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Abstract. Cloud optical thickness (COT) is one of the homogeneities and shadowing effects, this especially for
most important parameter for the characterization of cloudlower sun. It also demonstrates unrealistic COT variations

in the Earth radiative budget. Its retrieval strongly de- in the cloudbow and backward directions due to inappropri-

pends on instrument characteristics and on many cloudite cloud optical properties representation and an important
and environment factors. Using coincident observationsincrease of COT in the sun-glint directions in case of broken

from POLDER/PARASOL and MODIS/AQUA in the A- cloud.

Train constellation, geographical distributions and seasonal
changes of COT are presented, in good agreement with gen-

eral cloud climatology characteristics. Retrieval uncertainties

mainly associated to sensor spatial resolution, cloud inhomoi Introduction

geneity and microphysical assumptions are discussed.

Comparisons of COT derived from POLDER and MODIS Cloud optical thickness (COT) is a key parameter to char-
illustrate that as the primary factor, the sensor spatial resoluacterize cloud optical properties, which play an important
tion impacts COT retrievals and statistics through both cloudrole in the determination of cloud radiative forcing (Jensen et
detection and sub-pixel cloud inhomogeneity sensitivity. al., 1994; Kristiansen and Kristjansson, 1999). Some studies

The uncertainties associated to cloud microphysics aswith GCMs simulations showed that the changes in COT re-
sumptions, namely cloud phase, particle size and shapesultin negative radiative feedbacks as climate warms (Roeck-
also impact significantly COT retrievals. For clouds with ner et al., 1987; Mitchell et al., 1989) while others showed
unambiguous cloud phase, strong correlations exist bepositive feedbacks (Tselioudis and Rossow, 1994; Chang and
tween the two COTs, with MODIS values comparable to Coakley, 2006). Long records of space-borne measurements
POLDER ones for liquid clouds and MODIS values larger at global scale are actually needed in order to correctly map
than POLDER ones for ice clouds. The large differences ob-COT and better understand the radiative effects of clouds on
served in ice phase cases are due to the use of different micrglimate changes, especially in response to anthropogenic ac-
physical models in the two retrieval schemes. In cases whetivities and natural variations (Rossow and Schiffer, 1991).
the two sensors disagree on cloud phase decision, COT rd=OT is derived from the so-called solar reflective approach
trieved assuming liquid phase is systematically larger. using a non water-absorbing band at visible wavelength un-

The angular biases related to specific observation geomeder the assumption that the reflectance is a one-to-one non-
tries are also quantified and discussed in particular basetinear function of COT. A number of studies showed that this
on POLDER observations. Those exhibit a clear increasevidely used method is practical and effective (King, 1987;
of COT with decreasing sun elevation and a decrease oNakajima and King, 1990; Nakajima and Nakajima, 1994).
COT in forward scattering directions due to sub-pixel in- However, because the method accuracy depends on different

atmospheric and surface conditions, associated uncertainties
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11246 S. Zeng et al.: A better understanding of cloud optical thickness

need careful investigations. Errors can arise from spectral rations but with a quite low spatial resolution (6 k&7 km)
diation calibration, radiative impact of the upper molecules,whereas MODIS observes clouds with a higher spatial res-
gas and aerosols, surface conditions, inappropriate cloud mielution (1 kmx 1 km) but only in one direction. Our assess-
crophysics (especially cloud phase), horizontal and verticament of COT for the two sensors in the paper is expected
cloud inhomogeneities, and so on. Some of these uncertairto give valuable information to the users of these satellites.
ties have already been well qualified while others are not yefThis will contribute to establish long-term cloud climatolo-
fully understood. gies with understood limitations and quantified uncertainties.
Concerning unsuitable cloud microphysics, departure in Ina previous study, Zhang et al. (2009) discussed COT dif-
observed cloud phase function can lead to an uncertainty ifierences between POLDER/PARASOL and MODIS/AQUA
COT of approximately 2 (Malkova, 1973). An error of a fac- forice clouds. They concluded that differences could be prin-
tor 2 in assumed water droplet radius can induce an error ircipally related to the choice of microphysical model used in
COT of about 10% (Han et al., 1994) and for cirrus using the algorithm. Here, we made more extensive comparisons of
a wrong particle shape can result in an over-estimation ofPOLDER and MODIS COT for ice and also for water clouds.
COT by a factor that can exceed 3 (Mishchenko et al., 1996 We discussed differences not only in terms of microphysical
Zhang et al., 2009). Due to the asymptotic shape of the remodel but also in terms of sensor spatial resolution and view-
lation between reflectance and COT, small uncertainties iing geometry. This work follows and is based on previous
reflectance can induce large errors in COT for thick cloudsstatistical comparisons of POLDER and MODIS cloud frac-
while uncertainties from the surface dominates the errors fottions and cloud thermodynamic phases (Zeng, 2011; Zeng et
thinner clouds (Platnick and Valero, 1995). Due to horizon-al., 2011).
tal cloud inhomogeneities, the retrieved COT can be over or In Sect. 2, we present quickly the POLDER and MODIS
under estimated depending on cloud types, sensor resolutioinstruments, the algorithms used to retrieve COT and the
and observation geometries. For low spatial resolution, dugroducts considered for our analysis. In Sect. 3, we show
to the so-called plan-parallel biases (Cahalan, 1994; Szczaglobal comparisons of the two COT products. A discussion
et al., 2000), COT is generally underestimated. Observationsf potential uncertainties is provided in Sect. 4 according to
of liquid clouds from AVHRR or POLDER show an impor- spatial resolution, cloud microphysics and observation ge-
tant decrease in retrieved COT in forward directions, espe-ometry. At last, conclusions and perspectives are given.
cially at oblique sun (Loeb and Coakley, 1998; Buriez et al.,
2001), which is darkened by cloud-side shadowing in for-
ward scattering viewing geometry. On contrary cloud-side
illumination can lead to a positive bias in backscatter direc-
tions (Varnai and Marshak, 2002; Iwabuchi and Hayasaka,
2002). A better understanding and assessment of possible u

certainties are needed to obtain a better cloud cllmatolog3{raI imaging radiopolarimeter designed to provide global and

and also for the improvement of retrieval algorithms. repetitive observations of the solar radiation and polarized
Many satellite sensors such as Advanced Very High Res- P b

olution Radiometer (Heidinger et al., 2005), Spinnig En- radiance reflected by the Earth-Atmosphere system. The in-

nanced Vil and il mager (SEVIR) (Rocbeing S1UTI ST O L e 1 0 e (500l
et al., 2006), MODIS (Platnick et al., 2003), and POLDER = olarizel?s A CDDg (Charged goug IechJ Device) an
(Buriez et al., 1997) have developed their own algorithms. P ' 9 b

