we clearly note, in the angular range

between abowt30j and +30j, theplaneparallel bias, which leads to retrievptical thicknesses lower . Supprimé: wel-known

than the mean optical thickness. At nadir view, the relative error is betb@emd-20% both for the

flat and bumpy cloud and is much larger for the fractional cloud, betv@®eand-50%. The flat and
bumpy clouds were built Wi the same heterogeneity parameté&r0(6) whereas the fractional cloud

has a larger heterogeneity parametetuding the zerog '=1.12) due to its fractional natureThat
confirms that heterogeneity parameters can be at first order used to chargiterizarallel bias
(Cahalan et al. 1994, Szczap et al., 2000a).

For solar zenith angle (SZA) equal to 20j, the retrieved optical thickness is almost independent of the

observation geometry whatever the cloud type, while for SZA=80pificant differences between

view angles are observeWe note indeed a strong decrease of the retrieved optical thickness value (Supprimé: are important according to the

the forward scattering direction leading to a relative bias on the retrieved optical thicknessnbetw —PPrime: ingdrecton

40% for the flat and bumpy cloud artD% for the fractional cloud. On the contrary, we can notice an
increase of the retrieved optical thickness value in the backscatter direction (relative bias ranging from
+3% for the flat cloud, +43% for the bumpjoud and +21% for the fractional cloud). This angular
behavior was already simulated by several authors at the resolutidamofLbeb et al., 1998; Varnai,

2000; Iwabuchi and Hayasaka, 2002; Zinner and Mayer, 20)greegith POLDER observations —(Supprimeé: pretty wel

(Buriez et al., 2001; Zeng et al., 201RB) the bakscatter directions, the cloud sides illuminated by the

Sun make the cloud brighterin contrast tcthe forward direction whereloud sides are in the shadow. - (Supprimé: s

(Varnai and Davies, 1999T hese effectare visible for the bumpy cloud but are much less pronounced‘ Supprimé: ing

( Supprimé: than

for the flat cloud. The heterogeneity parameters seemsgwell adapted to characterize quantitatively (supprimeé: ,on the contrary,

the planeparallel biagSzczap et al., 2000&ut not sufficient to characterize the amplitude of the 3D ( Supprimé: thus

{ Code de champ modifié

effects. Indeed, the flat and bumpy clouds, which @raracterized by the same heterogeneity

10
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parameter value show close plgrarallel bias (aboutl0-20% for nadir view) but quite different

amplitudes of the 3D effects, especially in the backward direction for SZA=60;. We note also that this

error in the lackward directions largerfor the bumpy cloudabout +40%)xompaedto the fractional
cloud (about +20%) because for the latter the plparallel bias is stronger (abod0% at nadir view).

,CSupprimé: cloud

The following step in the POLDER operational algorithm cstssin computing th@lbedoof the (
cloudy scengcorresponding to the upward flux normalized by the solar incidentffam, the retrieved
cloud optical thickness using loalp tables(Buriez et al.,

single view as computed iKato et al. (2006at 1 km x 1 km but fromall view, angles. The muki

angular capabilities of POLDER allow then averagingdhe different values using a directional

g (Code de champ modifié

(Supprimé: cloud )

\—

Supprimé: every

Supprimé: ing

(Supprimé: f

" ( Mis en forme :1=10'5,12311;-71:1+0,+#!.,

1;10'5,121<+-16$-"*+,

1997)Thealbedo is not derived from a
/ ’{$K+(—,#OL,(:$S,!,%-#,!O,!-,F-, 10$-'%- 1$('$-*+,7 1B, I;$( ISK+(-,#

Mis en forme :!<+-1#'(#0'H%XJ,+J,( !,- 11#;9,0'%,(7B, 1;$(

OL,(;$5,!,%-#,10,1- F-, 1,-10,(1%16/#,( 1$($-"+(

(Mis en forme

:11=10'5,12311;-71:1+0,+#1., 1,10'5,121<+-16$-"*+,

weighting function. Th aim of this weighting function is to limit the influence of directions for WhICh

the microphysical or 3D effects can be important as for example in the cloudbow, glory and f
directions(Buriez et al., 2005)

Mis en forme :!=10'5,1231!;-71:1+0,+#1., 1;10'5,12!<+-16$-"*+,

(MIS en forme

:11=10'5,12311;-71:1+0,+#1., 1,10'5,121<+-16$-"*+,

TW(Mls en forme

:11=10'5,12311;-71:1+0,+#1., 1,10'5,121<+-16$-"*+,

"(Mis en forme

:11=10'5,12311;-71:1+0,+#1., 1,10'5,121<+-16$-"*+,

(Deplace (insertion) [3]

PN N4 NI A N4 N N N N N

The assessment of cloud heterogeneity effects on cloud albedo is realized by comparing the<retn

Values of the computed and retrieved albedos and their relative differences are indicated in Table 1.

POLDER algorithm albedos with the ones directly computed with the 3DMCPOL radiativafetr |/

modelidentified as the true oneDirect comparisogof retrievedalbedosvalues from homogeesous or

from theheterogenous clouds as done for other parameters are not suitable for cloud albedo. Indeed

planeparallel bias leads to reflectascoff of a heterogenous clolmver than the reflectances off of an

equivalent homogenousotid with the samenfean) COTThe retieved optical thickness, iswer than

the mean optical thicknes$ 10 (Figure4). Using itto recompute the albedo in the POLDER alqorithm

leadsto atoo low value comparing to the albedo of the equivalent homogeneous .cwatrarily,

using 1D cloud radiative model in the inversion and in the direct computation as it is done ;in ]

operational algorithm, is consistent and leads to a sound cloud albedo. Thpapiitet bias is indeed

almost cancelleq. |

/

first line (homogeneous cloud) shows very good consistency between the 3DMCPOL radiative trans

code and thgetrieved valuesising the POLDER operational algorithm. Relative differences between

computed and retrieved albedos remain smaller than 0.5%. =

{

11

Supprimé: we compaethe retrieved POLDER algorithm albedos
with the ones directly computed with the 3DMCPOL radiative
transfer modelAlbedos are simulated simply by summing the
proportion of the Monte&arlo photons going up at the top of
atmosphere.

