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Abstract. This paper describes new advances in the ex-From the difference between CTOP and CMOP, a first es-
ploitation of oxygen A-band measurements from POLDER3timate of the cloud vertical exterit is possible. A second
sensor onboard PARASOL, satellite platform within the A- estimate of: comes from the correlation between the angu-
Train. These developments result from not only an accountar standard deviation of POLDER oxygen pressigg and
of the dependence of POLDER oxygen parameters to cloudhe cloud vertical extent. This correlation is studied in detail
optical thicknessr and to the scene’s geometrical condi- in the case of liquid clouds. It is shown to be spatially and
tions but also, and more importantly, from the finer under-temporally robust, except for clouds above land during win-
standing of the sensitivity of these parameters to cloud verter months. The analysis of the correlation’s dependence on
tical extent. This sensitivity is made possible thanks to thethe scene’s characteristics leads to a parameterization pro-
multidirectional character of POLDER measurements. In theviding z from op,_. For liquid water clouds above ocean in
case of monolayer clouds that represent most of cloudy con2008, the mean éifference between the actual cloud vertical
ditions, new oxygen parameters are obtained and calibratedxtent and the one retrieved frcm;z02 (from the pressure dif-
from POLDER3 data colocalized with the measurements ofference) is 5m+{12 m). The standard deviation of the mean
the two active sensors of the A-Train: CALIOP/CALIPSO difference is close to 1000 m for the two methods. POLDER
and CPR/CloudSat. From a parameterization thafis €) estimates of the cloud geometrical thickness obtain a global
dependent, withus the cosine of the solar zenith angle, a score of 50 % confidence for a relative error of 20 % (40 %)
cloud top oxygen pressure (CTOP) and a cloud middle oxy-of the estimate for ice (liquid) clouds over ocean. These re-
gen pressure (CMOP) are obtained, which are estimates afults need to be validated outside of the CALIPSO/CloudSat
actual cloud top and middle pressures (CTP and CMP). Pertrack.
formances of CTOP and CMOP are presented by class of
clouds following the ISCCP classification. In 2008, the co-
efficient of the correlation between CMOP and CMP is 0.81
for cirrostratus, 0.79 for stratocumulus, 0.75 for deep convec-l  Introduction
tive clouds. The coefficient of the correlation between CTOP
and CTP is 0.75, 0.73, and 0.79 for the same cloud typesCloud amount and the vertical distribution of cloud prop-
The score obtained by CTOP, defined as the confidence igrties are key parameters of the climate system through
the retrieval for a particular range of inferred value and for their major influence on the incoming solar radiation and
a given error, is higher than the one of MODIS CTP esti- the outgoing thermal radiation. Heating and cooling rates
mate. Scores of CTOP are the highest for bin value of CTPwithin the atmosphere, fundamental drivers in the climate
superior in numbers. For liquid (ice) clouds and an error ofsystem Stephens1978 Wang and Rossow199§, cannot
30hPa (50 hPa), the score of CTOP reaches 50 % (70 %)e well estimated without a good description of the vertical
cloudiness structure. Thus, among all the microphysical and
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macrophysical cloud properties, the cloud top pressure (CTPYyidth (see Fig.1l). Various studies have shown their capa-
and the cloud layer geometrical thicknes$ fepresent very  bilities to retrieve an apparent cloud pressure using differ-
desired parameters to be retrieved. For climate studies thosent sensors with narrow bands centered on the oxygen ab-
parameters must be provided on a global scale, and satesorption region Yanbauce et al.1998 Koelemeijer et al.
lites are the most appropriate tool. Active sensors such a2001, Fournier et al.2006 Lindstrot et al, 2006 Preusker
lidar (Winker and Trepte1998 Winker et al, 2007) or radar et al, 2007 Lelli et al., 2012 Yang et al, 2013, with differ-
(Mace et al. 2009 have the inherent ability to provide the ent spectral characteristics and different radiative inversion
base and top altitudes of cloud layers, but they suffer frommodels.
poor spatial coverage. It would be very interesting and valu- As was stated in the earlier literatur&afnamoto and
able to get the same information from space instruments thaiark, 1961 Saiedy et al.1965, multiple scattering within
have a large field of view like most passive instruments. cloud layers enhances absorption of radiation by dioxygen,
Different methods using passive measurements have beesnd thus affects the relevance and accuracy of the retrieved
developed to infer the cloud top level from space. The mostcloud pressure from A-band measurements. It partly explains
common one is the measurement of the brightness tempethe difference between apparent and actual cloud top pres-
ature at 11 um to obtain the cloud top temperature that issures, which has been largely recognized for the different
converted to the cloud top height (CTH) or cloud top pres-measurement approaches described previously. It leads to a
sure via a vertical atmospheric profilRgssow and Schiffer  systematic overestimation of cloud top pressure (underesti-
1999. This method is well adapted to high opaque clouds butmation of cloud top height)Manbauce et al1998, and the
is known to be inappropriate in the case of temperature inverapparent cloud pressure is actually close to the middle-of-
sions. For example, the MODerate Resolution Imaging Speceloud pressureManbauce et al.2003 Wang et al. 2008
troradiometer (MODIS) algorithm places the cloud above theSneep et al.2008 Ferlay et al. 2010. In the case of low
inversion, which can lead to a cloud top mislocation of aboutcloud deck that evidently has a thin geometrical thickness,
200 hPa KMenzel et al. 2008. Another method used to re- the bias is relatively small and the CTP can be fairly well de-
trieve CTP is the C@slicing technique\(ielicki and Coak-  termined, for example within 25 hPa with MERIS @-band
ley, 1981), that uses radiances measured within the 15 pntechnique Kindstrot et al, 2006.
CO;, absorption region. Because of the lack of sensitivity in ~ Referring tovan de Huls(1980, Ferlay et al(2010 sim-
the lower layers of the atmosphere, MODIS uses this methodilated photon transport and radiative transfer inside cloudy
only for clouds whose tops are higher than 3 km. For loweratmospheres, and showed that the vertical photon penetra-
clouds the MODIS algorithm reverts to the 11 um brightnesstion into cloud layers depends mainly on the cloud geo-
temperature method. Cloud top level can also be obtainednetrical thickness:, with an angular dependance, and so
from high spectral resolution infrared sounder instrumentsdoes the difference between POLDER cloud apparent pres-
like the Atmospheric Infrared Sounder (AIRS)/¢isz et al. sure and actual cloud top pressure. They further analyzed
2007). One advantage of the AIRS method is the ability to that, thanks to the multiangular character of POLDER instru-
simultaneously retrieve CTP and the sounding profile. Onement, POLDER oxygen pressure products anate poten-
can also mention methods that use stereo observatg®iz ( tially strongly correlated. A first intensive intercomparison
et al, 2007 Wu et al, 2009 or the polarimetry of reflected of cloud layer altitudes inferred from CPR/CALIOP collo-
sunlight Goloub et al. 1994 Knibbe et al, 2000. cated with POLDER measurements confirmed this correla-
An alternative method to infer cloud top pressure is thetion. Thus, the sensitivity of measurements in the oxygen A
exploitation of the absorption of solar radiation by the atmo-band to the unknown cloud geometrical thicknéssan be
spheric dioxygen molecules. Dioxygen is well mixed in the exploited in order to retrieve instead of being the most im-
atmosphere, and the depth of @bsorption can be related portant source of errors when deriving the cloud top pressure
to a certain atmospheric path length. Above a bright surface(Preusker and LindstrpR009. The present paper follows
as cloud acts in first approximation@bsorption that af- the study offerlay et al(2010. Based on an enhanced un-
fects solar radiation backscattered toward a spaceborne sederstanding of the sensitivities of POLDER oxygen pressure
sor is mainly related to the scene vertical location (the cloudand on an extended database, we show here how we can gain
height in our case) and to the solar and viewing geometriesfurther information about cloud pressures and vertical extent.
Such methods using reflected sunlight in oxygen-absorbing This paper is organized as follows. In Sect., 2, the char-
bands depend very weakly on the pressure/temperature veacteristics and principle of POLDER oxygen A-band mea-
tical profiles. They do not suffer for a lack of sensitivity in surements and pressure are reiterated, and the known bias
the case of low clouds, and are not sensitive to temperaturand sensitivity of POLDER oxygen pressure products are
inversions. After several theoretical studi®gy, 1985 Fis- presented. In Sect. 3, the other A-Train data used in this
cher and Grassl 991, Kuze and Changd 994, airborne ex-  study are detailed, as are the statistics of the cloud popula-
periments Fischer et al.1991) and satellite missions have tion on which our study focuses. In Sect. 4, we explain the
provided measurements in the oxygen absorption A band, @rinciple for getting estimates of cloud top and middle pres-
spectral domain centered at 760 nm and approximately 15 nrsures and the associated results. In Sect. 5, the strength and