All these instruments have different spectral and spatial charr®Y of detectors that induces a moderate spatial resolution

- . . X ; of about 6 km at ground independent of the viewing angle.
acteristics and different assumptions (microphysics, surfac : i
. . . hen it passes over a scene, POLDER acquires up to 16

reflectance, etc.) are used in the retrieval associated algo- . .
) ) L successive multiangle measurements of both the total and
rithms. They have thus different strengths and limitations to : ; S

. : : olarized solar radiance in eight narrow bands from 443 to
retrieve COT and an assessment of these differences is re- . ;

) : ) 020 nm for daytime observations only.
quired. In order to establish climate records of cloud cover

roperties, it is expected that merging of products derived MODIS is a 36-bands scanning spectroradiometer on
prop J P . ging of p e board Aqua, launched in May 2002 as a part of NASA's Earth
from multiple sensors will be necessary. In addition, inter-

. ; Observing System (EOS) (King et al., 1992). It provides 29
comparison of cloud products from different sensors can -
. . . . .. spectral bands at 1 km resolution, 5 bands at 500 m resolu-
help in assessing the quality of each. This study was ini-

tially motivated by the global inter-validation of cloud prod- tion and 2 bands at 250 m resolution. lts spectral coverage
ucts (including but not limited to COT) derived from the ranges from visible (VIS) to thermal infrared (IR) (0.415 to

two different passive sensors (POLDER and MODIS) and14'235 um). Cloud mask is based on a variety of 'Fegts using
. e as many as 20 of these 36 spectral bands to maximize relia-
secondly by the wish to understand and qualify differences ;.. :
; .. Dility of cloud detection.
observed, accounting for each sensor own characteristics.

POLDER makes measurement of clouds in multiple direc-

2 Instruments characteristics, data and algorithms

POLDER is a component of a series of sensors (Deschamps
et al., 1994), developed by CNES (French Space Agency),
%Ying on board PARASOL since 2004. It is a multispec-
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To determine COT, both the POLDER and MODIS oper- mean COT and its standard deviation. Note that in this paper,
ational algorithms employ the so-called plane parallel (PPA)in order to make easy comparisons with the MODIS product,
and independent pixel cloud assumptions (IPA clouds) withwe work only with the optical thickness, although using its
the solar reflective method (Nakajima and King, 1990). Themulti-angular capability, a mean angular weighted spherical
official product for POLDER is derived from the 0.67 um albedo is also derived for POLDER (Buriez et al., 2005).
channel over land and 0.865 pm channel over ocean (Buriez The main differences between the POLDER and the
et al., 1997) while MODIS makes use of the 0.645 um bandMODIS processing lines that can affect the retrieved COT in
over land, the 0.858 um band over ocean and the 1.24 proase of thick clouds are thus the initial resolution (POLDER:
band over sea ice or snow covered surfaces (Platnick et alf x 7 km?, MODIS: 1x 1 kn?), the differences in cloud mi-
2003). Concerning liquid clouds, MODIS algorithm uses a crophysics assumptions and the ability of POLDER to ob-
natural lognormal size distribution for water droplets with an serve different viewing geometries. MODIS has a higher res-
effective variance of 0.13 while POLDER algorithm uses a olution and provides particle size information. On the other
gamma distribution with an effective variance of 0.15. Opti- hand, POLDER takes advantage of up to 16 viewing direc-
cal properties are computed following Mie theory. The main tions to provide an average optical thickness and to assess its
difference comes from the values of the assumed particlangular consistency. Indeed, a large angular dispersion of re-
effective radius, which vary for MODIS but are fixed in trieved COT can be attributed to the departure of POLDER
POLDER algorithm with only two distinct values over ocean observations from the microphysical assumptions or from
and land. MODIS uses different particle sizes obtained fromsingle one layer PPA model (Parol et al., 2000). The optical
its water absorption channel in near-infrared range whilethickness comparisons presented in the following are made
POLDER, which has no particle size information, assumesat the POLDER super-pixel scale of abouts2@0 kn? us-
clouds composed of water droplets with a constant effectiveing the PM (POLDER-MODIS) dataset, which contains both
radius of 9 um over land and 11 pm over ocean (Buriez et al. POLDER and MODIS level 2 official cloud products collo-
1997; Parol et al., 1999). For ice clouds, MODIS Collection cated and reprojected on a common sinusoidal grid (Zeng et
5 products are derived using the Baum05 Model (Baum etal., 2011). POLDER single orbit files are used as reference
al., 2005) which consists in a mixture of different ice crys- for collocation of coincident MODIS granules. For each in-
tal habits. It uses 12 size distributions of crystals composedlividual POLDER product orbit file, the sinusoidal grid used
of mixed habits (droxtals, aggregates, bullet rosettes, hollowfor collocation is centered at POLDER ascending node lon-
columns, solid columns and hexagonal plates) with the frac-gitude. Optical thickness for both sensors is then averaged at
tion of each habit depending on particle size. These habit®0 x 20 kn? from the official level 2 products. Cloud frac-
definitions are based on in situ observations from the FIRE4ion is determined directly for each instrument at their own
Il experiment. POLDER uses a fixed model, the Inhomoge-initial level-2 product resolution that is from abouk33 pix-
neous Hexagonal Monocrystal Model (IHM) (C.-Labonnote els for POLDER and 2& 20 pixels (at nadir) for MODIS.
et al., 2000, 2001), which assumes that light is scattered byNote also, that only 2& 20 kn? pixels that are classified
randomly oriented hexagonal ice crystals containing air bub-overcast cloudy or partially cloudy by both instruments at
bles aimed at reproducing real crystals imperfections. Optithe same time are considered for this study to limit impact
cal properties of a single crystal of 40 um with an aspect ratioof differences in cloud detection. The comparisons and re-
of 2.5 are considered. Note that although the IHM model cor-sults presented in this paper are for a full year period from
responds to a single particle size, it has been designed to prdecember 2007 to November 2008 allowing sufficient sam-
vide an optimized global angular consistency of POLDER pling and representativeness with more than 100 millions of
multiangle COT retrievals. For POLDER, the surface albedocloudy pixels.
and bidirectional reflectance over land are obtained from sur-
face parameters previously retrieved from POLDER observa-
tions under clear-sky conditions by the POLDER “Land sur-3 Results
faces” processing line (Leroy et al., 1997) while over ocean
it is calculated using the Cox and Munk (1956) model de-3.1 Geographical distributions
pending on the surface wind velocity derived from ECMWF
analysis. For MODIS, the surface albedo is from 16-day 1-We first compare POLDER and MODIS COT through their
km composites of clear-sky observations in MOD43 productsgeographical distributions and their differences (POLDER
(Strahler, 1999). minus MODIS) for overcast (Cloud Fraction, &FL for

