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First Results of the POLDER “Earth Radiation
Budget and Clouds” Operational Algorithm

Frédéric Parol, Jean-Claude Buriez, Claudine Vanbauce, Pierre Couvert,
Geneviève Sèze, Philippe Goloub, and Sylvain Cheinet

Abstract— The POLDER instrument is devoted to global
observations of the solar radiation reflected by the earth-
atmosphere system. Algorithms of the “Earth Radiation Budget
and Clouds” processing line implemented at the French Space
Center are applied to ADEOS-POLDER data. First results on
derived cloud properties are presented from POLDER level 2
data of 10 November 1996 and level 3 products of June 1997.

A good correlation is observed between the POLDER cloud
detection algorithm and the Dynamical Clustering Method
applied to METEOSAT data. The multidirectional capability
of POLDER appears useful to check schemes of cloud optical
thickness retrieval. As expected, a water droplet model is suitable
for liquid water clouds and inadequate for ice clouds. That
indirectly validates our algorithm of cloud phase recognition. An
apparent pressure is derived from O2-absorption measurements
and a Rayleigh cloud pressure from polarization observations.
For overcast conditions, the apparent pressure is larger (by
more than 100 hPa) than the Rayleigh pressure chiefly due to
the photon penetration effect. For partly cloudy conditions, it
can be larger or weaker depending on the surface reflectivity.

Preliminary comparisons between POLDER and ISCCP
monthly mean products outline some differences resulting in
part from the original characteristics of POLDER.

Index Terms—Clouds, polarization, remote sensing.

I. INTRODUCTION

HUMAN activities are increasing the atmospheric con-

centrations of both greenhouse gases and anthropogenic

aerosols, which tend, respectively, to warm and to cool the

earth-atmosphere system [22], [11]. Global climate models

(GCM’s) endeavor to project what the future has in store for

the earth, but the large range of possible scenarios mainly

comes from the little understood in the climate sensitiv-

ity to such perturbations [22]. A major uncertainty in the

determination of this sensitivity is the misunderstanding in

the feedbacks associated with cloudiness changes and the
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difficulty of GCM’s to correctly account for cloud-radiation-

climate interactions [8], [9], [36]. Indeed, cloud-radiation

interactions are really complex and depend on numerous

physical parameters such as the cloud macrophysical and

microphysical characteristics but also the atmospheric and

terrestrial environment. Consequently, GCM’s need realistic

representation of clouds and their effects on radiation balance

at global scale as well as at regional scale. It is essential to

correctly simulate the present forcing of clouds on radiation

but especially to model what the future forcing of clouds

will be. Global observations of cloud properties and global

measurements of the effects of clouds on radiation are essential

to achieve this objective.

The most comprehensive way to obtain global cloud ob-

servations is by means of satellite-based measurements, even

if field experiments and ground-based measurements remain

essential to support the satellite observations. Satellites can

directly observe not only the spatial and temporal variabilities

of clouds [33] but also their effects on earth’s radiation budget

(ERB) at the top of the atmosphere [30], [20]. Since the first

satellite images were used [1], satellite observations of clouds

and satellite derivation of cloud properties have been widely

developed and investigated (see [32] for an almost exhaustive

historical summary of cloud algorithms).

POLDER (POLarization and Directionality of the Earth’s

Reflectances) is a component of a series of new sensors that

may provide key information for improving our knowledge

of clouds, radiation, and climate interactions. POLDER is

a CNES (the French Space Agency) instrument which was

on board the Japanese ADEOS (ADvanced Earth Observing

Satellite) polar orbiting platform, successfully launched in

August 1996. In November 1996, POLDER entered into

its nominal acquisition phase and functioned perfectly until

ADEOS early end of service in June 1997. POLDER is

a multispectral imaging radiometer-polarimeter designed to

provide global and repetitive observations of the solar radiation

reflected by the earth-atmosphere system [13]. The instrument

concept is based on a wide field of view ( 2200 km) tele-

centric optics, a rotating wheel carrying spectral filters and

polarizers, and a charged coupled device (CCD) array of (242

274) detectors that induces a moderate spatial resolution of

6.2 km. As the ADEOS satellite passes over a scene, up to 14

successive measurements are acquired in eight narrow spectral

bands located between 443 and 910 nm. The POLDER level

1 products routinely processed by CNES consist of calibrated

radiances and Stokes parameters at full spatial resolution. The

0196–2892/99$10.00  1999 IEEE
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level 2 and 3 products are split into three processing lines

which are the “ERB, water vapor, and clouds” (hereafter noted

as “ERB & clouds”), the “Ocean color and aerosols over the

ocean,” and the “Land surfaces and aerosols over land” lines.