Atmos. Meas. Tech., 6, 22212238 2013 www.atmos-meas-tech.net/6/2221/2013/



M. Desmons et al.: Improved information about cloud altitudes from POLDER3 2223

domain as well as the POLDER response filters for the two
channels.

The oxygen pressure algorithm is based upon the fact that
O2 absorption indicates the penetration depth of radiation
within the atmosphere. The oxygen transmittafigg from
the top of the atmosphere to a level pressBrand then
back to space is estimated by the ratio of POLDER radi-
ances measured at 763 and 765 iy, was precalculated
; 1| % for various reflector pressure levels, geometrical conditions,
04 and standard atmospheric models using a line-by-line model

------ POLDER763nm::‘:: i (Scott 1974 and spectroscopic parameters from HITRAN

"""""""" POLDER 765nm; ; 2004 Rothman et a).2005. An apparent cloud pressure is
02 thus inferred with the hypothesis of the atmosphere being

/ o a purely absorbing medium, the cloud as a perfect reflec-
, : tor, and with reflectances at 763 and 765 nm corrected for
Py I . gaseous absorption by water vapor and ozone. Details are
700 720 740 760 780 800 820 given inBuriez et al (1997). _
Wavelength (nm) 14Wlth |.ts_CCD sensor array, _POLDER acquires up to
guasi-simultaneous observations of the same elementary
Fig. 1. Atmospheric transmittance in the oxygen A-band region at pixel (6x 7 krr12) with dif‘ferent Viewing geometries. In the
the resolution of 5 cm? (~ 0.3 nm) for an air mass equalto 1and a l€vel 2 POLDER operational algorithm, the cloud pressure
standard midlatitude summer atmosphere. The filter's transmission¥alue assigned to a super-pixel ($&1 kn?) is determined
of the two POLDER @ bands (centered at 763 nm (765 nm) with a for each viewing direction from the spatial averaging of the
10 nm (40 nm) FWHM) are also given in dashed lines. results obtained for each elementary cloudy pixel with spher-
ical albedo larger than.8 (which corresponds to an optical
thickness equal to 2 for liquid water clouds and 3.5 for ice

characteristics of the correlation between the angular stanclouds). An additional correction is made over land surface
dard deviation of POLDER oxygen pressurg, and the 0 take into account the increase of the photon path length
lation and the new pressure estimates, the cloud geometric4Vanbauce et al.2003. The angular values are then aver-

thicknessh can be inferred in two ways. In Section 6, we aged accounting for cloud fraction — the mean is denoted by

compare the retrievals éfobtained from the two methods. ~ Po, — and the associated angular standard deviatigp is
calculated. For technical reasons as well as the question of

cloud pressure accuracy, the averaged cloud pressure is fi-
nally rounded to the nearest 5hPa and the angular standard

0.8

0.6

Transmittance

2 POLDER oxygen pressure deviation to the nearest®2hPa.
2.1 POLDER cloud oxygen pressure principle and 2.2 Known bias and sensitivity to cloud vertical extent
algorithm

Real clouds do not act as perfect reflecting boundaries. Solar
In this study we use data obtained from measurements of thphotons actually penetrate into the cloud layer before being
POLDER3 sensor onboard the PARASOL platform within backscattered toward space. Consequently, the photon path
the Afternoon satellite constellation (A-Trafitephens etal. is increased as well as absorption by oxygen. Because this
(2002). PARASOL was launched in 2004. Its orbit was low- increase is not accounted for in the POLDER algorithm, a
ered for the first time in December 2009, and then again inmain feature of POLDER cloud oxygen pressure is that it is
November 2011. Since then, PARASOL has not performedsystematically higher than the cloud actual actual top pres-
as many measurements coincident with other A-Train satelsure (CTP). Comparisons between POLDER apparent pres-
lites as previously, though the POLDER3 sensor still workssure and cloud top pressure derived from METEOSAT in-
perfectly. frared measurements showed a mean difference of 180 hPa

POLDER cloud oxygen pressure is inferred from mul- (Vanbauce et gl1998. Similar comparisons with the Inter-

tidirectional measurements in two large spectral channelsational Satellite Cloud Climatology Project (ISCCP) cloud
located in the oxygen A band, centered at around 763op pressure showed a bias of 140 hParfl et al. 1999.
and 765nm. Their values for full width at half maximum More precisely, cloud oxygen pressure appears to be close to
(FWHM) are respectively 10 and 40 nm. Figurdlustrates  the pressure of the geometrical middle of cloud layer. This
the spectral variability of the atmospheric absorption in thishas been observed with SCIAMACHY dat#/éng et al.
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Liquid case; = 10, H = 2km, SZA=60"° the sensitivity OfUP02 to h, the possible inversion df from
620 ‘ ‘ ‘ ‘ ‘ opo, for optically thick enough clouds, i.e., the feasibility of
CTP retrieving cloud geometrical thickness from multidirectional
. measurements in the oxygen A band.
$ 640y i From the dependence of POLDER oxygen products on
< cloud geometrical thicknegs we can investigate further in
g 660 order to improve the significance of the retrieved cloud pres-
7 sure, and truly invert the geometrical thickness of cloud from
g POLDER oxygen product. To reach these goals, we need to
c 680 further analyze the sensitivity of POLDER oxygen pressures
g and of the correlatior‘n(lp02 , h) to the scene’s characteristics.
< This is the purpose of the following Sects. 4, 5, and 6.
O 700 8
CBP )
‘ ‘ ‘ ‘ ‘ ‘ ‘ 3 A-Train dataset used
20 50 a0 20 0 20 40 60