In the same way as for cloud fraction, the POLDER both sensors) clouds (Fig. 1). We present distributions for
COT s first retrieved at the initial resolution of POLDER all overcast clouds (first line) and for overcast clouds sepa-
(6 x 7kmP) for the 16 view directions. It is then averaged at rated by cloud phase classes. At first glance, one can notice
the super-pixel resolution (2020 kn¥) to obtain a “direc-  that POLDER and MODIS show similar COT distributions
tional” optical thickness (used in Sect. 4.3), which is after- regardless of cloud phase class. Note however that POLDER
ward weighted averaged over the 16 directions and provides &0Ts are globally lower than MODIS ones (color scales are
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Fig. 1. Geographical distributions of mean POLDER COT (first column), MODIS COT (second column) and the corresponding COT dif-
ferences (POLDER-MODIS) (third column) for all the clouds (first line) and clouds separated in 4 different phase classes: POLDER-liquid
MODIS-liquid (second line), POLDER-ice MODIS-ice (third line), POLDER-liquid MODIS-ice (fourth line) and POLDER-ice MODIS-
liquid (fifth line). Important note, for clarity reason, color scales are different for POLDER and MODIS COT.

not the same for POLDER and MODIS) except for the caseprimarily because a significant increase in the amount of de-
POLDER-liquid/MODIS-ice. These differences will be dis- tected thin cirrus has been found over land with a lower IR
cussed in Sect. 4. threshold (Rossow and Schiffer, 1999). As we will see latter,
Also and not surprisingly, the thickest ice clouds errorin phase identification for thin cirrus over liquid cloud
(COT=> 20) are found mostly in the Inter Tropical Conver- can indeed lead to an artificial increase of COT. Moreover,
gence Zone (ITCZ) and in the Storm Tracks (ST) zoneslow-level clouds over land can also extend to larger heights
over ocean and over northern South America, southern Soutkielding larger optical thicknesses than low-level clouds over
Africa, southern Asia and eastern North America and princi-ocean (Warren et al., 1986, 1988).
pally over land. The thickest liquid clouds (COT20) are For cases where POLDER and MODIS disagree on phase
also found in these regions except in the ITCZ where con-assumption, the POLDER-liquid/MODIS-ice class clouds
vection processes are strong. Clouds are vertically extendeldave the largest COT and the POLDER-ice/MODIS-liquid
and their tops are primarily composed of ice particle. Pas-class clouds tend to have the smallest COT. This suggests that
sive space-borne sensors in solar and thermal infrared rangbe POLDER-liquid/MODIS-ice clouds are mostly linked to
classify therefore them as ice even if water in liquid phase isthick clouds in multilayer systems, for example very thin cir-
present below. rus (COT< 2) above liquid clouds (Zeng, 2011). In such sit-
Secondly, regardless of cloud phase, thicker clouds areiation, polarization features of underlying water cloud well
found over continent for both POLDER and MODIS. This marked with a strong signal in the cloudbow directions still
agrees with ISCCP C product but not with ISCCP D prod- appears in measured radiances, leading to identification of
uct where the land-ocean contrast of COT has been removedater phase corresponding to the lower layer. MODIS uses

Atmos. Chem. Phys., 12, 112484259 2012 www.atmos-chem-phys.net/12/11245/2012/



S. Zeng et al.: A better understanding of cloud optical thickness 11249

30 = " 6 30 " 6 20 4 30 6
(a) Lig(P)-Liq(M) (b) Liq(P)-Ice(M) (c) Ice(P)-Liq(M) (d) Ice(P)-Ice(M)
- - - coT(m)
25 —— COoT(P) 5 25 25 5
- — = (1-g) X COT(M) . - .
% 20 (1-9) X COT(F) V12448 20 O 20 43
= O
o X0 o >
o =0 x5 =
3 3P 15 CRE 3P
2 10 10 2
5 1 5 1 0 0 5 1
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Latitude (°) Latitude (°) Latitude (°) Latitude (°)
15 15 20 = 20 15 15 15 15
(e) Ligq(P)-Liq(M) (f) Liq(P)-lce(M) (g) Ice(P)-Liqg(M) (h) Ice(P)-Ice(M)
- - - coTm) s
—— COT(P) .
.
10 ~ ~ ~(1-gXxcoT(M) /1o 10 10 10
c (1-g) X COT(P) - 5 = ~ s
= |-~ I Okr Sl | S8
£0 ~ - . =< O o
So| 7T~ S A o x O \ / ol
o v~ 2 5 w N L7 w
5 s 5 50 5 N 0 489
w TN v aaa Y ’
\——N\/ w
0 0 0 0 0 0 0 0
60 -40 -20 0 20 40 60 60 -40 -20 0 20 40 60 60 -40 20 0 20 40 60 -60 -40 -20 O 20 40 60
Latitude (°) Latitude (°) Latitude (°) Latitude (°)

Fig. 2. First line: latitudinal variations of MODIS and POLDER COT (left axis: red) and the scaled COT calculated-ty) KLCOT (right
axis: blue) for 4 different overcast clouds classes determined by cloud combined phase: POLDER-liquid and MOD(&}iBQd4DER-
liquid and MODIS-ice(b), POLDER-ice and MODIS-liquidc), POLDER-ice and MODIS-icéd). Second line: latitudinal variations of
MODIS and POLDER COT (left axis: red) and the product CEQT (right axis: blue) for 4 different broken clouds classes determined by
cloud combined phases: POLDER-liquid and MODIS-liq(eé) POLDER-liquid and MODIS-ic€f), POLDER-ice and MODIS-liquidg),
POLDER-ice and MODIS-icéh). In the legends, letter M stands for MODIS and letter P for POLDER.