For different reasons put forward in [7], all of the results of the

“ERB & clouds” processing line are averaged at the “super-

pixel” scale that typically corresponds to (9 9) pixels. The

spatial resolution of the super-pixel (0.5 0.5 at the equator,

i.e., 50 km 50 km) appears suitable both for comparison

with ISCCP (International Satellite Cloud Climatology Project,

[33]) products and for use in connection with ERB instruments

like ScaRaB (Scanner for the Earth Radiation Budget) [23] and

CERES (Cloud and the Earth’s Radiant Energy System) [45].

The “ERB & clouds” thematic interest takes advantage

of the multispectral, multidirectional, and multipolarization

capabilities of POLDER to derive useful information on clouds

and their effects on short-wave radiation [7]. This paper deals

with one of the main goals of the “ERB & clouds” line which is

the derivation of cloud properties, such as cloud amount, cloud

optical thickness, cloud pressure, and cloud thermodynamic

phase at global scale. The atmospheric water vapor content is

presented in a companion paper in this issue [43]. Similarly to

many “cloud algorithms” [32], the “ERB & clouds” processing

line uses two basic steps: the cloud detection phase and the

cloud properties derivation phase. The first step is crucial since

it controls further processing and it has a major impact on

determining other products. Particular attention is therefore

given to the cloud detection algorithm of the “ERB & clouds”

line; it is a threshold method employing several sequential

tests for the presence of clouds. The adjustments of the

different tests involved in the algorithm are presented in the

next section. The so-derived POLDER pixel identification is

compared to a cloud classification applied to METEOSAT

data and based on the Dynamical Clustering Method [37].

The following sections present the others cloud properties,

cloud optical thickness, cloud pressure, and cloud phase,

respectively. The original contribution of POLDER regarding

these products is emphasized. The discussions are supported

by the analysis of POLDER data acquired on November 10,

1996, especially along three ADEOS orbits over the Atlantic

Ocean (orbit numbers 3107–3109), i.e., in the METEOSAT

field of view (see Fig. 1). At the end of a validation period

foreseen in July 1998, the complete set of POLDER data will

be processed by CNES and level 2 and 3 products will be made

available to the scientific community. For the moment, the only

available monthly synthesis of the “ERB & clouds” line is for

June 1997. Section VI presents the global monthly means of

POLDER-derived cloud properties and compares them to the

ISCCP products. Finally, Section VII summarizes the results

and concludes.

II. CLOUD AMOUNT: THE CLOUD DETECTION ALGORITHM

The physical principles of the POLDER cloud detection

algorithm are extensively developed in [7]. They were based

on the analysis of measurements performed by the airborne

simulator of POLDER. Since then, POLDER has flown aboard

ADEOS, and some adjustments and improvements have been

Fig. 1. Image constructed from 670 nm reflectance measured by POLDER
on November 10, 1996 along three ADEOS paths (orbit numbers 3107–3109)
over the Atlantic Ocean. Clouds appear as light shades against a darker ocean
or land background.

brought to the algorithm. First, this section briefly covers the

different threshold tests used in the algorithm and presents the

methodology used to adjust the different threshold values. This

consists mainly in analyzing the coherence of results from the

various tests involved in the algorithm. The validation of the

cloud identification is emphasized through comparison with

the results of the Dynamical Clustering Method applied to

METEOSAT satellite observation [37].

The cloud detection algorithm of the “ERB & clouds” line is

mainly based on a series of sequential threshold tests applied to

each individual pixel (6.2 km) and for every viewing direction.

Some of these tests use the spectral reflectance defined as

, where is the measured spectral

radiance, is the solar zenith angle, and is the spectrally

averaged solar irradiance at the top of the atmosphere. Four

tests aim at detecting clouds, and a pixel is declared cloudy

when one of these tests proves positive.

1) An “apparent” pressure is derived from the ratio

of reflectance measured in the channels centered at

763 and 765 nm (see Section IV). The pixel is labeled
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cloudy if is markedly lower than the sea-surface

pressure The threshold applied to

depends on the ratio between the molecular and

the total reflectance at 765 nm, [42].