0, x cos Ay (°) In the next section we present new inferences obtained from
POLDER cloud oxygen pressure level 2 parameRjsand
Fig. 2. Variation of simulated POLDER directional cloud oxy- op,,: new cloud pressures, and an estimate of the cloud geo-
gen pressure with the viewing zenith anggsin the solar plane  metrical thickness. The dataset that was used for this study is
(Ag is the measurement's relative azimuth). Characteristics of thepresented in this section. POLDER level 2 data were sampled
case study are indicated in the title. Horizontal lines indicate the;nder the CloudSat/CALIPSO track in order to get “true”
level of cloud top, middle, and base pressures (denoted respectivel&oud vertical locations from the lidar and radar echoes. The
by CTP, CMP, and CBP). The angularly averaged oxygen PressU'pR radar onboard CloudSat and the CALIOP lidar onboard
is hgre 667 hPe} and_ the angular standard deviation 11 hPa. DISCON&ALIPSO do indeed have complementarity sensitivities to
nuities of the directional cloud oxygen pressure-80° and—20° . ) i A )
are signatures of cloud scattering phase function. detec_t thin and_ thick scattering layers. This intercompari-
son filters daytime only CloudSat/CALIPSO data such as
POLDER oxygen pressure parameters. CALTRACK level 2
data belong to the pixels nearest to the lidar shots sampled
2008 and with POLDER dataanbauce et al2003 Sneep  at 5km. They are delivered by the ICARE thematic center
et al, 2008. as ICARE Multi-Sensor products (web addrdstp://www.
Ferlay et al.(2010 studied in detail the vertical photon icare.univ-lillel.fr). The horizontal resolution of POLDER
penetration — denoted by Z > — into the cloud layer. For level 2 data corresponds to the size of POLDER super-pixel
clouds optically thick enough, their Monte Carlo radiative (18x21 kn?). Level 2 CloudSat 2B5EOPROFELIDAR data
transfer simulations showed the strong dependeneef- have a horizontal resolution of®x 1.4 km?, and they pro-
on the cloud geometrical thicknegés with a weaker de- vide cloud base and top altitudes (LAYERBASE and LAY-
pendence on the cloud optical thicknessand cloud mi-  ERTOP) of no more than five cloud layetsn each atmo-
crophysical properties. It confirmed the asymptotic relationspheric column. From these altitudes, we obtain cloud geo-
< Z >= usiyh from van de Hulst(1980, with us and ey metrical extent denoted k¥, as well as cloud base, top, and
the cosines of the solar and viewing zenith angles, respecmiddle pressures (denoted by CBP, CTP, and CMP, respec-
tively. Because POLDER directional oxygen pressures argively). The conversion from altitude to pressure is performed
affected by< Z >, they depend accordingly on the cloud thanks to a local conversion index that has been added to the
geometrical thickness and the scene’s geometry. First, theCALTRACK_L2 2B_GEOPROELIDAR files. Pressures in
vary with the upwelling outgoing directions, and the angu- the atmospheric column come from meteorological reanal-
larly averaged oxygen pressure is close to the cloud middlg/ses Bloom et al, 2005 produced by the NASA Global
pressure. This is illustrated for one case in RigSecondly, Modeling and Assimilation Office (GMAQO), and are avail-
for clouds optically thick enough, the level of POLDER pres- able with CALIPSO CALLID _L2_05kmCPro files. All the
sures varies with the cloud geometrical thicknesand the  data used in this study are listed in TatleMODIS data are
angular standard deviatiom’up02 of POLDER pressures is used as a reference or to further filter data.
potentially highly correlated withh. Using a large set of To analyze the expected information contained in
POLDER data coincident with the measurements of the CPRPOLDER A-band measurements, we restricted our study to
and CALIOP sensors onboard CloudSat and CALIPS€);  cloud covers closest to the homogeneous plane-parallel deck
lay et al.(2010 confirmed the small bias betwediy, and  that is optically thick enough and whose thermodynamical
the cloud middle pressure (CMP) for monolayer clouds, andphase is similar when identified by POLDER or MODIS.
proposed a way to reduce it. They confirmed also, thanks tdr'he first condition is set through the following data filtering:

Atmos. Meas. Tech., 6, 22212238 2013 www.atmos-meas-tech.net/6/2221/2013/
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Table 1.Level 2 A-Train data (daytime only) used in this study collocated with lidar shots sampled at 5 km.

Product Dataset Horizontal Sensor (satellite)
resolution

Cloud oxygen pressurip,
Cloud oxygen pressure angular stan-
dard deviatiorp,
Cloud cover cc
RB2.v16 Cloud thermodynamical phase 181 kn? POLDER3 (PARASOL)
Cloud optical thickness
Cosine of the solar zenith angley
Surface type index

Number of cloud layers CPR/CALIOP
2B-GEOPROF-LIDAR.VO4  Cloud top altitudes LAYERTOP 52 1.4km?  (CloudSat/CALIPSO)
Cloud base altitudes LAYERBASE
MYDO06_L2.C5 Cloud top pressure MODIS CTP 5km MODIS (Aqua)
Cloud phase optical properties 1km