IR channels as part of the phase algorithm decision, whictcal thickness «) is multiplied by the factor (+ g) (Eq. 1),
on contrary, leads to ice phase identified as brightness temwhereg is the asymmetry coefficient. This asymmetry coeffi-
perature differences used are very sensitive to presence dafient (g) is the ratio of the forward to the backward scattering
elevated cold thin cirrus (Riedi et al., 2010). The POLDER- (close to one means forward scattering with highly peaked
ice/MODIS-liquid phase is suggested to be associated to thiphase function).
clouds or aerosols over low clouds (Waquet et al., 2009). .
The angular polarized signal of the ground or non—sphericalr =tx(1-g) (1)
aerosols is much closer to the ice clouds. The scaled optical thickness depends thus less on cloud mi-

For unambiguous ice clouds, the COT differences are negerophysical assumption (cloud phase, cloud particles radius
ative over the whole globe. The largest differences appeaand shapes) and almost only on surface albedo and cloud re-
over land, in the ITCZ and the STs. For confident liquid flection. This formulation allows to account partially for the
clouds the differences are also negative in the STs and ovatlifferent assumed microphysics in POLDER and MODIS re-
land but appear negligible over ocean in tropics and middletrievals (see Sect. 4.2). The latitudinal distributions of COT
latitudes with slightly positive differences in the ITCZ and for ice or liquid clouds have similar trends with large values
around the continents especially around China where theyn the Storm tracks zones and small values in the subtropics.
may be associated with polluted air and smaller droplets. FoAs already mentioned, we see that ice and liquid COT have
POLDER-ice/MODIS-liquid phase clouds, COT differences a different behavior in the ITCZ with larger values for ice
are slightly negative almost all over the globe with quasi- clouds, which does not appear for liquid clouds. Confident
zero values found over some tropical oceans. For POLDERSsingle layer liquid clouds (i.e. without overlaying ice clouds)
liquid/MODIS-ice phase clouds, the differences are mostlyare rarely occurring in the ITCZ and result statistically in
positive over the entire globe, especially in the STs. Thesesmall mean liquid COT in this zone. COT of confident liquid
will be explained in Sect. 4. clouds derived from POLDER is very similar to MODIS with

In Fig. 2a to d, we present latitudinal variations of COT maximum relative differences smaller than 10% (Fig. 2a).
for overcast clouds for the four different cloud phase classesFor confident ice clouds, the POLDER COT is on average
We have also plotted latitudinal variations of the scaled op-smaller than the MODIS one with an almost constant differ-
tical thickness (King, 1987). “Scaled’t{) means the opti- ence of 5 (Fig. 2d). For clouds with inconsistent phases de-

termined, we see that the sensor using the liquid cloud model
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Fig. 3. Seasonal cycles of COT for overcast clouds over South Hemisphere mid-latitude region$ @pEBSt column) and tropical regions

(0-3C S) (second column), over North Hemisphere tropical regions (ON3Qthird column) and mid-latitudinal regions (30-61) (fourth

line) with different combined cloud phases: POLDER-ice and MODIS-ice (first line), and POLDER-liquid and MODIS-liquid (second line).
Ocean data are in red and land data in blue. The solid circles present data from MODIS and the hollow circles from POLDER. The values in
the figures correspond to annual mean COT in the regions.

always provides larger COT than the other using ice cloudThis is consistent with the fact the product CQTCF shows
model (Fig. 2b and c). We note also that, in case of POLDER-closer variations.
liquid/MODIS-ice phase class clouds (Fig. 2b), both COTs
increase polewards as thicker cloud are found in the storn®.2 Seasonal cycles
tracks. However, POLDER COT increases more rapidly than o
MODIS ones. As we will discuss in Sect. 4.2, here positive 1€ Séasonal cycles of COT are plotted in Fig. 3 for MODIS
COT difference (POLDER-MODIS) primarily comes from and POLDER, separately for land and ocean. We subtract the
different asymmetry factor used in the retrieval, which is as-2Mnual mean COT from the monthly average in order to re-
sociated with cloud phase and effective radius. move the systematic bias that exists between the two COT
Figure 2e to h present latitudinal variations of COT for and. focus on seasonal variability analysis. The seasonal cy-
broken clouds. Broken clouds correspond to the cases whetgl€ 1S calculated for overcast clouds for both POLDER and
both sensors indicated broken clouds<(@F < 1). For these MODIS sensors according to cloud occurrence regions (i.e.
clouds, COT values are logically reduced compared to overSubtropics and middle latitudes over ocean and land in each
cast clouds as clear sky part should often be present in thB€mMisphere) and to their combined thermodynamic phases.
sub-pixel scale. For any phase class, we note that the MODIETOM the figures, we first see that the COTs from the two
COT is larger than the POLDER one. Differences between>¢1S0rS d_epend Iogl_cally on the seasons and regions. For a
the two COT are a lot reduced when multiplied by CF (blue S2M€ region and with a consistent thermodynamic phase,
curves). We will discuss this point in Sect. 4.1. In addition, MOPIS and POLDER COTs have quite similar temporal
we note that POLDER COT presents smaller latitudinal Vari_va_nanons, espeC|a}IIy.for clouds Wlth consistent liquid phase
ations than the MODIS one, which increase towards high lat-(Fi9- 3€ to h). For liquid clouds (Fig. 3e to h), COT shows al-
itudes. As POLDER has a lower resolution and multianglemOSt asymmetrical characteristics in South and North Hemi-
observation capability, POLDER CF tends to be less sensiSPheres over both land and ocean, with thicker clouds in win-
tive to sub-pixel cloud fraction and most of subpixel holes t€r Of €ach hemisphere. This agrees well with ISCCP clima-
are not seen regardless of the latitude, generally leading t&°109Y (Rossow and Schiffer, 1999; Rossow etal., 1989). The
higher cloud fraction in broken condition and therefore to NIy noticeable exception is over land in the mid-latitude of
smaller optical thickness. MODIS with its higher spatial res- S0uth Hemisphere certainly because of smaller sample. For
olution characterizes more fractional clouds and thus finddC€ clouds (Fig. 3a to d) in both hemispheres, seasonal varia-

thicker and more fractional clouds towards the high latitudes iONS are more pronounced with differences between ocean
and land. Clouds are thicker over ocean in winter of the
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Fig. 4. Two-dimensional histograms of POLDER and MODIS COT for 4 different classes of overcast and broken clouds over ocean. They
are separated by cloud combined phase. Color scale on the right represents the logarithm of the pixel number. Dashed lines are the one-tc
one function lines meaning the POLDER COT equal to the MODIS one. Solid lines are the computed linear regression functions between
POLDER (y-axis) and MODIS (x-axis) COT, with slopes and correlation coefficigt)titapeled above the solid lines.