Note that cloud albedos retrieved with the algorithm from 3D
reflectances and from 1D reflectances are not comparable. Inde
because ofite planeparallel biassimulated3D reflectancesire
lower than the 1D onethe retrieved optical thickness is an effectiy
optical thicknesdower than the averaged offéigure32).
Consequently hte albederecomputed in the POLDER algorithm
(using the 1D cloud assumptioaelower than the one obtained
from the 1D reflectance€ontrarily, using 1D cloud radiative modg
in the inversion and in the direct computation as ibisedin the
operational algorithm, is coheresunsistenand leads to a sound
cloudalbedo. The planparallel bias is indeed almost cancelled.

“| bias on the retrieved albedo values. In order to estithég bias for

Supprimé: However, some angular (3D) effects can still lead to

each 3D heterogeneous cloud fields, compare the retrieved
POLDER algorithm albedos with the ones directly computed with|
3DMCPOL radiative transfer model. Albedos are simulated simpl
by summing the proportion of the MorBarlo photas going up at
the top of atmospherg.

Déplacé vers le haut [3]: we compare the retrieved POLDER
algorithm albedos with the ones directly computed with the
3DMCPOL radiative transfer model. Albedos are simulated simpl|
by summing the proportion of the MorBarlo photas going up at
the top of atmospherg.

Supprimé: one )

\Supprimé: sed for )
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For SZA= 20j, the POLDER operational algorithm underestimates slightlglileelo for the flat rd (‘supprimé: cloud )
bumpy cloud with relative differences und2r5%. The relativerroris slightly larger for the fractional

cloud (4.7%). The relative differences afew compared to optical thickness errors because, as(Supprimé: quite )
explained above, the same cloud modelttiehomogeneous cloug) used to retrieve and to compute - ( Supprimé: )
thealbedo. The slight underestimation of the retrieved albedo comes from differences in-linearon (Supprimé: )
relationshipbetween reflectances and albedozfunction of he optical thickness. Jinpliesthat effects » F:::z:::: c('::iamre g D‘
of the planeparallel biasare not the same for reflectances and albedos. Inversely, for SZA = 60j, th( supprimé: in )
2lbedo is overestimated by 2%85or the flat cloud case and 7.88% for the fractionalidicase because ‘;S""P’f'“‘f’ f”"°"’e$ )
illumination effects in the backscattering direction are not completely cancelled by the Weigkhtir‘(::::::z: :wd j
function ('Supprimé: )
At SZA=40j, negative differences due to the plane parallel biases are on contrary almost cancelled by

illumination effects for bumpy and fractional cloud leading to very small errors®o26% and +0.13%

respectively.

4. Differences between 3D and 1D polarized reflectances and consequenasmicrophysical (Supprimé: on )
distribution, cloud pressureand aerosol above cloud retrievals

4.1 Cloud heterogeneiy effectson polarized reflectances

As gexplained before we simulated using 3DMCPOL, the polauk reflectancesfor the three ('supprimé: previously )
wavelengths used in the POLDER retrieval algorithms (e.g. 490, 670 amdrf6%otal and polarized

reflectarces at 490m for 50m resolution are presented in Figiiésecond and third columns) for (Supprimé: 3 )
SZA=60j. First of all, we can see that for flat cloud, the polarized reflectance field appears SMOOthSUuPPrimé: 2 )
than the total reflectance field. As polarized reflectarices| off for optical thickness greater than - (Supprimé: Osaturate®

about 3, all cloudy pixels with higher optical thickness provide almost the same polarized reflectance.

Therefore, cloud heterogeneity effects are visually less discernible on polarized refle@ise f

compagdto the total reflectancields. (‘'supprimé:

ng

[ Supprimé:

For the bumpy or fractional clouds, the polarized reflectance field appears much rougher. In tre

»

cloudbow vieving directions (second column), some parts of the cloud facigi@moappear brighter .- (Supprimé:

thes

ard other parts in the shadow darker. At this small spatial scalm)58 large part of the total amount
12
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of pixels exhibits polarized reflectance higher than the maximum value predicted by the 1D

homogeneous cloud model (yellow pixeks)d thus cannot bebtained with 1D radiative transfer

simulation: at 490nm, their ratio reaches 41% of the total number of pixels for the flat cloud, 52% for
the bumpy cloud and 38% for the fractional cloud. This phenomenon of illumination and shadowing
was already highligted with simply a step cloud in Cornet et al. (2010).

In the forward direction%=60j) at 490nm (third column in Fiure3), the OshadgareaO are not dark..- (supprime: g )
anymore contrarily to the total reflectaceages(first column in Figire 3) andappear even brighter F::::::: '53 >‘
than cloudy part. For short wavelength and forward scattering angles, molecular signal is stronger t supprimé: s )
the cloud signal and thus enhances the polarized signal in the shadow parts. IV ‘(::::::: .p‘““’es )‘
In Figure§, we plotthe aerage polarized refltences as would baeasured by POLDER atkinx 7 (Supprimé: 3 )
km resolutiopasa function of the scattering anglefor a solar zenith angle SZA=60j, afat the three - CSupprfme:: 4 )
wavelengts. As we can see in Figur&a, the main differences between homogeneous and‘(:::::::: Ted j
heterogeneouslouds appear in the cloudbow directiofe£140i) and in the forward directiods(< ~(supprimé: 4 )
80j). In the cloudbow directigrthe 3D polarized reflectances are lower than the 1D ones for the thre(supprimé: s )
clouds.Similar to thetotal reflectances, this is mainly dteethe planeparallel bias. In these directions,  (Supprimé: As for )
the relative differences (Figuib) are about9%, -12% and-35% for the flat, bumpy and fractional .-(Supprimé: 4 )
cloud respectively. We note that the relative difference is slightly lower forrt8tbecause of the

smoothing effects by molecular scattering above the cloud.

In the forward scattering directipthe consequences of the 3D effeictgerms of absolute polarized

reflectances appear differentliepending qrthe wavelength. At 49@m, the 3D effets enhance the - (Supprimé: according to )
absolute polarization, while at 868n they reduce it. At 498m, atmospheric molecular scattering is

very strong. The 3D polarized reflectances appear greater than the 1D ones because, as seeB in Fig supprimé: 2 )
the polarization in the shadovass of the cloud is enhanced by this molecular scattering. At 865 nm, S4PPrimé: 3 /
the shadow parts appear dark with small positive values that reduce the negative polarization of the

cloud and consequently the absolute polarization. The relative difference (Bmureconsequently Csuppriméw )
positive for 490nm (about +55% for the fractional cloud) and negative forr865about75% for the \Supprimé: are J
fractional cloud). At 670'm, the polarized reflectance in the shadow part is only slightly enhanced by

the molecular scattering bmore compared to 865m. Polarized reflectancésusbecomepositive for J\::::::: tshL:fSicienﬂy /:

13
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the fractional cloud but not for the flat and bumpy clouds. Note that in the backward direction, the

polarized reflectances are very weak so no heterogeneity eff@&s can be detected.