clouds are monolayered & 1), and the cloud cover is close is higher than 0.95 represent 87 %, and clouds with optical
to unity (POLDER fractional cloud cover “cc” — at the res- thickness larger than 5 are 73 % of the whole cloud overcast.
olution of 18x 21 kn? — is larger than 0.95). However, itis Clouds that are at the same time monolayered, not fractional
obvious that ice clouds that have a large vertical extent of(cc> 0.95), and optically relatively thick:(> 5) correspond
several kilometers are necessary more away from the modeb 47 % of all the clouds detected in 2008 under the Cloud-
of the homogeneous plane-parallel slab. For the second corB8at/CALIPSO track. Figurd shows the CPR/CALIOP cli-
dition we considered clouds with> 5. Indeedferlay etal.  matology of cloud top pressure CTP versus cloud vertical
(2010 have shown thaip,_ and the cloud vertical exter extentH for these selected monolayered clouds in 2008. Fig-
were correlated for liquid water clouds with> 5 and forice  ure4a and b are for ice clouds over ocean and land, respec-
clouds witht > 10. After a study of the sensitivity of the cor- tively, and Fig.4c and d for liquid clouds over the same sur-
relation betweewp, andH to the cloud optical thickness, faces. Here, red colors mean high density of cases, and blue
it appears that this correlation stays high for 5 whatever  colors low density. A common feature to these plots is the
the thermodynamic phase. correlation between lower cloud top pressure and higher ver-
This study focuses on the retrieval of parameters of singletical extent (with a bow shape for ice clouds), and the more
layer clouds. We give below some statistics in order to re-scattered feature over land. Concerning ice clouds, the main
alize the importance and characteristics of this cloud pop-difference between clouds over land and ocean in the GITP—
ulation among all clouds. According to CPR and CALIOP diagram is the higher density of geometrically thinner (geo-
measurements (2B-GEOPROF-LIDAR product), monolayermetrical thicknesses between 2000 and 7000 m) high-level
clouds represent 64 % of cloud covers in 2008. But their oc-clouds over land than over ocean. This is consistent with
currences vary with the latitude. It is shown in F&a with the climatologies obtained Wytubenrauch et a(2006 and
the plots of the zonal occurrences of monolayered and mulWarren et al(2012. Concerning liquid clouds, Figic and
tilayered clouds as a function of the latitude Bytins. 4d show that there are more clouds at higher altitudes and
The occurrence of monolayered clouds are higher at latithat clouds are more extended vertically over land than over
tudes larger than 2Gsouth and north, where it does not vary ocean. This observation is coherent w8tubenrauch et al.
a lot, mostly between 65 % and 70 %. It means that our study(2006 andWang et al (2000, and may be explained by the
deals with most of the clouds outside of the tropics. In thealtitude of the land surface and the highest occurrence of low-
tropics, the occurrence of monolayer clouds decreases signifevel cloudiness over ocean.
icantly down to 45 % to the benefit of multilayer clouds. Fig-
ure 3b shows that among monolayered clouds, liquid clouds

are dominant except for latitudes betweef® and +15°. 4 Definition of new POLDER oxygen pressures
On average, 53 % are liquid ones, while about 27 % are ice
clouds. Thanks to their theoretical analysis of the vertical penetra-

In the rest of the paper, data comparison and statistics wiltion of photons into the cloud layer, and some first statisti-

only concern monolayered cloud covers filtered as indicatecta| comparisons between POLDER oxygen presfapeand
above. Clouds for which the POLDER fractional cloud cover gctual cloud pressur€&erlay et al(2010 obtained a better

www.atmos-meas-tech.net/6/2221/2013/ Atmos. Meas. Tech., 6, 222B8§ 2013
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Fig. 5. Difference between POLDER oxygen pressure and actual cloud middle pressure (CMP) from CPR/CALIOP as a function of cloud
optical thickness, on average in 2008 and by classes of solar zenith angle’s cosine. Standard deviations are indicated by error bars.

significance for the inferred oxygen pressures. Here, we fol- It shows that the higher the sun, the higher the POLDER
low on from this effort by accounting for the double depen- oxygen pressuréo, compared with CMP. This is because
dence of cloud oxygen pressures to cloud optical thicknesshe pathlength of photons within cloud layers is enhanced
and solar zenith angle (or its cosipg). We show that this  when the sun is high, or equivalently that they penetrate fur-
leads to estimates of cloud middle and top pressures. ther into the clouds. Figureshows also the sensitivity of the
To evaluate the relevance of these pressures, we make ugpeessure’s difference to cloud optical thicknes3 his sensi-
of the International Satellite Cloud Climatology Project (IS- tivity is low for liquid clouds, while high for ice clouds. For
CCP) definitionslRossow and Schiffed 999 to distinguish  liquid clouds on averag&lo, — CMP does not depend much
high clouds (CTR< 440hPa), midlevel clouds (440hRa  on cloud optical thickness for > 20. For ice clouds, the
CTP< 680hPa) and low clouds (CTB 680hPa). High absolute value oo, — CMP is smaller than 50 hPa when
clouds can be further separated into cirras<(3.6), cir- 7 > 40, and much larger for lower values of
rostratus (I < t < 23), and deep convective clouds % The principle for obtaining an estimate of CMP from
23). Midlevel clouds are separated into altocumulus<( POLDER oxygen pressurePo, is the following: if
3.6), altostratus (B < r < 23), and nimbostratus (> 23). Po, — CMP= f(z, us), thenPo, — f (t, us) should provide
Among low clouds, the distinction is made between cu-an estimate of CMP. Hereafter, we denote by CMOP the
mulus ¢ < 3.6), stratocumulus (B8 < 7 < 23), and stratus quantity Po, — f(z, us), which stands for cloud middle oxy-
(r > 23). In this study, only clouds with an optical thickness gen pressure. We obtained CMOP after a fit of the functions
larger than 5 are considered, which excludes cirrus, altocushown in Fig.5 with third-order polynomials.
mulus, and cumulus. Low and middle clouds are also clas- Figure 6 shows the comparison between CMOP and
sified according to their thermodynamical phase, while highCPR/CALIOP CMP for the four most numerous ISCCP

clouds are all iced. cases in 2008. CMOP was obtained from a parameterization
based on 2008 data. The color scale is not specified, but blue

4.1 Estimate of cloud middle pressure: principle and means the lowest density of points, and red the highest. Cor-
results relations for the years 2007 and 2009-2010 are close to the

) ) ones shown here. Also not shown is the comparison for stra-
Ferlay et al(2010 studied the difference betwediy, and 5 |iquid clouds, for which the correlation is around 0.747.

the pressure of the cloud’s midlevel (CMP). Here we con-The pest comparison is obtained for ice clouds with high cor-
tinue to make the dlstlnctlon.between liquid and ice clouds, a|ation and small bias, and the regression’s slope close to
and we go further by accounting for the dependence, not only,ir,  comparisons for liquid low-level clouds show a larger
on cloud optical thickness but also on the solar zenith angley;oo \which might be due to the effect of Rayleigh scatter-

Figures shows the difference on average between POLDER g apove the cloud layers. The result is worse for midlevel
oxygen pressures and actual cloud middle pressure (CMPQ|quds. with a correlation of.84.

obtained from CPR/CALIOP for liquid clouds (Fi§a) and
ice clouds (Fig5b).

www.atmos-meas-tech.net/6/2221/2013/ Atmos. Meas. Tech., 6, 222B8§ 2013



2228 M. Desmons et al.: Improved information about cloud altitudes from POLDER3

Nb data = 322697
100 Jf Slope = 1.0133

Bias = -2.6463
RMS = 85.2965
2000 08142

T 300

£

& 400

s

(9]

500

600

70900 600 500 400 300 200 100
Cloud Middle Pressure (hPa)

(a) Cirrostratus ice clouds

Nb data = 758460

700 Slope = 0.6828
Bias = 264.8520
RMS = 28.8079
r=0.7870

800

850

CMOP (hPa)

900

950

10%.%00 950 900 850 800 750 700
Cloud Middle Pressure {(hPa)

(c) Stratocumulus liquid water clouds

Nb data = 222412

100 §f Slope = 1.1107
Bias = -53.4079
RMS = 75.8984

r=0.7519

CMOP (hPa)
A~
o
(=]

500

600

70900 600 500 400 300 200 100
Cloud Middle Pressure (hPa)

(b) Deep convective ice clouds

Nb data = 176733

Slope = 0.6683
550l Bias = 260.5376

RMS = 73.3213
6008 r = 0.5393

500

90800 850 800 750 700 650 600 550 500
Cloud Middle Pressure (hPa)

(d) Altostratus liquid water clouds

Fig. 6. Evaluation of POLDER cloud middle oxygen pressure (CMOP) versus CPR/CALIOP cloud middle pressure (in abscissa). Cases over
ocean in 2008. Black lines indicate the one-to-one relationship, while red lines indicate the linear regression between CMOP and CMP.