two hemispheres and over land in summer of the two hemitwo sensors agree on phase index (confident ice and liquid
spheres. The first may be attributed to frontal system depreszlouds). These results show that there is a strong linear re-
sions and winter storms. Over land in summer, thicker clouddationship between POLDER and MODIS CQOTs. The slope
may be associated to convection that develops in the early afis very good with value close to the unity for liquid wa-

ternoon. ter clouds but is only about 0.74 for ice clouds. For clouds
with inconsistent phases between the two sensors (Fig. 4b
3.3 Pixel-to-pixel comparisons and c), both slopes and correlation coefficients are logically

worse compared to consistent phase cases (Fig. 4a and d).
We now show pixel-to-pixel comparisons between the coTs/Ve also notice that the slope of the POLDER-ice/MODIS-
of the two sensors. Comparisons are analyzed in term o quid clouds .(F'g' 4b) is below one, which means that the
slope and correlation coefficient of the linear regression as_éhggl)spggfIhE Laé?_%égaﬂqtgg /D%LSEF:CZZEL%Z fgigtrig'
suming linear relationship between the two dataset. Thes o ) L
g P p greater than one, which means that the POLDER COT is

two parameters give a measure of the pertinence of the Iinezz'4| than the MODIS Th its illustrat .
relationship and should be equal to one for perfect relation. rarger than the one. fnese results wustrate again,
g needed, that a correct identification of phase and micro-

Among all conditions, overcast scenes over ocean can b hvsics is critical for COT retrieval. We will di
considered as ideal situations for retrieving COT. Selectingp ysics 1s critical for retneval. We will discuss more

these clouds, we plot the one-year statistical two—dimensiona@reclsely these differences and their associated impacts in
histograms of POLDER and MODIS COTs for four differ- ect. 4.2. )

ent combined thermodynamic phase classes (Fig. 4a to d) to Comparls.ons.between the two. sensors for broken clouds
show COT relationship between the two sensors. Overcas§ < shown in Fig. 4 (e to h). Slightly less broken clouds

L : , o 4.38 x 10’ pixels are broken compared to88 x 107 over-
condition is determined as previously from combination of
POLDER and MODIS. In these figures, we first note that cast) are selected. POLDER and MODIS agree on the phase
in overcast cases (corresponding t8&x 107 pixels), most detection for 83 % of the cases and the majority of broken

clouds have the same phases determined by both sensor@{PUds (72% of the cases) have liquid phase. For broken

82 % pixels are in agreement with 43 % detected as quuidC ouds, the mean COT at super-pixel scale is computed by av-

and 39 % detected as ice by both sensors. For the four dif'fer-eraging the COT of the cloudy part. Regardiess of thermody-
amic phases, we find out that the correlation coefficients are

ent phase classes, the correlation coefficients are quite impop- .
tant with values greater to 0.8 and even above 0.92 when thg/pmally smaller than 0.7 for broken clouds. The slopes are
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entirely below 1 with POLDER detecting much smaller COT. 1@ 1oe(P)-loe(M) Broken Ocean 150) loe(P)-Lia(M) Broken Ocean
Compared to overcast conditions, at first appearance, the re Total Number : 5.03E+06 < Total Number : 5.14E+06 .~
lationships between COTSs from the two sensors seem thust ,, 12
be much worse. Cloud detection is indeed more difficult for & /&ofb% g .
broken cloud scenes and some disagreements on cloud frax 8 @*;02\ =8 4 ?\,oﬁ“"
. . . = B
tion between the two sensors can explain the COT difference § VG@ 'é 2 A,g«“A .
. . 4 - 4 29
for broken clouds. As discussed in Zeng et al. (2011), cloud . A
fraction disagreement is due to the difference in the senso o 6
. . . . . 0 4 8 12 16 0 4 8 12 16
spatial resolutions, to the misclassification of heavy aerosol: COT X CF (M) COT X CF (M)
loadings or toa bad c_JIetectlor_l of thin cirrus. This impact of ) i p)-ice) Broken ocean () Li(P)-Liq(M) Broken Ocean 4
sensor spatial resolution and its consequence results on CC 167 e oe 221 " Total Number - 317640780 ,
retrieval will be discussed in Sect. 4.1. o 12 7
E12 Q{/Q /// @ %‘5/ .
I (éb o E‘) 6&
o : _ B
<8 7 x 8 oY
8 &/ g o
. . . B 7 () P .//
4 COT retrieval uncertainties g A
4.1 Impact of the sensor spatial resolution 4 8 2 16 a 8 12 16
COT X CF (M) COT X CF (M)

As already described, COT is only retrieved for the pix- Fig. 5. Two-dimensional histograms of the product COTF of
els detected as cloudy and the final COT is averaged at thé different broken clouds over ocean separated by cloud com-
super-pixel level considering only the cloudy pixels. Inter- bined phase. Color bars represent the logarithm of the pixel num-
nally, the correctness of cloud identification can thereforegg-l_ gg;hec%ingsu‘:ﬁot?ﬁeOl\’/l‘(e)'g’l's"”c‘;g“g‘;iiznligggsagiﬁgizgnihe
strongly Im.paCt.COT retrieval. MODIS with a higher spatial uted linear regrgssion function of POLDER (y-axis) and MODIS
resolution identify much smaller clear scenes among cloud . ) ) >
than POLDER. Consequently, for regions of fractional cloud x-axis) COTx CF, with slopes and correlation coefficiente) (a-
) P beled above the solid lines.