Figure§ illustrate results obtained for simulatigizs SZA=60j with ascattering angulaiangebetween _ (‘supprimé: 3and

60 and 180jNote that forSZA = 20 and SZA= 40, theplots are similar with aeducegscatteriny .

angular rangehat is between 100j ah 180 for SZA=20; and betweer80; and 180 for SZA:40i‘

Consequentlyfor SZA = 20j and SZA=40; the attenuation due to the plaparallel biass the main’ :

impactof, the measurements.

v

(Supprimé: 4
A (Supprimé: done

) ‘(Mis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
5 (Mis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
3 ’(Mis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
i ‘(Mis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
‘CMis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
) S (Mis en forme :!=10'5,12311;-71:1+0,+#!., 1;10'5,121<+-16$-"*+,
:1=10'5,12311;-71:1+0,+#1., 1;10'5,12!1<+-16$-*+,

4.2 Consequences for droplet size distribution and cloud top pressure retrievals . (Mis en forme

AN A A AN

\ Sup_primé:_3D cloud radiat_ive gffects are thus important,
The polarized signal igsed as input oh POLDERYretrieval algorithm developed to retrieve effective | particularly in the forward direction, but itis important to note thaf

such 3D effects are weaker foraier SZA and almost i@resent

radius, effective variancand cloud top pressurlt uses the polarized information as presentegton for SZA=20.

and Goloub(1998) The position of the cloudbow as well as the position of thewgumerary bows (‘supprimé: r

_/

J
gives information on the effective radius. The amplitude of theumerary bows gies information (supprimé: 1 )
on the effective variance of the cloud droplet size distribution. For cloud top pressure, the algorithm
uses the information given by the molecular scattering which depends, in the forward scattering
directions, on the atmospheric air massctér (Goloub et al, 1994) The algorithm, under
implementation in the POLDER operational algorithim based on an optimal estimation method
(Rodgers, 2000) and provides errors associated to each of the retrievedgatétnsealso possible to p .

Si imé:

add in the forward model variancevariance matrix an error due to the fietrieved parameter. ks:::::::-F j
Following previous computations made ifWaquet et al., 2013ajor the misrepresentation of 3D ',,.(Supprimé: )
effects,the error added in the variancevariance matrix on the reflectande¥.5% jn the directiors &:“p"’i"‘é’ we J
{ Supprimé: add )
close tothe cloudbowand 5% elsewhete ; ( Supprimé: error ‘
a Supprimé: direction )
. . . . . . n“(Supprimé: )

The retrieved values obtained with this algorithm based on the homogeneous cloud assumption, z=-—-" -
upprimé: As previously )
presented in Table 2Ve use again the homogeneous cloud (1D cloud) to check the consistency of o Supprimé: , )

)

{ Supprimé: w

simulations. For all clouds, even if differencgspolarized reflectances afarge in amplitude the p—"
S { Supprimé: o

retrieval algorithm still capire the general angular features of the three wavelengths, which oésults (' Supprimé: quite

h (Mis en forme :!=10'5,1231!;-71:1+0,+#!.,

1105,121<+-168-%+, )

14



10

15

20

25

small erroroon theretrievedeffective radius and effective variapdhe algorithm is able to retrieve an. - (Supprimé: biaes
(Supprimé: are not significant

effective radius of 11um and an effective vience of 0.02 with relative error compared to the input

NN

_/

under 2.6 % and 2.1% respectively (Seble 2). Indeed, as the cloud heterogeneity effects do not Supprimé: t

)

modify the cloudbow position and the number afsnumerary bows, the retrieval of the dropletesi (Supprimé: r )

distribution parameters is not really affected by 3D effects. This is a fundamental advantage of the

polarized measurements compared to thepectral methodZhang et al., 2012)usually used when

visible and shortwave infrared wavelengtire availableWe note, however thahe cost function, (supprime: )

which is the root mean square difference between the model and measurements weighted by the

respective varianeeovariance matrix jgargerfor 3D cloudsthan for the homogeneous cloutimeans (‘supprimé: )

that the forward model (homogeneous modelised for the retrievadoes not allow matching perfectly \Supprimé: much more important J

the heterogeneous cloud reflectances used as jFontthe bumpy and fractional cloud, the algorithm - (supprimé: . )
N

doesnof evenconverge meaning thahe diret model is not able to represent the signal within the (Supprimé: even not

N

allocated uncertaintiesThe main impact of cloud heterogeneities appears for cloud top pressure

retrieval Jn table 2, we report the mean cloud top height for each heterogeneous cloud and the retrigl Supprimé: in table 2, we report theean cloud top height for eac
heterogeneous cloud and the reteigwalue. Thélote that 1D

value. The 1D homogeneous values used fatrobwas set the intermediate mean cloud top altitude. | homogeneousaluesused for control was set the intermediate mex
cloud top altitudeare different because the cloud top altitude

: : . . : : (corresponding to the highest altitude of the heterogeneous cloug
We note slight difference abowt hiPa (+37m) between input and 1D retrieval, which reveditghs not exactly the same for thleree input clouds. Comparisons were
. made for the equivalent homogeneous cloud by adjusting the clo|
LF1E\ top altitude.

differences between the radiative transfer codes used for the simulation and for the r

Differences between 3D and 1D are however much larger, especially for the bumpy and fractionalk*cit(S""'"i"‘é’ *8 %
* ( Supprimé: -

with values of +62hPa%50m) and +45hPa390m). (Supprimé: 20 )

As already explained, the polarized reflectance in the shortwave wavelengthsni®98 very high Supprimé: We note slight differencsbout+8hPa (80m) between

input and 1Dretrieval,which reveak differencesin the altitude

because of molecular scattering. The retrieval of the cloud top pressure is based on the amour discretizatiorbetweertheradiative transfer codaised for the
simulation and for the retrievaDifferences between 3D and e

however much larger, especially for the bumpy and fractional clo|

molecular scattering occurring above the clougmtooking in forward scattering (for scattering angle | i vaies of 462Pa(-550m) and+aspa(-390m).