4.2 Estimate of cloud top pressure: principle and results  a perfect reflector (for whiclmn02 would equal zero)Po,
becomes larger than CTP. We obtained CTOP after a third-
It was mentioned earlier that the difference betwe®s) order polynomial fit of the functiong (op,,) like the ones
and the actual cloud top pressure CTP is mainly a func-shown in Fig7. To evaluate the relevance of the new pressure
tion of the cloud geometrical thickneds Additionally, CTOP, we classify again liquid and ice clouds according to
op, IS potentially strongly correlated with as shown by  the ISCCP cloud types. The right-hand panels of Bighow
Ferfay et al(2010 and as will be studied in detail in Sect. 5. the comparison between CTOP and CPR/CALIOP CTP for
Thus, asPo,— CTP depends on, Po,—CTP depends on the four most numerous ISCCP cases in 2008. CTOP was
op, - We considered obtaining an estimate of CTP by us-obtained from a parameterization based on data in 2008.
ing this least dependence. If inde#d, — CTP= f(op,), The center panels show, for comparison, the relation between
then Po, — flory,) should provide an estimate of CTP: we POLDER cloud pressurgo, and CTP. The left-hand panels
would unbiasPo, with a parameterization that depends on show for reference the relation between MODIS CTP and
an “observable”gpoz. Hereafter, we denote by CTOP the CTP.
quantity Po, — f(O'POZ), which stands for cloud top oxygen Correlations obtained for the years 2007 and 2009-2010
pressure. Figur& shows an example of functioryé(apOZ) are again close to the ones shown here. Figgiows a de-
for the case of liquid clouds over ocean in 2008 and for solarcrease of the bias — from POLDER pressuPeg to CTOP
zenith angles such that®< us < 0.8. — compared with CTP, which can be spectacular for clouds
Not surprisingly, the differenc®o,— CTP increases with  with a high vertical extent (cases a, b, and c). In the case of
0P, @S clouds move away from the asymptotic model of
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250 for pressures close to 850 hPa (most case), and even 65 %
. i £ for clouds with pressure around 950 hPa, compared to 35 %
maximum for MODIS CTP. The global scores for all classes
of CTP, shown on the right-hand panel of Fa, are bet-

ter for CTOP than for MODIS CTP, regardless of the error
given (for example, 45% compared to 25% for a 30 hPa
difference, 65% compared to 40% for 50 hPa). This con-
firms again the issue with the cloud top pressure inference

b<T<T
0= by MODIS for low-level clouds. For ice clouds and an er-

| T=7<9 ror of 50 hPa (case b, left-hand panel), scores obtained by

¢ ;;;» 9<T<11 MODIS CTP are significantly higher than the one of CTOP
=== 11 <7< 16 when pressures are smaller than 200 hPa. Otherwise, scores

i 16<T <21 of MODIS CTP and CTOP are close, with scores of CTOP

. T>21 slightly better, especially at low altitudes. The global scores
% 10 20 30 0 for ice clouds — case b on the right_— are slightly better for
or, (hPa) CTOP than for MODIS CTP, especially for errors less than

2 80 hPa (for example, 48 % compared to 38 % for a 40 hPa

difference).

Fig. 7. Relationship betweeo,— CTP (the difference between )
POLDER oxygen pressure and CPR/CALIOP cloud top pressure) Above land, correlations — not shown here — between
and the angular standard deviation of POLDER oxygen pressuréTOP and CTP, and CMOP and CMP, do not change very
opo,» ON average in 2008 and for different classes of optical thick-much. The correlations tend to be slightly lower above land
nesst. Case of liquid water clouds over ocean, and for a particularfor most cases. It can be understood because of the surface
solar condition: 07 < us < 0.8. Standard deviations are also shown effect, even if this effect is accounted for in the POLDER
with error bars. oxygen pressure algorithm. However, correlations above land
are higher for low-level liquid clouds (betweerd@ and 007
higher). These higher correlations can be explained by the
liquid altostratus clouds (case c), the feature of the 2-D plotfact that the ranges of CMP and CTP values are larger above
for CTOP and MODIS CTP (right- and left-hand panels, re- land compared with ocean. But the number of cases above
spectively) is quite different. This is due to the fact that nu- land is 10 times smaller compared with ocean, which limits
merous clouds with actual CT# 580 hPa come with biased the comparison.
new oxygen inference with CTOR 600 hPa. For low-level To summarize, we obtained new pressures — CMOP and
liquid clouds (case d), the new POLDER pressure CTOP iSCTOP — which are estimates of actual cloud middle and top
again statistically closer to CTP thaip,. A bias still exists,  pressures in the case of monolayer liquid and ice clouds.
however, which might be due again to the effect of RayleighComparison of scores are given for the estimates of CTP.
scattering above the cloud layers. For this last case, CTOFrom the difference between these two new pressures, we
seems more relevant than Collection 5 MODIS CTP, whoseshall obtain a first estimate of the cloud vertical extént
known issue lfolz et al, 2008 is obvious on the left-hand In Sect. 6, we evaluate the quality of this estimaté: ofVe
panel of Fig 8, case d. shall see that the biases of CMOP and CTOP will compen-
To go further in the evaluation of the new POLDER pres- sate while calculating the estimate/ofrom their difference
sure CTOP, we computed its score. We defined it as the ochetween CMOP and CTOP for liquid clouds over ocean, but
currence of CTOP less than a given value away from the acless over land.
tual cloud top pressure given by CPR/CALIOP. The score
corresponds thus to the confidence in the cloud top pressure
retrieval for a given accuracy. The left-hand panels in Big. 5 Correlation b(gxtv\/eenapo2 and the cloud vertical
show such scores over ocean surface for different classes of extent
CTP. Histograms of CTP are given in arbitrary units in order
to visualize the distribution of CTP. For liquid water clouds As recalled in Sect. 2.2, the angular standard deviatigy)
(case a), scores on the left correspond to a distance of 30 hPaf POLDER oxygen pressure is sensitive to the cloud geo-
For ice clouds (case b), the distance considered is 50 hPametrical thicknes&, and consequently there is a potential to
It should be noticed that scores of CTOP are the highest atetrieveh from op,_for optically thick enough clouddzer-
the peak of the histogram. This is logical since CTOP is ob-lay et al.(2010 showed this potential for liquid water clouds
tained from a statistical parameterization. For liquid clouds,from simulations and measurements. In this section, we go
the score obtained by CTOP is slightly higher than the onefurther and show the strength of the correlation betwe%rz'l
of MODIS CTP for pressures smaller than 600 hPa, but forand CPR/CALIOPH with a spatial and temporal study of
most cases, the score of CTOP is much better, reaching 50 %ne reIationH—opoz. We also study the complex sensitivity
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Fig. 8. Evaluation of MODIS cloud top pressure (CTP MODIS, left-hand panels), POLDER cloud oxygen pre&synaiddle panels) and
cloud top oxygen pressure (CTOP, right-hand panels), versus CPR/CALIOP cloud top pressure (in abscissa). Cases over ocean in 2008. Th
number of data, Nb data, is given for each cloud type. Stripes in left-hand panels come from the very discrete values taken by MODIS CTP.
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Fig. 9. Scores obtained in 2008 by the cloud top pressure estimates CTOP and MODIS CTP for liquid wai@y §odsee clouds (cads)