cover, the POLDER cloud cover is larger than the MODIS
one (Zeng et al., 2011). However, in such cases, except over
bright surfaces, the reflectance used for the POLDER COT
retrieval is reduced by the sub-pixel holes among clouds andghowing that COT retrieval is anyway less reliable in case of
the derived COT is thus smaller compared to the MODIS one broken cloud fields.
Itis clearly identifiable in Fig. 4 (e to h) where the POLDER  These results stress out again that the sensor resolution af-
COT is much smaller than the MODIS one. This bias di- fects the COT retrieval via the cloud cover difference and that
rectly associated to cloud identification can be attributed toCOT values should not be used without knowledge of cloud
the sensor resolution difference. In order to account for it, wefraction. This well known mechanism should absolutely be
present in Fig. 5 the pixel-to-pixel comparisons of the prod-accounted for when building statistics on cloud cover from
uct COTx CF for broken clouds. Compared to Fig. 4 (e to h), multi-sensor dataset.
which show pixel-to-pixel comparisons of COT for the same In addition, compared to MODIS, POLDER with a lower
cases, it is clear that both the correlation coefficients and theesolution ignores not only the sub-pixel cloudiness but is
slopes of the relationship have been greatly improved for allalso less sensitive to some of the sub-pixel cloud inhomo-
phase classes. Linear regressions with higher confidence ageneities. When POLDER considers a cloudy pixel at a
much closer to the first bisecting line. This is also confirmed6 km x 7 km resolution, MODIS with a pixel resolution of
by the curves of the product COICF in Fig. 2e to h. 1kmx 1km accounts for a part of the sub-pixel variability.

To go further, in Fig. 6a, we also plot for liquid oceanic The convex nature of the reflectance-COT relationship im-
clouds the two constants (slopes and correlation coeffiplies that the mean COT of two cloudy pixels is larger than
cients) of the relationships between COT and the producthe effective COT derived from the mean reflectance of the
COT x CF as a function of MODIS cloud cover. It is clear two pixels (Cahalan, 1994; Szczap et al., 2000). Therefore,
that both the slope and the correlation coefficient for theCOT retrieved from the average reflectance of the pixels is
COT relationships increase with cloud fraction almost lin- smaller than the linear average value. As POLDER cannot
early. Smaller cloud cover leads to larger dispersion, corre-account for the sub-pixel heterogeneities, the POLDER COT
sponding to weaker relationships between the two sensoris expected to be smaller than the MODIS one. To observe
products. Looking at the product COICF, we notice that this, in Fig. 6b, we present correlation coefficients and slopes
the slope is a lot improved (closer to unity) and less depenbetween POLDER and MODIS COTs for different inhomo-
dent on cloud cover. However, the correlation coefficient isgeneity parameters, which are determined as the ratio of the
just slightly improved and still increases with cloud cover standard deviation to the mean COT computed from MODIS
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Fig. 6. Slopes and correlation coefficien®, of the relationship between POLDER and MODIS COT in blue and between POLDER and
MODIS COTx CF in red in function of MODIS cloud cover). Slopes and correlation coefficients of the relationship between POLDER
and MODIS COT in function of cloud inhomogeneity from MOD({§). Only the liquid overcast (for POLDER and MODIS) clouds over
ocean are considered. Dashed curves represent the number of samples in each case.

product. We see for homogeneous clouds (inhomogeneity pe () ice(p)-ice(M) Overcast Ocean (b) Ice(P)-Liq(M) Overcast Ocean
rameter close to 0), that both the correlation coefficients anc °
the slopes values are high and close to one. When cIoudE 7.2
become more inhomogeneous, these two constants decreag s,
steadily. It means that the more inhomogeneous the clouds

are, the smaller the POLDER COT compared to the MODIS‘TZ’:"6
one and the weaker the coherence between the two are. Kee 18
also in mind that when sub-pixel cloud inhomogeneities are
important for the two sensors, the COTSs retrieved from the © M g xcorm
two are underestimated.

(1-g) X COT (P)

7.2 9 0 1. 7.2

8 36 54
(1-g) X COT (M)

(c) Lig(P)-Ice(M) Overcast Ocean (d) Liq(P)-Lig(M) Overcast Ocean

. . Total Numb ® Total Number, 2
4.2 Impact of cloud microphysics . .
O S 0
Another important factor that impacts the retrieved COT § 54 g 54
concerns the choice of the microphysical model, in partic-X s6 =36
ular the associated scattering phase function. As shown i|£1_8 >/ éw
Zeng (2011), POLDER and MODIS may have inconsistent

phase decisions but even in case of consistent phases, th: % 15 36 54 72 9 % 18 36 54 72 9

use different particle microphysical model to retrieve COT, (i-g)xcorh (i-g)x cor

especially for ice clouds where different microphysical mod- Fig. 7. Two-dimensional histograms of the product COTL — g)

els are used (see Sect. 2). For water cloud, the main differtoy the 4 different overcast clouds over ocean separated by cloud

ence comes from the particle size which is fixed for POLDER combined phase. Color bars represent the logarithm of the pixel

(9 um over land and 11 um over ocean) and determined fronmumber. Dashed lines are the one-to-one function lines meaning the

its near-infrared channel for MODIS. To account for these POLDER COT equal to the MODIS one. Solid lines are the com-

differences in a first order, we introduce the scaled opticalputed linear regression functions of POLDER (y-axis) and MODIS

thickness (King, 1987) (Eq. 1). The potential optical thick- (x-axis) scaled COT, with slopes and correlation coefficiedis (

ness bias associated to the uncertainties of scattering mod@beled below the solid Iines._ Note that figures axis _are_limited to

is assessed by comparing for overcast clouds over ocean tH&®Per values of 9 corresponding to COT of about 60 in Fig. 4.

relationships of the scaled optical thickness between the two

sensors in Fig. 7 and the relationships of optical thickness of

the same clouds in Fig. 4a to d. cerning inconsistent phase determination. Indeed, backward
Looking at Figs. 4 and 7 corresponding to different phasescattering for ice crystals is much stronger than for water

decisions (Figs. 7b/4b and 7c/4c), we see a great improvedroplets gice < gwate)- Thus, to reflect the same quantity

ment between the two scaled COTs which means that @f radiation back to satellites, COT of ice clouds need to

significant part of the differences between POLDER andbe smaller compared to water clouds. This being consid-