ranging between 60 and 120 degrees). Consequently, as shadowing effects modify the polarized
reflectances irhe forward scattering directienthe cloud top pressure retrieval is impacted, especially
for the fractional and bumpy cloud. The difference can reach fP23 which means théate cloud

seems to be aboutkin lower.
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4.3Impacts for aerosol above cloud retrieval

Polarized reflectances of POLDER are also used to retrieve aerosol opticabski¢kOT) of an

aerosol layer above clouivaquet et a).2013, 2009)Waquet et al.(2013)describes two algorithms [Mns en forme :1=105,12>=97@$+46,( !B,C |D16$%T3I 1;-7

B1%M-$0"*+,E%HOFEENONA

for Aerol Above Clouds (AAC) retrievalising POLDER polarization measurements : (i) the research Mis en forme (1=10'5,12>-37@$+ %6, B,C ID163%T3I !
B1%M-$0"*+ K%HOFEENONA

7

algorithm, that is an optimal estimaty method that retrieves a large number of aerosol anei cIo
[[Bl%M $0*+,K%HOFEENONA

parameters, and (ii) the operational algorithm that allows to retrieve the AOT at 865 nm and

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-7

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-

engstrdm exponent of aerosol above clouds. The Ooperational algorithmO is the one considered Ir[Bl%M -$0%+,K%HOFEENONA

4

present study. This is algorithm is based on LUTsOlatidms performed with the successive order of

B1%M-$0"*+,E%HOFEENONA

scattering code that assumes a plaaellel atmospher@ enoble et al., 2007)t uses assumptions on [Mns en forme :!=10'5,12>=$2@$+46,( !B,C |D16$%T3I ;-

4

particle microphyscs ; six fine mode spérical aerosol models (i.e. effective radius varying between Mis en forme (1=10'5,12>-37@$+ 6, B,C ID163%T3I !
B1%M-$0"*+ K%HOFEENONA

7

0.09 and 0.24 micronsire consideregaind a_constant complex refractive index of 1.47+0.Bli [

assuned The errorsdue to the assumption made for the complex refractive indzaround 20% on B196M-$0™+ KI6HOTEENONA

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-

4

Mis en forme :!=10'5,12>=$t2@$+6,( !B,C !D16$%T3I!;

average for the AOTPeers et al., 2015Maximal relative error may reach 25% in case of extreme [Bl%M -$0°*+K%HOFEENONA

-7

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-

aerosol events (AOT > 0.6 at 550 nn@ne additional nospherical mineral dust model is also [Bl%M 50"+ E%HOTEENONA

4

considered in the LUTSs.

B1%M-$0"*+,E%HOFEENONA

Mis en forme :!=10'5,12>=$?@$+46,( !B,C ID16$%T3I ;-7

The operational algorithm uses a specific_strategy to vetréerosol properties above clouds that .. mis en forme :1=105,12>=3:2@$+56,( B.,C ID16$%T3I I:-

B1%M-$0"*+,E%HOFEENONA

/—\\/—\\

depends on the aerosol type and also on the available viewing geometries (see figure 4 in Waquet erar,

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-

2013). In case of fine mode particles, the retrieval is restricted to the use of observations acquwec{ B10AM-50*+Z%HOFENONA

4

scatering angles smaller than 130j where polarization measurements are highly sensitive to scatte[""'s en forme :!=105,12)6,( !B,C |D16$%73I |;-7'B1%
M-$0"*+,K%HOFEENONA

by fine mode particles (such as biomass burning aerosol) and only weakly sensitive to ClO Mis en forme :1=10'5,12)6,( |B,C D16$%F3! 1;-7!B1%
" M-$0"*+ [K%HOHEENONA

Mis en forme :1=10'5,12)'6,( |B,C |D16$%73I |;-7!B1%
| M-80"*+ K%HOFEENONA

microphysicsIn Figure 6 the dashed line show the increase of the polarized reflectamcasattering [

angles less than 13@Whenan aerosol layer is present above a ¢ldimvever non-spherial particles\

in the coarse mogsuch asmineral dust particlesannot be handled with this methas theydo not / B1%M-$0™*+,

,.[Mls en forme :!=10'5,12>=$2@$+W6,( !B,C !D16$%T3l |;-7

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-

much polarize ligh When dust particles are transporgabve clouds, they reduce the magnitude of: the [BMM $0+,

4

B1%M-$0"*+,K%HOFEENONA

primary cloud bow. The operational algorithm includes thus the primary bow én twdetrieve the - [M's en forme :1=10'5,12>=32@3$+46,( !B,C |D16$%T3I 1;-7

above cloud dust AOTIn this caseasthe magnitude of the primary cloud bow primarily depends'on [Mls en forme :1=10'5,12>=$?@$+%6,( B,C |D16$%T3I I;-

4

Mis en forme :!=10'5,!2>=$t2@$+46,( !B,C !D16$%T3I!;

X . . . X . B1%M-$0"*+ K%HOFEENONA
the cloud droplet effective radiuis,mustbe estimated or included in the retrieval procgSsllocated,
[Bl%M $0"*+K%HOFELENONA

-7

cloud properties fnam MODIS at high resolution (1 km " 1 km) are used to characterize and to selectt

C Mis en forme :!=10'5,12)'6,( !B,C |D16$%T3lI |;-7!B1%M-$0*+

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
+)
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cloudy scenewithin a POLDER pixel (6 km "7 km at nadir)and the MODIS cloud products ctiren (Mis en forme :1=105,12)6,( IB.C ID163%T31 |-7IBLM-50*+,

. . . . . . . Mi f :1=10'5,12>=3# \6,( !B,C 'D16$%7T3I!;-7
be used in the operational algorithm to estimate the dropletsiesfeadius.As he magnitude of the | prsors mosrostEnonA .

primary cloud bow is only weakly impacted by the choice of dheplet effective variane, this * [M'se"fwme :1=10'5,12>=32@$+46,( !B.C |D163%T3I 1;-7
B1%M-$0"*+ K%HOFEENONA

parameter jmssumed to be constant and equal to B@geral filters are eventually applied to obtain a‘ Mis en forme :1=10'5,12>=82@$+6,( !B,C ID16$%T3I 17
. . . . . . N B1%M-$0"*+ K%HOFEENONA
quality-asessed productfor instancethe retrievals are restricted foudy pixels associated with. -