over ocean. Scores correspond to a confidence in the retrieval for a given error. In the left-hand panels, scores are given per class of CTF
and for an error of 30 hPa (50 hPa) for liquid (ice) clouds. In the right-hand panels, scores are global (all classes of CTP) and are given for
different error values. Thick black lines are for CTOP; thick grey for MODIS CTP. Histograms of CTP are also plotted in left-hand panels
(thin black lines, in arbitrary units).

of the relation betwee and opo, 10 the cloud’s optical thickness. These widths of interval allow for a correct sta-
thickness and to the viewing angle The detailed study of thidistical study of the regional correlation. Then, for each area
sensitivity will lead to an improved retrieval affromop,_. and for each geometrical thickness class, the average and the
While the correlation exists also theoretically in the case ofstandard deviation pr02 are calculated. Finally, these two

ice clouds, we show here results for liquid clouds only as thequantities are used in thpearsnroutine Press et a).1992),
correlation observed betweéh andap02 is not straightfor-  which provides for each area the correlation coefficiesmd

ward for ice clouds. This is certainly due to their more com- the slopeS of the linear regression betweet, and the

plex microphysics, as well as their enhanced heterogeneitiesenter of each geometrical thickness bin. Figl@a shows

along thousands of vertical meters. the distribution of the correlation above ocean and land in
2008 for monolayer liquid clouds. The correlation coefficient
5.1 Spatial variability of the correlation is high for most areas in both hemispheress higher than

0.8 for 162 over 283 cases. The correlation coefficient can be,
In a first step, we study the spatial variability of the cor- however, very low in several areas, in particular over land,
relation betweervp, and CPR/CALIOPH at the global over the Asian continent and Australia, and for very high lat-
scale. To realize that, data are sorted by bin intervals ®f 10 itudes. To synthesize, the correlation betweeag2 and H
of latitude, 20 of longitude, and 1 km width of geometrical for liquid clouds is high for most meshes over ocean, and for
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Fig. 10. Spatial variability(a) and temporal evolutiofb) of the correlation coefficient betweenzrp02 and CPR/CALIOPH. In (a), r is

calculated at regional scale (bins of°16f latitude and 20 of longitude), distinguishing areas above ocean from areas above land in 2008.
In (b), r is calculated at synoptic scale month by month from 2007 to 2009. Cases of monolayered liquid clouds witgndcc > 0.95 .

half of the cases over land. This figure underlines the importemporal variability can be explained by the stronger interan-
tance of distinguishing ocean from land for following stud- nual variability of clouds over land than over oce&tuben-
ies. While not shown here, correlation coefficients for mono-rauch et al.200§. These temporal variations in the slope,
layered ice clouds have been calculated; however, the corrfer most cases not far from the value 3.2 hPakrfound by
lation is globally low:r is higher than 0.8 only for 46 over Ferlay et al.(2010, suggest that a retrieval @f from OPo,
277 regions for which it was defined (in some areas, as foibased on a unique inversion obtained at global scale should
high latitudes, there were not enough clouds correspondindead to better results over ocean than land, and should ac-
to our criteria to calculate the correlation coefficient). This count for the surface type. This suggests also the robustness
is the reason why the present section focuses only on liquicand the universality of the statistical relation betweae:g2
water clouds. and H. However, to go further, it is important to account for
the dependence of this relation on other scene parameters.
5.2 Temporal variability of the correlation
5.3 Angular and cloud optical thickness dependences
In a second step, we study the temporal variability of the re-
lation betweenrp,, and CPR/CALIOPH. For three years  The two previous subsections showed the spatial and tempo-
of data (2007 to 2009), we calculated the monthly mean corya| characteristics of the correlation between the cloud geo-
relation coefficient with the same procedure as previously metrical extent and the angular standard deviation of the oxy-
eXplained, and the SIOpSB of the linear rGQTESSion between gen pressure. This exp]ains Why the previous Studey
oro, and H whenr > 0.8. Figure10b shows the temporal et al.(2010) leads to an acceptable technique of inversion for
evcﬁution of the correlation for monolayered |IQUId clouds the ensemb'e mean hf However' previous Simu'ations and
over the period 2007-2009, while distinguishing ocean fromresults of Sect. 4 have shown the influence of cloud optical
land in each hemisphere. This figure demonstrates that thghickness and solar zenith angle on cloud oxygen pressure.
correlation is temporally robust over ocean throughout theThese parameters affect also the relation betwegn and
years. It also shows that the correlation stays high over landcpR/CALIOP H, and this dependence has to be accounted
surfaces except in the winter months of each hemispherqOr to reach the goa' Of an improved retrieva”ofrom oxy_
This decreasing of the correlation can be explained by thgyen A-band measurements.
effect of brighter land surfaces not well accounted for by the  Figure11 shows the amplitude of this dependence and the
POLDER algorithm, and the smaller number of |IqUId cloud Comp|exity of the relation betweef),o andH for mon0|ay_
cases over land in winter. It can explain the weak correlationered liquid water clouds in 2008 over ocean: for a given value
that we observe over land in Fid0a, particularly at high  of 55, , several values off are observed on average for var-
latitudes. SlOpeS of the linear regreSSion betW@%} and ious classes Of cosine of solar zenith ar}g@nd CIOUd Op_
H are on average around 3 hPaknwith a weak temporal tical thicknessr. For example, an optically thin cloud with
variability over ocean and a higher one over land. This highersmall vertical extent will lead to the sarag,, as an optically
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T andus. Cases of monolayered liquid clouds in 2008 over ocean,
with T > 5 andcc > 0.95

thick cloud with large vertical extent. In order to better re-
trieve h from op,_, we built parameterizations taking into
account the cloud optical thicknessand the cosine of the
solar zenith anglgs. We sorted cloudy pixels into 10 classes
over ocean (as illustrated in Figjl) and six over continents.
Fits of fifth order were obtained that provide the set of co-
efficients Iinkingapo2 to H for each fis, 7) classes. Results
from the (-op,) fits are discussed in Sect. 6.