MODIS are directly linked to an important factor con- ered, it is fairly straightforward to understand that the slope
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for POLDER-ice/MODIS-liquid class clouds (Fig. 4b) is be-  The slope obtained in Fig. 4a for a whole year at the global
low one and the slope for POLDER-liquid/MODIS-ice class scale (0.74) is close to the value found by Zhang et al. (2009)
clouds (Fig. 4c) is larger than one. As the use of scaledfor only one granule (0.68). The better slope (0.74 compared
optical thicknesses (using corresponding asymmetry factorjo 0.68) and correlation coefficient obtained may be partially
partially removes dependence on microphysics assumptiordue to the improvement in the matching of POLDER and
closer relations between the two sensors are found for the inMODIS coincident pixels in PM data, but also to the more ex-
consistent phase cases in Fig. 7 (b, ¢) compared to Fig. 4 (densive statistics used for the present studies. COT is smaller
¢) and the slopes of scaled optical thickness are much closdor POLDER compared to MODIS because they use differ-
to unity. ent phase functions with an asymmetry factor of 0.766 for
For overcast clouds with consistent phases over oceaPOLDER and a value between 0.775 and 0.8808 for MODIS
(Fig. 4a and d), where the smallest bias are expected fronat 865 nm. For MODIS, less energy is thus returned back-
cloud detection, phase identification and surface impactward and the optical thickness of the cloud needs to be higher
COT is retrieved with a higher accuracy and confidence fromto match the measurement.
the two sensors. COT relationships between them should ap- Comparisons to optical thickness for ice clouds, the scaled
pear better with both slope and correlation coefficient closeroptical thicknesses leads to closer relations between the two
to unity. That is confirmed for confident liquid cloud cases sensors with the slope value much closer to one (Fig. 7).
but not for confident ice cloud cases where the correlationThese statistical results confirm that the bias in ice cloud op-
coefficient is good but the slope value is biased away fromtical thickness between POLDER and MODIS comes mainly
one. Note, when liquid clouds get thicker, POLDER COT from cloud microphysical assumptions as reported by Zhang
appears larger than MODIS one. This is an artifact becauset al. (2009). These results further stress out the critical need
MODIS algorithm uses an upper limit of 100 for COT re- for a better knowledge of ice clouds asymmetry parameter if
trieval, while POLDER COT has no upper limit with values we aim at a consistent description of ice cloud properties on
as large as 200. The averaging process at the POLDER supegtobal scale for climatological purposes.
pixel scale leads therefore to higher values for POLDER than
for MODIS. In addition, for large COTs, the dependence of 4.3 Impact of the observation geometry
reflectance on COT becomes weaker, so small changes in ra-
diances lead to large changes in COT. In this section, we go a little further to analyze POLDER
For liquid clouds, both sensors employ a Mie scatteringand MODIS COT and look at the bias associated to the ob-
model. POLDER has no real-time effective radius retrievalsservation geometry already highlighted by many other works
but uses a fixed value of 9 um over land and 11 um over oceafe.g. Loeb and Coakley, 1998; Buriez et al., 2001; Iwabuchi
whereas MODIS uses the effective radius retrieved from theand Hayasaka, 2002). During the retrieval process, some as-
near-infrared band. Consequently, the asymmetry parametesumptions have to be made either for simplicity and com-
(g) is constant for POLDER but increases with particle size putational speed or because not enough information content
for MODIS. However, as the sensitivity of visible reflectance is available from the data. If the cloud model was perfect
of liquid clouds to particle size is small, the impact of effec- and geographical samples were sufficient and unbiased, COT
tive radius bias on the POLDER COT deviation can be mostvalues should be almost constant with viewing angles. How-
of the time ignored except for particular scattering angles,ever, we see in Figs. 8 and 9 where polar graphs of COT
such as in cloudbow and backward directions (Parol et al.as a function of sensor zenith and relative azimuth angle
2000; Buriez et al., 2001). The good statistical relationshipbetween the sun and the sensor are represented, that there
between the liquid COTSs of the two sensors in Fig. 4d is thusare important angular variations. Polar graph allows to iden-
not really improved for the scaled COT in Fig. 7d. tify some deviations due to the inappropriate cloud model
COT retrieval for ice clouds is complex because it de- used for the retrieval. In addition, it can help to establish a
pends on the microphysical models used, which, contrary taeference to determine a suitable weighted average method
water droplets, presents a large diversity in terms of shaper to select the direction in order to obtain the best final
and size. The strategy followed in the algorithm of MODIS COT from directional COT. Hence, it is possible to avoid
and POLDER is completely different (Zhang et al., 2009). some systematical errors coming from 3-D effects, for ex-
PODLER used a fixed ice cloud model, the IHM (Inhomo- ample, shadow effect. Note that a weighted angular method
geneous Hexagonal Monocrystal) model, which was foundis already applied to derive the cloud spherical albedo and
to match, at the best, angular measurements of ice cloudthe optical thickness from the POLDER data (Buriez et al.,
made by POLDER. That implies the shape, size and thu005). In Fig. 8, we present 2-dimentional polar graphs of
phase function used in the POLDER algorithm is constantboth MODIS-derived COT for overcast liquid clouds of all
MODIS, which used several models built from in-situ obser- sun incidences and POLDER-derived COT for overcast lig-
vations of cirrus clouds, used variable ice particle distribu-uid clouds of all sun incidences and of different classes of
tions with their sizes determined by its near infrared channelsun incidences. In Fig. 9, we present the same figures, for
broken liquid clouds. The zero relative azimuth direction
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Fig. 8. Polar graphs of POLDER COT for overcast oceanic liquid clouds for different solar zenith angles (1st, 2nd lines and the 1st column of
the 3rd lines) and of MODIS COT for all sun incidence angles (lower right corner). Polar angle represents relative azimuth angle between the
satellite and the sun (fronf@orresponding to backscattering direction to 35®olar radius corresponds to the sinus of the satellite zenith
angle (from sin © = 0 to sin 90 = 1). Colors encode the averaged COT values for a given set of geometries. SZA means solar zenith angle
range. There is a poor satellite sampling for relative azimuth angles between 240eB8P@OLDER and between 60-12@nd 240-300

for MODIS.
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Fig. 9. Polar graphs of POLDER COT for broken oceanic liquid clouds for different solar zenith angles (1st, 2nd lines and the 1st column of
the 3rd lines) and of MODIS COT for all sun angles (lower right corner). Polar angle represents relative azimuth angle between the satellite
and the sun (from Ocorresponding to backscattering direction to 35%olar radius corresponds to the sinus of the satellite zenith angle
(from sin @ = 0 to sin 90 = 1). Colors encode the averaged COT values for a given set of geometries. SZA means solar zenith angle range.
There is a poor satellite sampling for relative azimuth angles between 240f@&0BOLDER and between 60-12@nd 240-309 for

MODIS.
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Table 1.Mean COT computed for the different sun incidences angles represented in the polar graphs in Fig. 8.