)
)
)
[M i 1=10'5,12>=32@$+46,( !B,C ID163%T3! ! %
e
)
)
)
)
)

cloud pptical thicknesses larger than 3.0, since the polarized radiation reflected by the cloud layehE1%M-$0"+&%HOSRENONA
T T T o Mis en forme :1=10'5,12>=3t2@$+46,( !B,C ID16$%T3! !;-7
Bl%M-$0'*+,

then saturated and does not depend anymore on the claadl dpickness. Criteria are also used",t ),

| Mis en forme :!=10'5,12>=$?@$+46,( !B,C ID16$%T3I !;-7
B1%M-$0"*+ K%HOFEENONA

Mis en forme :!=10'5,12>=$?@$+46,( !B,C ID16$%T3I !;-7
B1%M-$0"*+,

Mis en forme :!=10'5,12>=$2@$+46,( !B,C ID16$%T3I !;-7

rejectinhomogeneous and fractional cloudy pixels and to avoid cirrus cloud contamipdéaefer to 3

Sect. 3.4 in Waguet et §2013)for a detailed description of the operational algorithm.

. . . | B1%M-$0"*+ K%HOFEENONA
In the POLDER operainal algorithm, the underneath cloud is assumed to be homoqe'r_leouO,IiSenforme,,zm.5 12)6,( 1B.C ID16S6T31 1-7IB 1M 50~

+,

Empirical criterions are used to reject heterogeneous and fractional cloudy pixels but a misclassifica( Mis en forme :1=105,2)6,( 1B,C 1D163%73! 1;-71B1%
. . . o . . M-$0"*+,K%HOFEENONA
of the cloudy scenes is still possible. Moreover, it is also important to exvaheaAOT retrieval errors iMis en forme 11D, #5124 6P#, 10HWA3NIQB6TIE(SS, }

<#P(12311;-
arc

due to 3D effects in case of fractional cloud covers. These scenes, for which aerosols and cloud

. . . . . . . . Mi: f 1=10'5,1231!;-7!B1%M-$0":
potentially mixed, remain untreated and are of primarily importance for climate studies. In t}‘[ > en forme 0

| Supprimé: The detection of aerosol above cloud scenes is bas
A{ on the difference between Rayleigh presfased on the use of

/| polarized reflectance values disemolecular scatténg above the
cloudhat is enhanced by aerosol scattefi@gloub et al., 19943nd
oxygen cloud topressuravhich used differential absorption
measurement in the oxygenband(Vanbauce et al., 1998)
(Waquet et al., 2009jWaquet et al., 2009The AOT above cloud i
next retrievedisingthe fast algorithm ofWaquet et al., 2013)
Informationon AOT s given by the cloudbow attenuation near 14
and the increase of polarized signal in the forward scatteriggit§3s

inputs for the operational algorithrote, that for the synthetic retrievals discussed here below, We@e,ﬂace vers le bas [2]: (Waquet etal., zoogﬁv\/aquetetmj

following, we investigate thegssibility to use the operational algorithm to treat these scenes and

evaluate the biases observed in the polarized reflectances and in the AOT retrieval errors due t

effects. In order to check the AOT value retrieved for such cases, we use th&aBed reflectances
generated fothe fractional cloud case, with and without aerosol, and we used these 3D simulatiohs

assumed that the operatiorsdjorithm krows the effective radius and effective variance of the cloud ((Déplac (insertion) [2]
{ Supprimé:

droplets.

# (Supprlme
JThe3D polarized reflectances used as input of the algorithm and the ones simulated after the adjustr(suppr.me:

(Supprlme: For

e
(Supprlme 5
6

of theaerosol model and optical thickness are plotted in Figyselid lines) Whena large scatterin

; CSupprimé: well.

angular rangés available etween 60 and 18pithealgorithmworksin an efficient wayThe lateral .-

5 CSupprimé: directions

polarized reflectances gratteng angular rangbetween 80j and 12@xhibifJow or negativevalues, (Supprimé= are
i (Supprimé: quite

Consequently no aerosol (AOT=0) were retrievate note however that th@imary cloudbow is not (supprimé: and

uvuvuuuuuvuu

E '(Supprimé: c
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well modelled by the 1D simulation provided by the operational algogitim the POLDER (Supprimé: reproducel )
measurements, the range safmpledscattering angles v with the geographical positiorin some ( supprimé: y )
cases the scattering angle range sampled by the instrument can be quite,néfeotesed the (Supprimé= it can be limited )
algorithmwithout doservations acquired for scattering angles smaller thap(éiaéhed lines in Figure @ufﬂif:;é: for only available data ithe backscattering directionﬂ
7). The cloudbow signal is then better matched but the inversion method retrieves erroneous A(supprimé:e )
valuesof 0.31 at 676 im and 0.28 at 86Bminstead of zero for both ( Supprimeé: 5 )
A second tests made withsimulatel reflectancegncluding, a biomassurning aerosollayer lofted . (Supprime: o )
abovethe fractional cloud. For the simulation, the AOT of the aerosol layer is fixec8add 0.15, ~ (supprime: )
the single scattering albedo to 0.93 and 0.91 at 670 and 865 nm respectively. In avdét tetrieval (Supprimé: have no )
errors related to thehoice ofaerosol model, we used one of the biomass burning aerosol model

included in thefast algorithm. The particles effective radius is 0.15 microns and the single scattering

albedo is equal 0.91 at 865 nithe simulatedBD angular polarized reflectances afunction of the (‘supprimé: in )
scattering angles are presented in Figiisolid blue and red lines). Compdreo the 1D reflectances - (Supprimé: 6 )
with aerosols above cloud (dashed blue and red lines), the cloud heterpgéieeits amplify the ' E::::::: ises )

increaseof the forward signal anthe decreasef the cloudbow signalAs with molecular scattering

(Section 4.1),aerosol scéring contributes to enhance the polarized reflectances in the shadow ar(Supprimé=