2) A pixel is declared cloudy if the measured reflectance at

wavelength , ( nm over ocean and

nm over land) is significantly larger than its clear-sky

estimate Over ocean, a large threshold value

(15%) is chosen in order to avoid classifying aerosols

as clouds. The same value is chosen over land, but the

spatial variability is taken into account.

3) For scattering angles less than 140 , the molecular

optical thickness of the atmospheric layer above

the observed surface (cloud or sea-surface) is directly

derived from the polarized reflectance at 443 nm. It is

compared to the total molecular optical thickness of the

atmosphere If the difference is above

threshold, the pixel is rejected as cloud contaminated. In

[7] the threshold was set to a constant value. In the new

version of the algorithm, it varies as a linear function of

the air-mass factor.

4) The polarized radiance at 865 nm presents different fea-

tures for clear-sky and for cloud conditions specifically

in the rainbow direction (see Section V). A pixel is

identified as cloud-contaminated if the actual polarized

radiance is outside the expected range for clear-sky

conditions. This range is now defined as a function of

the scattering angle.

If all of the previous tests prove negative, two more tests are

added in order to identify the clear pixels.

5) A pixel that has not been declared cloudy is labeled

as clear if ( nm over ocean and

nm over land) is small enough ( 2%).

6) Finally, a pixel is expected to be clear if its reflectance

exhibits a large spectral variability. Practically, follow-

ing [5] the ratio was found to be a better

indicator than the ratio initially considered

in [7]. Over ocean, a pixel is declared as cloud-free if

the ratio is less than 0.4. Over land surface,

this ratio has to be more than 1.2.

The different thresholds presented above have been adjusted

according to the following philosophy. When adjusting the

four first tests, the reflectance threshold test,

is considered as a reference test. Indeed, all the pixels that

satisfy this test for all the viewing directions are expected to be

clear. Consequently, the reflectance threshold test is used as an

indicator of the relevance of the different “cloud” thresholds.

At this stage, the philosophy of the cloud detection algorithm

is to adjust the “cloud” thresholds in order to make sure that

all the four tests prove negative when the pixel is clear. When

detecting the cloud-free pixels, a similar approach is adopted.

Pixels are expected to be “cloudy” if the reflectance threshold

test, , is satisfied whatever the direction of

view. The spectral variability thresholds are thus adjusted in

such a way that practically no cloudy pixel is declared as clear.

Illustration of this methodology can be found in [38].

If a POLDER pixel does not satisfy at least one of the

six tests described above, it remains unclassified for a given

viewing direction. However, if this pixel is labeled as clear

(or cloudy) in some viewing directions and undetermined in

all the other ones, then it is labeled as clear (or cloudy) for

all the directions. If the pixel remains undetermined, it is then

relabeled as clear or cloudy depending on the classification

of the neighboring pixels and the spatial variability of

Afterwards, when all of the elementary pixels are identified as

cloud-free or cloudy, the cloud cover is computed at the super-

pixel scale ( 9 9 pixels), direction by direction. An example

of so-derived global distribution of the monthly mean cloud

cover retrieved from ADEOS/POLDER data is presented in

Section VI.

A first validation of the POLDER cloud identification al-

gorithm goes through a comparison with the results of the

Dynamical Clustering Method [37] applied to METEOSAT

data acquired every 30 min between 7 and 14 UTC from

October 30 to November 10, 1996. The spatial resolution

of the METEOSAT data is 5 km at nadir. The Dynamical

Clustering Method uses two spectral parameters, the infrared

and visible radiances and two structural parameters, the local

spatial standard deviation of the visible and infrared radiances

(computed for 3 3 neighboring pixels). These data are

processed following [29] for five latitudinal regions over ocean

and six regions over land. The result is a set of cloud type

classifications valid between 7 and 14 UTC for the October

30–November 10, 1996 period. From this set, any ADEOS-

POLDER path in the METEOSAT field of view can be

simulated with a time lag of 15 min.