6 Information about cloud vertical extent: synthesis

We have described two ways to retrieve cloud vertical ex-
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Fig. 12.Histogram of the difference between the CPR/CALIAGP
and the retrieved for liquid water clouds (solid line) and ice clouds
(dashed line) over ocean in 2008. For the red curve (gréewps
retrieved frorncrpo2 (from A P). For liquid water clouds, the black
curve shows the difference between the mean retrifygdanand
H (see text for explanation).

At the present time, this second method is only applied to lig-
uid water clouds.

In the following, we will denote byH, p the vertical ex-
tent retrieved from the difference of pressures, andipyhe
vertical extent retrieved frompoz. For liquid water cloudy
pixels, HneansStands for the average éfa p and H,, .

Figure12 shows the histograms of the difference between
CPR/CALIOP H and the POLDER retrievedi p and H,,
for clouds over ocean in 2008.

For liquid water clouds, the histogram &H, = H, —

H is almost centered on zer&sH, =5m with a stan-
dard deviation S>-964m and a median MB 180m.

The histogram of AHap = Hap — H is slightly off-
centered:AHap = —12m, SD=1193m, but the median

is lower (MD=—-21m). For AHmean AHmean=—17m,
SD=983m, and MD= 73 m, which shows that the vertical
extents retrieved by the two methods are consistent pixel by

tent from POLDERS3 data. The first one takes advantage opixel. Results are summarized in Talle

the estimates of cloud pressures described in Sect. 4. Indee

d, For liquid clouds over land, histograms are not shown

cloud top and middle oxygen pressures (CTOP and CMOPhere but characteristics of the estimates are also given in
can be converted to altitudes, and their difference provides infable 2. The averages of the differences are quite differ-

principle half of the cloud vertical extent. This method is ap-

ent: AH, =23 m andAHp p = —272 m. Defining an aver-

plied here for both liquid and ice clouds. The second methodage estimatédmean appears in such case not very relevant
takes advantage of the correlation between the angular stamas A Hmeanequals—138 m, deviating much more from zero

dard deviation of the oxygen pressurg, and the cloud
geometrical thicknesk. As described in Sect. 5.3, a4, t)
parameterization makes possible the retrieval fvbm OPo,-

www.atmos-meas-tech.net/6/2221/2013/

thanA H, . For ice clouds over oceanHx p = 1580 m with
SD=5803 m and MD=—26 m. These values are very high
compared with liquid clouds, but ice clouds have generally a
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Fig. 13. Temporal evolution of the monthly average difference between CPR/CAIHCi#hd the POLDER retrieveff o p and H, from
2007 to 20009 for liquid water clouds) and ice cloudgb). Solid lines are fo\ Hy = Hy — H, and dashed lines fak Hp p = Hpp — H:

in blue over ocean, and red over land. The standard deviation is not represented as it stays close to 1000 m (5000 m) for liquid (ice) clouds
all along the three years.

Table 2. Statistics of the retrieval of cloud geometrida thickness 100
for liquid water and ice clouds in 2008 over ocean and land. = ool
Hietrievea— H for the different methods of retrieval. SD (MD) stands
for standard deviation (median). All values are in meters. 80
701
Liquid water clouds —
Ocean Land X 60
N—r
Method AH SD MD AH SD MD Q 500
o}
TP, 5 964 180 23 1146 300 B a0 .
AP —-12 1193 -21 272 1425 202 —lceocean
Mean -17 983 73 -138 1186 61 30¢ —ice land
Ice clouds - - -liquid ocean
201
Ocean Land - = -liquid land
Method AH SD MD AH SD MD 1o
AP 1580 5803 —26 857 4859 —227 % 20 20 60 30 100
Error (%)

much larger vertical extent than liquid water clouds and Con_F|g. 14.Scores obtained in 2008 by the POLDER estimate of cloud

iy the diff latively | . tant vertical extent for liquid water (dashed line) and ice clouds (solid
sequently the difierence are relatively less importan Com'Iine) as a function of the retrieval error in percent. Scores corre-

pared to the ice cloud vertical extents. For ice clouds overgnqnq 1o a confidence in the retrieval for a given error. Scores are
land, histogram ofA Hxp is sharper than over ocean. This gjopal (all classes of cloud geometrical thickness).
is partly due to the cloud population, which contains more
clouds with vertical extent below 7000 m and less clouds
with # above 10000 m (see Fig).

Figure 12 shows the annual differenca H between  month by month from 2007 to 2009 above land (red curves)
the retrieved cloud vertical extents from POLDER and and ocean (blue curves).
CPR/CALIOP over the year 2008. In order to analyze the For liquid water clouds (Figl3a), the monthly mean H,
robustness of our retrieval, we studied the temporal evoludis low over the three years over ocean and land, with values
tion of the monthly mean oA H. Figure13 shows the mean between-100 m andt100 m. Averages are7 m and—9m
differences ofA H, (solid lines) andA Hxp (dashed lines) over ocean and land, respectively, and the standard deviation
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Fig. 15.POLDER-based climatology of cloud top pressure versus cloud vertical extent for selected monolayered clouds in 2008: ice clouds
(a) and liquid cloudgb) over ocean. To be compared with the left-hand panels of4=ig.

is close to 1000 m whatever the surface. During the same pecal extent of the thickest clouds (more than 12 km) are either
riod, the monthly meam\ Hx p is low over ocean with val- underestimated or overestimated, as for some of the thinnest
ues betweer-100 m and +100 m but further away from zero ice clouds.

over land, where the values range frer200 m to—400 m. As for cloud top pressure estimates, we computed the
The averages are20m over ocean and294 m over land  score obtained by the POLDER estimatehofit is defined

and the standard deviation is higher (1500 m) over land tharas the occurrence afestimates less than a given percentage
over ocean (1100 m). These observations are consistent witaway from the actual valu& given by CPR/CALIOP. The

Fig. 12. In the case of liquid clouds over land, the lower per- score corresponds thus to the confidence in the cloud verti-
formance of Hpp can be explained by the bias in the in- cal extent's retrieval for a given accuracy. Global scores for
ference of CMP and CTP for low-level clouds mentioned in all classes ofd are shown in Figl4 for liquid water and
Sect. 4.2. Low-level clouds represent indeed the majority ofice clouds and for different accuracies between 5 and 100 %.
liquid clouds. For ice clouds (Fid.3b), differences observed Scores are higher for ice clouds. The fact that the geomet-
over 2008 are also observed month by month: they are higherical thickness of ice clouds is often much larger than the
compared with liquid cloudsh Hx p = 1375 m above ocean, one of liquid water clouds mostly explains this difference.
and AHxp =936 m above land. The standard deviation is Scores are also lower over land. Figdr#eshows for exam-
almost the same during the three years, and whatever the suple that scores obtained by the POLDER estimaté afe,
face, it is close to 5000 m. However, contrary to what we for a 30 % retrieval error, of around 70, 60, 40 and 30 % for,
observe for liquid clouds, there is no important difference respectively, ice clouds over ocean and over land, and liquid
in the performance offx p over ocean and land. This could water clouds over ocean and over land. Alternatively, Ed.