)
S J

cloudfree parts leading tdigher averaged polarized reflectances in the forward dirgciiorthe (‘supprimé: . n the side scattering between 100j and 130j and )
cloudbow direction (near 14Qj)), and, to a lesser extent, in the side scattering (between 100j and biS(g.s"pprimé:i )
in_scattering anglethe polarized reflectances aadditionally attenuated because of the plguaeallel (‘supprimé: )
biases. Note that for other solar zenith angles plots are similar vith a more restrictedcattering

angular range (between 100i and 180; for SZ@&=and betweerBO; and 180j for SZA=40;) ..-(Supprimé: (notshown her )
Consequentlygnly the attenuation due to the plaperallel biagmpacts the measurements. (‘supprimé: e), )
The results obtained with the operational algorithm are presented in Talike r@mind thathe same‘n E:::::: : )\

direction is

input AOT is used in the 1D and 3mulatiors (AOT of 0.15 at 865 nm)As expected, the AOTs “[Supprimé

retrieved by the algorithm for homogenous clouds (1D input) are close to the input one, Whatever_

respectively.

limited to 100 and 80; for SZA=20j and SZA=40j

: appears as the range of scattering angles ifotherd ]

';(Mis en forme :1=105,!12311;-7!:1+0,+#!., 1;10'5,!12!<+-16$-"*+,

SZA value. The retrieved AOTs only slightly overestimate the input one (0.15) and are respectivery
equal t00.18, 0.17, 0.17 for SZA of 20, 40 and 60j. This overestimation is likely due to the

approximations used in the retrieval algorithm (e.g. interpolation of the LUTs). Comparing with the
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retrievedvaluesfrom homogeneous cloud, significant departures are obséswégictional clouds (3D .(Mis en forme :1=105,12311-71:140,+#1., 1;105,21<+-168-+, )
input) depending on the SZA. The AOTSs retrieved at 865 nm are then equal to 0.119, 0.17 and 0.28 for
SZA of 20, 40 and 60 respectively. For a giverokr, zenith angle, the viewing geometries and the CMis en forme :!=10'5,1231;-71:1+0,+#1., 1;10'5,121<+-163-"*+, )

angular resolution ariglenticalfor the 1D and 3DThe differences observed in AOT between the 1D-(Mis en forme :1=105,1231;-7:1+0,#L, 1105, 121<+-168-*+, )

and 3D calculations are then necessarily due to 3D effects.
The difference of AOT retrieval between 1D and 3D inplgisends on the solar zenith andlete tha

in the Table 3,the engstrSm exponent is related to the ratio of two optical thicknesses at two

wavelengths and corresponds in the retrieval to theseéstted mode).

positive values for SZA=60j. In otherords, the 1D assumption
leads to underestimate AOT above cloud at SZA=2{}

Supprimé: and rangefrom negative values for SZA=20j to 1
overestimate it 86ZA=60;.

For SZA=40j, the best model that minimized the cost function is the same for the homoqeneo,us

$('$-*+,7 IB, I;$( ISK+(-#0L,(;$5,!,%-#,0,-F-, 1,-10,(1%16/#,(

fractional cloud. Differences for the retrieved A@renegligible_but we note that the RMSE between ""[Mis en forme :!B, I;$( I$K+(- #0L,(;$5,!,%-#,10,- F-, 10$-%- ]
theinput and recalculated reflectances is slighdhger for the fractional cloud than for the homogenous ($(s-*+(

one.

For SZA = 20j, the operational algorithm also successfully retrieves the inpas@emodel for the

homogeneous and fractional clotitbwever,the AOT retrieved by the operational algorithm, under the

1D assumption, is underestimated with error betw&&nand-40%. For a SZA of 20j, the range of

scattering angles effectively used for the estal is between 100j and 130j. Polarized reflects for

SZA=20j are not showhutthey aresimilar to the ones shown in Figuré&tween 100 and 180Qver

the 100130j, as shown in Figure 7, 3D polarized reflectances are lowethtbd® ones because of the | Supprimé: The case SZA=40; is between the two and no impag
/| the AOT above cloud appeaFallowing the flowchart presented in

H H H H H H : (Waquet et al., 2013, Fig. 4s AOT is more than 0.1, the best fittil
planepardlel biases, which explains why the AOT retrieved by the algorithm is underestlmatt;:‘ model among all the avaiable models is a fine model (a biomass

. . . . . . /| model). Consequently, only forward scattering angles below 130
However, as thalifferences are mainly due the plaperallel bias, which is similar for the two = | e’ auenty. ony 9ang

wavelengthsthe cloud heterogeneity effects do not affect the seleofitime best aerosol model. y 'C"‘"s en forme :!=105,1233,-71:1+0,+#!., 1;10'5,12/T0,+508'# )
. [Mis en forme :!B, |;$( 1SK+(- #0L,(;$5,1,%-#,0,-,F-, 10$-'%-

$('$-*+,7 IB, I;$( ISK+(-#0L,(;$5,!,%-#,0,-F-, 1,-10,(1%16/#,(
$(S-*+,(

.(Supprimé: information

<
x i

For SZA=60j, the range of scattering anglesed is betwegf0j and130;. Betwee 60 and 90ithere
is an increase of the forward scattering signal due to 3D effelish js interpreted by the operational-

CSupprimé: scattering angles of

"CSupprimé: to

algorithm as an increase in the AOT. We raimthat 3D effectsias he aerosol model for this case  (SuPPrimé: T
] ] ] ] ] (Supprimé: is comparable
a smaller value gfngstrSm exponent(corresponding to a larger effective radius) is retrieved for»the»-CSupprimé

: resemblego a case with more aerosols above the cl

fractional cloud The retrieved AOT is thus highéAOT of 0.28 comparing to 0.17%yith a relative "[Mis en forme :!=10'5,12>=3?@%$+6,( !B,C D16$%TB1%
M-$0"*+,K%HOFEENONA
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error up to 65%,For SZA=60j, the 3D effects consistanincreae ofthe polarized signal because of
addtional scattering in the clear sky parts. This increase is higher atn8@ban at 67@m. This Ieads""__i

to the selection by the algorithm afh erroneous modglith a smallerAngstrSmexponent.

Note that, in the operational algorithm, eilgorithmis not applied for pixels too heterogeneous‘;

Those are filtered using the standard deviation ®QRT retrieved at km by MODIS that should nof :

exceed 5. For the fractional cloud of this study,checlkedthestandard deviatiowalue computed from',

the input cloud optical thickness (differéndm the retrieved onejnd found7. It is slightly abovethe

homogeneity limit fixed in the aerosabove cloud algorithm developed for POLDRRaquetet al., ' i |

2013) Theresults presented here for aerosol above cloud retrieval can thus be seepmes éimitfor

the operational algorithpn.