Sunangles 10-20 20-3¢ 30-40 40-50 50-60 60-7C 70-8C
Mean COT 7.70 10.98 10.57 16.53 16.38 21.06 19.46

corresponds to backward scattering direction. As MODIS ob-because more cloud sides are being seen. As explained in

serves only in one direction, it has limitations in sampling Sect. 4.1, this may result in a decrease of COT with the

different relative azimuth angles and figures by class of solaviewing angle (70-80% of the angular mean values). For

incidence angles are not very informative and thus not prePOLDER, we clearly see high values of COT around sun-

sented here. Figures built from POLDER cover more observ-glint directions where the bias can reach up to 100 % of the

ing geometries that thanks to the 16 observing directions. angular mean values. It points out that the limitation to pre-
For overcast clouds, we note that the angular mean COTsent COT retrieval in sun-glint regions is not conservative

increase with solar zenith angle. We also observed this in Taenough especially in case of broken clouds (Fig. 9). We also

ble 1. In this table, mean COTs for each polar graph are comebserve in the figure consistent underestimations of COT in

puted and increase from 7.70 for high solar elevation to aboubackward and cloudbow directions, which are about 75 % of

20 for low solar elevation. The increase of COT with solar the angular mean values. These underestimations are mainly

zenith angle on the one hand is due to geographical samdue to microphysical issues as the POLDER droplet effective

pling of an increase of thicker clouds with latitude (Fig. 2) radius is set to a constant value.

and on the other hand is due to 3-D radiative effects first

evidenced by Loeb and Davies (1996) from ERBE observa-

tions. They were reproduced with Monte-Carlo simulations -

by Loeb et al. (1997) and &nai (2000), which showed a 5 Conclusions

Iarger. ingrease of 3-D nadir and backward rgflectances'witqn this paper, we studied and compared cloud optical thick-
solar incidences compared to 1-D ones leading to a retrieved . (COT) retrieved from two passive sensors in the A-Train
optical thickness, which increases with solar zenith angles,,allation. POLDER/PARASOL and MODIS/AQUA
This is explained by side '"“m'“"’?“"” effects due to 3-D The accurate retrieval of this parameter strongly depends on
cloud structures not accounted for in the plane-parallel cIoudmany cloud and environment factors such as cloud cover
approximation used in operational algorithms. In additi,on'and thermodynamic phase, cloud particle information. After
we see cleazly that COT values decrease in forward dlrec'having reminded the main underlying principles of COT re-
tions s> 55° and aroundp = 18C°) for both sensors and trieval in the POLDER and the MODIS algorithms, we ana-

qure markedly f((j)r (_)bli(;que sun. In casz 3f low solar an%Ieslyzed global geographical distributions, latitudinal variations
etween 70-80 derived COT in forward directions can be 54 seasonal evolutions of COT. This helped to reveal spe-

as low as 50 9% of the angular mean \{alue. This COMES Paliific uncertainties in COT retrieval. We also studied pixel-to-
tially from the so-called planfparallel bias. The non-linearity pixel relationships of COT between the two sensors, separat-
‘?f the_ reflectance as a funcnon_of coTt Iegds to an underesl-ng clouds by class of phase and cloud fraction determined
timation of the mean optical thickness (Zinner and Mayer, ¢.0m a combination of POLDER and MODIS. Our results
20?6)} 'Ar‘]t Iovr\]/ sdolar_ eleva(tjplr, the p_Ian—praraIIell t:;as adrTE)pllfy show that, for overcast clouds with consistent cloud phases,
orlimit the shadowing andi ummz_;mon efiects in uce y 3- it exists a strong relation between the optical thicknesses of
D cloud structures, which respectively decreases or increasgf. wvo sensors. We notice that for liquid clouds, MODIS
the retrle_ved COT (drnai, 2000; ¥rnai Ef‘r_‘d Marshak, 2002; and POLDER COT have similar values while for ice clouds,
lV_Va_bUCh_' and Haysgka, 2002). In ad<_j|t|on, for low Sun, Wehe MODIS COT is larger than the POLDER one. For over-
distinguish a bow with smaller COTS in the cloudbow direc- ., 0oy ds with inconsistent phases, the sensor that employs
tions Iocatgd ?O abou_t 4drom the backwa}rd directions i.e., liquid phase model retrieves larger COT. In case of broken
when sun qugnce is 69 clogdpow IS sr.tuated fop =0 . cloud, we concluded that the COT relationships between the
near_26 of viewing angle). Th|_s IS assomatt_e_d to bOt_h Part- yvo sensors are much weaker. These results between the two
cle size assumption and cloud inhomogeneities (Buriez et al'optical thicknesses help to indicate in which conditions the

2001)-b cen cloud A g retrieved COT can be considered as suitable.
For broken clouds, we see that MODIS COT decreases  sq yhe second part of this study, we discussed many un-

W,'th viewing gngle (Fig. 9) both in forward and backwarq certainties and impacts of various factors in COT retrieval
directions, This deprease may come frgm Fhe cloud detection, -sqes Among all those factors, the sensor spatial resolu-
as the MODIS CF Increases W'th _the viewing angle (Zeng e ion is an important one and is first discussed. Through its im-
al., 2011) because the pixel size increases towards the edgg . o cloud detection, the spatial resolution differences can
of the scan corresponding to large viewing angles and als ias cloud cover (Zeng et al., 2011) and thus COT. Indeed,
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satellites with lower spatial resolution tend to detect larger
cloud cover and yield as a consequence smaller retrieve,
COT. In addition, the spatial resolution differences lead to
different plane-parallel bias due to inhomogeneous clouds
By neglecting the sub-pixel cloud inhomogeneities, satellites
with lower spatial resolution will detect smaller optical thick-
ness. Other uncertainties presented are associated to clotthe publication of this article is financed by CNRS-INSU.
microphysical models used in algorithm. A significant source
of uncertainties for COT retrieval lies in the choice of ther-
modynamic phase, cloud particles size and shape assumjReferences
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