be explained by the fact that surface effects are smaller irshows that scores equal to 50 % come with a retrieval error
the case of ice clouds (clouds are on average thicker and aif 20, 26, 42 and 53 % for the same cases.

higher altitudes). There is a clear trend in the difference for
ice clouds, with higher values in 2007 down to lower values
in 2009. This trend is questionable. It might be due to the
fact that the parameterization for retrievingvas learned in The perspective of retrieving the vertical location of cloud
2008, and applied over 2007 and 2009. Although not shown

here, we observe also that, while the CPR/CALIOP monthlycover’ I.e., both their top'altltude's (or pressure) anq their
. ! vertical extents from satellite passive measurements, is chal-
mean ofH for ice clouds is stable over three years, the one

we retrieve decreases slightly. lenging and would be very interesting for a broad range of

This first analysis of the biases of cloud vertical extent es—zﬁg\lll\;ac}'?r?es 'gt::]?;lscﬂhlsgiS’ggﬂgfy;?]y:éaﬂfgégsure_
timates leads to the choice &, as estimate ok for liquid P Y9

water clouds, while for ice clouds, is estimated by p. A ments for reaching this goal. Pathlength within clouds of

further analysis of the POLDER estimates of the liquid WaterSOIar'rQﬂE}Cted photons varies V\."th the viewing zenith angle_,
. S and so does, consequently, their absorption by oxygen. This
cloud vertical extents shows an overestimation &r some

of the thinnest clouds, and an underestimation for some ofthtlaeadS to an angular variation of POLDER oxygen pressure,

thickest. These tendencies are not surprising considering thguantmed b)./ its angular standarq de"'?‘t@%z’ which is
. e : ! . correlated with the cloud geometrical thickness.
physical principle of the retrieval. For ice clouds, the verti-

7 Conclusions
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In the present study, we confirm this potential of POLDER The case of ice clouds is more complex to handle, and so
measurements with a more detailed study of the com-far, their vertical extent has not been obtained fiopg, but
plex relation between POLDER oxygen parameters, actuafrom CMOP and CTOP. This is certainly due to their more
cloud pressures, and vertical extent. We use for this thecomplex and heterogeneous microphysics. Despite the lim-
richness of the collocated and quasi-simultaneous observats of our current retrieval, we obtain confidence scores for
tions from POLDER3 on PARASOL and the active sensorscloud top pressure and geometrical thickness estimates that
CPR/CloudSat and CALIOP/CALIPSO over multiple years. are good and yet high for some cases. With CTOP and our

We show here the possibility of providing a cloud top oxy- estimate of:, CTP-k diagrams can be produced. Figure
gen pressure (CTOP) and a cloud middle oxygen pressurehows such an inferred climatological diagram for ice and
(CMOP), which are relatively good estimates of actual topliquid clouds over ocean. The comparison with the “true” one
and middle pressures of monolayer clouds. These two neven the left-hand panels of Fig.shows that some features of
pressures are obtained from parameterizations thatigre)  the climatology are obtained: for ice clouds, the bow shape
dependent, withus the cosine of the solar zenith angle and tendency is visible, though much more scattered; for liquid
7 the cloud optical thickness. The performance of these reclouds, the main mode of the 2-D distribution is present but
trievals is presented by classes of ISCCP clouds. For cloudsentered at the abscissa 1000 m, 300 m too high compared
with a high vertical extent (deep convective clouds, cirrostra-with the “true” one.
tus, or altostratus), the results are spectacular as CTOP ap- While preliminary, the results presented in this study are
pears much closer to the actual CTP ttRy). For low-level  promising and encouraging, since obtaining complete infor-
liquid clouds (CTP> 680 hPa), POLDER retrieval tends to mation about cloud vertical location from a passive instru-
slightly underestimate the actual cloud top and middle presment and at global scale is yet to come and is challenging
sures. But the scores obtained by POLDER cloud top pres¢Rozanov and Kokhanovsk2004). In the future, progress in
sure estimates are good and high where cloud population ithe understanding of the relation between the cloud vertical
the highest. They reach 60 % considering a retrieval error oextent and the angular variation of POLDER oxygen pressure
plus or minus 30 hPa and 50 hPa for liquid and ice clouds,are expected, particularly for ice clouds. It is also necessary
respectively. Global scores are higher for liquid clouds com-to evaluate the performance of our cloud retrievals outside
pared with ice clouds for a given pressure error. Said dif-the CloudSat/CALIPSO track. Lastly, in order to make our
ferently, the same score comes with a higher uncertainty ometrieval methods operational, an important point is the iden-
the cloud top pressure estimate of ice clouds. Because thefication of the mono/multilayer character of cloud cover
vertical variation of the atmospheric pressure is much fasteover the entire POLDER swath. We have some confidence
at low altitude compared with high altitude, the same con-in this distinction’s capability from the POLDER measure-
fidence score comes with a much higher uncertainty on thanents, thanks again to the use of its multidirectional charac-
cloud top altitude estimate of high level clouds, mostly iced. ter.

From the difference between CMOP and CTOP, one can
provide in principle a first estimate of the cloud vertical ex-
tenth, Ha p, althoughHa p may suffer from the addition of AcknowledgementsThis study has been financed through grants
the retrieval biases of CMOP and CTOP. A second estimatd™©™ the French research CNRS program PNTS (Programme
H, is obtained directly from the correlation betwee,, National de Eledetection spatiale) and CNES program TOSCA

andH. This correlation is shown to be complex, but also s a-(Terre’ O€an, Surfaces continentales, Atmosm). We are
’ PIEX, P grateful to the ICARE center hftp://www.icare.univ-lillel.frf

tially and temporally robust for liquid water clouds, particu- ¢, providing easy access to CALIPSO-collocated PARASOL,

larly over ocean. The study of this correlation lead us to es-c|gygsat, and MODIS data (MULTSENSOR products), as well
tablish (us, T) parameterizations for liquid water clouds over as computing resources.

ocean and over land, which allow for the retrievahdiom

op,- Thus, we obtain two estimates bf Ha p, and H,, for Edited by: O. Dubovik
liquid clouds. Over ocean, we show that the two estimates are
consistent at the pixel level with close performances. Ovet
land, Ha p underestimates slightly on average the retrieval of

h. For ice clouds, the vertical extent of clouds are estimatec C S The publication of this article
with Hx p only. For these clouds, the differences are on aver- is financed by CNRS-INSU.
age much larger in absolute value compared with the liquid
case, but the relative differences are lower.

The POLDER estimates of cloud vertical extent shown
here are new, and the results given here are, in a way, prelim-
inary. The vertical extent of thin (thick) liquid water clouds
tends to be overestimated (underestimated), while the ver-
tical extent of thick ice clouds tends to be underestimated.
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