5. Conclusion

This study used simulations to understand and quantify effects of cloud heterogeneities on POL

total and polarized reflectances. We investigate the consequences of heterogeneous cloud radi\\ Supprimé: .

effects on the retrievevalues ofcloud optical thickness droplet effective radius, effective variance,

Supprimé: . The retrieved AOT is thus higher with a relative err¢
up to 65%. For SZA=20j, the scattering angdnge is much more
limited and is between 100j and 13®olarized reflectances for
SZA=20j are not shown here but tifégfure is similar to the ones af|
60i limited to this particular angular rangevhere=or this particular
angular range, 3Bffects ted to decrease t13 polarized
reflectancesire lowerbecause of the plafgarallel biases
whichbiases. Thigorrespondsesembleso a lower AOT
Consequently, the AOT retrieved under the 1D assumption is
underestimated with error betwe@% and-40%.

Supprimé:

The Angstr§m exponent is related to the ratio of two optical
thicknesses at the two wavelengths and corresponds in the retrig
the bestselected model. For SZA=20j, differences are mainly dug
planeparallel bias, which isimilarclose for the twavavelengths.
The ratio andCconsequentlytheselection of the best aerosnbdel
the Angstrom exponent are tlawenot affected by cloud
heterogeneity effects.

i (Supprimé: s )

1 ‘(Supprimé: sing

—/

4 (Supprimé: and

('Supprimé: angstrom

CSupprimé:

N

| Supprimé: is

( Supprimé: so

AN

<<Supprimé: depth

N

cloud pressure and optical properties (optitetknessand Angstrom coefficient) of above cloud
aerosol, provided by operational and research algorithms éfGherization and Directionaly of Earth
Reflectancé POLDER instrument 3D cloud fields were generated with the 3DCLOUD md8ektzap

e P N
<\Supprlme: radiometer

/

et al., 2014; Alkassem et al., 2058fd the 1D and 3adiative transfer simulations were done with the
Monte Carlo 3DMCPOL modg|Cornet et al., 2010)Threetypes of heterogeneous water cloud were

studied: a flat, a bumpy and a fractional cloud.

The reflectances simulated at small spatial scale (50 m) and averaged at the POLDER spatial scale (7

km x 7km) are used as realistic input of the different cloudrational and research algorithmisr

high solar illumination(SZA=20j), the optical thickness retrieval yieldas it was already shown in

<Supprimé: In the case of the optical thickness and

(Supprimé: we obtain

_/

N

N

numerous studies, lower optical thickness than the averaged ensesb of the plargarallel bias. For

POLDER fhe retrievel optical thicknessesre underestimated by 10 or 35% depending on the cloud (Supprimé: , it leads )

type. For oblique solar incidence, the POLDER algorithm yidldger optical thickness in the

backscattring direction due to solar illumination effects and much lower optical thickness {ti@%o
20

{ Supprimé: t )

( Supprimé: o )

\\Supprimé: to )
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for the fractional cloud) in the forwarscatteringdirection due tgshadowing effects. The errors on —(Supprimé: the )
albedo are weaker wittargesthbias foralbedo between5% for high solar illumination and +8% for . (Supprimé: cioud )
solar zenith angle of 60;. (Supprimé: maximal J
We next analyzed, for the first time, the cloud heterogensffiects on polarized reflectances. We - (Supprimé: ies )
showed a reduction of the cloudbow and sidfiectancesdue to theplaneparallel bias and the
shadowing effects. In the forward scattering direction, the effects are spectrally dependent. For the
shortest wavelength (490m), the molecular scattering in the shadow areas increases the averaged
polarized signal and leado an increase of the polarized reflectances. At @®5 the weak positive
polarized reflectances of the shadow areas retheggolarization of the cloudsvhich is negative for - (Supprimé: d )
thesescatteringangles However, even if the polarized angular sigme is modified, the retrieved (Supprimé: negative /
effective radius and effective variance aezdlyaffected because cloud heterogeneities do not modify ( Supprimé: not too much )
the positions of the cloudbow andbstnumerary bows. The Rayleigh cloud top pressure is, in contrast/ Supprimé: r )
biased for a solar zenith angle of 60j by about hP@ corresponding to a cloudkin lower in the
atmosphere.
We also tested the aerosol above cloud algor{fMaquet et al., 2013Even in the absence of
aerosol, the algorithm retriesaonnegligible AOT value when onlyjargerscattering anglegetween (‘Supprimeé: a limited range of )
120 and 180;areavailable. With arosols above a fractional cloud, the AOT can be underestimated fo( Supprimé: is )
a high solar elevation (SZA=20j) because of the plaarallel bias and on contrary overestimated for
low solar elevation (SZA=60j) because of the shadowed effects that increase polefiteetdnces.
The Angstrsm exponent is affected by thebedowing effector SZA=60; but not by the plane - (Supprimé: o )
parallel bias since the plgarallel biases for 490m and 8651m is almost spectrally neutral and since (Supprimé: 0 J
theinformation usedo select the aerosol modslrelated to theatio of two wavelengths | (‘supprimé: the information of )
These results mainly show that 3D effects facfional clouds are primarily significant at ‘(::::::: j
forward scattering geometries in case of low solar elevation (scattering angle < 80; and SZA of 6( supprimé: is used )
and in the rainbow region (scattering angle of about 140i5i#). The range ofscattering angke

sampled beteen 60 an®0j is not necessarily useful for an accurateeeal of the above cloud AOT.

So, reducing the range of scattering angles to scattering angle values larger than 80; will help to reduce

the errors associated with the AOT retrievals. The alyoriargely overestimates the AOT when the
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primary bow is included in the retrieval process and when forward and side scattering viewing

geometries are not available. This result suggests that polarized measurements acquired for this

configuration should ridbe used for AAC properties retrievals, at least with a retrieval algorithm based

on 1D calculations.

Supprimé: |
For this study, polarized reflectances were simulated above a blg
Assessment of retrieval errors due toucdcheterogeneity is challenging for the next generation of | surface, as the retrieval algorithms do not consider it. However, i
case of fractional cloud, the surfasdlection and in particular the
sun glint will increase significantly the polarized reflectances in tl
forward directions. We anticipate that cloud droplet effective radi
. . . . .. . . . § and effective variance will not be affected but it will certainly
parameters but also estimations of their uncertainties. Realistic simulations with known inp increase cloudop pressure errors and contribute to retrieve largel
X X X aerosol above cloud optical thickness. To confirm these guesses|
parameters are very useful tools to assess accurately theses errors including their dependence @ complementary studies with different fractional cloud covers will|

conducted in the future

available angular sampling. Such simulations canlagsosed to test the next generation of operational ( Supprimé: |

retrieval algorithms. Indeed, in the future, it appears crucial to have not only values of retriev

algorithms. (Mis en forme :1:1+0,+#!., 1;10'5,12!<+-16$-"*+, )

. . ) Supprimé: obviousl
Further that assessments abbud heterogeneity uncertainties, more complex methods should also <c —

developed to retrieve aerosol and cloud properties accounting for the cloud heterogeneities. Several

theoretical or case studies haleadybeenconducted. Some tends to mitigateucla@ontamination for

aerosolpropertyretrieval(Davis et al., 2013; Stap et al., 20)160thers aim to use 3D radiative transfer

model to retrieve 3D cloud properties and hence account for some cloud heterogeneity Ieffects(Misenforme 11=10'5,12311;-71:1+0,+#1., 1;10'5,12!<+-16$-"*+, )

requires then more complex inversion methdekasibility studies has been conducted using neural

network methodCornet et al., 2004, 20053D tomography with a&urrogate functiorfLevis et al.,
2015, Levis et al. 201®r adjoint methodMartin et al., 2014Martin and Hasekamp, 2018Jhe latter

two methodsare very promising buhave leen developed in the framework of high resolution

measurements (ten to hundred meters) involving no or small-ptaadel biasThey are so not directly (Mis en forme :1=10'5,12311;-71:1+0,+#., 1;10'5,12!<+-16$-*+, )

applicable to POLDER/PARASOL measurements.

The Multi-viewing, Multi-Channel, MultiPolarization Imaging mission (3Mthat will fly on METOR . [Supprimé: tomitigate the 3D effectsan also be developed as }
proposd_ for egample byDavis et al., 2013(p retrieve the aerosol
A SG as part of EUMETSAT Polar System after 20&1! have a spatial esolution of 4x 4 km. The amount in a mixture of cloud and aerosols.

planeparallel bias is thus expectetightly Jower than for the POLDER instrument. In addition, as 3MI--( Supprimé: to be )

will be on the same platform &ise Visible Infrared Imager (VII), a multispectral radiometer with a

resolution of 500n, the correction of the plane parallel biases may be possible while theangutar

capability of 3MI would help to detect the illumination and shadowing effects. (‘Supprimé: Methods )
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Table 1: For each cloudcaseg.albedo of the cloudy scene obtained fronsimulation with 3DMCPOL (first line), retrieved with the

JH#3%E&()*$'+"& . %-".+$/$] 0,/'1/+1%$/+$| 02!3 456 0213756’ 02!3 856 <«
01:,"@)1&! 5A7B7 5A7CD 5A85=
9&:&';"&,%'<=>7?" E$)F1$G@" 5A7B7 5A7C8 5A855
HFF&F'<I? -0.04 -0.46 -0.16
01:,"@)1&! 5ABC5 5A7KD 5AKK8
J'@)""&,% ES)F1$G@" 5ABD4 5A7T7K 5AK8C
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01:,"@)1&! 5AB5= 5ABKB 5A7NK
JF@+)1&/I@";"&,% E$)F1$@" 5A4DN 5ABKB 5AK=B
HFF&F'<I? -4.71 +0.14 +7.88

POLDER operational algorithm (second line) and elative differences[(Retrieval-Simulation)/Simulation x 100] betweenthe two
values (third line) for the homogeneous cloudfér control), for the flat, bumpy and fractional clouds for three solar zenithangles
(20, 40 and 60j) The mean optical thickness of each cloud is Hhd the effective radius
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Table 2: Retrieved cloud droplet effective radius (Reff), effective variance (Veff) and cloud top altitude (CTOP) from polarized
reflectances with an optimal estimation algorithm First column is the input, second column the retrieval for the homogeneous
cloud (1D), third column for the flat cloud, fourth column for the bumpy cloud and fifth column for the fractional cloud. Last line

is the final costfunction with NC meaning no convergence The solar zenith angle is 60jNote that the cloud top altitude is
different according to the heterogeneous cloud leading to three different lines.
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Table 3: Retrieved aerosolproperties for a biomass aerosolayer above the fractional cloud with the operational algorithm
described in(Waquet et al., 2013} aerosol optical hickness at 670hm (AOT670), at 865nm (AOT865) and AngstrSm coefficient
for three solar zenith angles (SZA).Last two lines, RMSE computed between the input andecalculated polarized reflectancefor
the homogenous and fractional cloud.
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Figure 2: Cloud optical thickness (COT) of the threeclouds used for the study (a) the flat cloud,dj the bumpy cloudand (e) the

Flat cloud: COT at 50m
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fractional cloud. Extinction coefficient (km-%) along the %z axis for y=3.5 km for the flat cloud (b) the bumpy cloud (d) and the

fractional cloud (f).
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The detection of aerosol above cloud scenes is based on the difference between Rayleigh

pressurebased on the use of polarized reflectance valuedado®lecular scatténg above

the cloudhat is enhanced by aerosol scatte(i@gloub et al., 1994and oxygen cloud top
pressurevhich used differential absorption measurement in the oxygeandl(Vanbauce et

al.,, 1998) (Waquet et al., 2009 Waquet et al., 2009)The AOT above cloud is next
retrievedusingthe fast algorithm ofWaquet et al., 2013)nformationon AOT is given by

the cloudbow attenuation near 140; and the increase of polarized signal in the forward
scattering directio as illustrated in Figurg6 (dashed lines)n the algorithm, e underneath
cloud is assumed to be homogenedisvertheless, the aerosol above cloud algorithm can be
impacted but the sib-pixel cloud heterogeneity dractional cloud covereitherbecaise ofa
misclassification of aerosol layer above cloud caseitbran erroneouretrieved AOT

The misclassification of the scene could happen as 3D clouds effects integsdarized
reflectancesn the forward scattering directiost 490nm and consquently the Rayleigh
pressuresTo checkthe AOT value retrieved in this case, we tise polarized reflectances of

the fractional cloud cas
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