The POLDER and METEOSAT cloud covers are compared

for the three ADEOS paths (orbit numbers 3107–3109) on

November 10 (Fig. 1). The proportion of clear (overcast)

pixels is 28% (49%) in the METEOSAT classification and

34% (53%) in the POLDER one. The smaller clear pixel

percentage in the METEOSAT classification is compensated

by a larger percentage of partially covered pixels (small

cumulus, cloud edges, very thin cirrus) than in the POLDER

cloud classification. Note that “partly” does not have the same

meaning for METEOSAT and POLDER pixels. In the former,

it is used for METEOSAT pixels that are expected to be

partly covered by clouds. In the latter, it is used for POLDER

pixels that are labeled as cloudy for some viewing directions

and clear for the others. The co-occurrence matrix obtained

from the pixel-to-pixel comparison of the two classifications

(Table I) shows that 76% of the pixels belong to the same

class and only 1.7% belong to opposite classes (clear/overcast

or overcast/clear). The percentage of pixels declared clear by

POLDER but declared cloud-contaminated by METEOSAT

(9%) is larger than the opposite case (3%). Only 13% of

these anomalous pixels are overcast in the first case, and

17% in the second case. Tables II and III, respectively, give

the distribution of the METEOSAT cloud types for each of

the three POLDER classes and the distribution of the three

POLDER classes for each of the METEOSAT cloud types.

The overcast cloud types (low, middle, multilayer, cirrus, high

thick clouds) have at least 85% of their pixels belonging to

the overcast class in the POLDER classification and less than
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TABLE I
CO-OCCURRENCE MATRIX OBTAINED FROM THE PIXEL-TO-PIXEL

COMPARISON OF METEOSAT AND POLDER IDENTIFICATION

FOR THE 3 POLDER-ADEOS PATHS OF FIG. 1

TABLE II
DISTRIBUTION OF THE METEOSAT CLOUD TYPES IN EACH OF THE THREE

POLDER CLASSES FOR THE THREE POLDER-ADEOS PATHS OF FIG. 1

3% of them are classified as clear. An exception is the thin

cirrus class. For the partly cloudy types, the percentage of

clear POLDER pixels decreases as the subpixel cloud cover

is expected to increase. Study of the spatial neighboring of

these partially covered METEOSAT pixels shows that when

they are declared clear by POLDER, the percentage of clear

METEOSAT pixels in the neighboring is larger than in the

other cases.

The cloud cover derived from POLDER compares well

with the METEOSAT cloud classification on an instantaneous

basis and at the pixel scale. The percentage of full agreement

between POLDER and METEOSAT (76%) is close to the 81%

which is found by comparing the METEOSAT classification

with itself by introducing a shift of one pixel. However, in this

last case, only 0.2% of the pixels are classified in opposite

categories against 1.7% in the POLDER-METEOSAT com-

parison. This discrepancy between POLDER and METEOSAT

classifications comes from the differences both in the observa-

tions and the algorithms. The METEOSAT algorithm is very

sensitive to a very small spatial variability of radiance values

close to surface ones. In the POLDER scheme, thresholds have

been set up to avoid the inclusion of “false clouds” such as

Saharan dust. When the apparent pressure threshold and/or

the reflectance threshold is decreased, the percentage of clear

POLDER pixels declared clear by METEOSAT increases, but

the percentage of clear METEOSAT pixels declared cloudy by

POLDER increases, too. This comparison appears encouraging

though there are some discrepancies especially for the partly

cloudy and the thin cloud cases.

One has to keep in mind that the aim of the “ERB &

clouds” processing line is to derive cloud properties and not to

detect surface parameters. Consequently, the cloud detection

algorithm is very different from a cloud-clearing algorithm.

The previous discussion highlights that broken cloudiness as

well as thin cloud cover are sometimes classified as clear by

the POLDER pixel identification scheme. In fact, one verifies

that the different thresholds of the POLDER algorithm have

been adjusted in such a manner that questionable cloud cases

as well as thick aerosol layers are rejected as clear. Generally

speaking, it seemed to the authors that it was preferable not

to allocate to an entire POLDER pixel some mean cloud

properties corresponding only to a small fraction of the pixel.

However, this philosophy may have some impact on the final

results, as illustrated in Section VI.

III. CLOUD OPTICAL THICKNESS

Cloud optical thickness is directly related to the ice/water

content and is thus a key parameter in cloud modeling. It can

be derived from bidirectional reflectance measurements. How-

ever, this needs some assumptions both on cloud microphysics

and on cloud morphology and spatial distribution. Cloud fields

are commonly viewed as a single and homogeneous plane-

parallel layer composed of prescribed particles despite possibly

large effects due to both cloud heterogeneities (e.g., [25],

[10]) and different particles [28]. Unlike the usual scanner

radiometers, POLDER provides up to 14 quasi-simultaneous

reflectance measurements of a geographical target. While it is

always possible to find a cloud model that satisfies one single

bidirectional observation of a given target, it is not so easy

to fulfill the complete set of 14 observations. Consequently,

POLDER not only allows the determination of cloud optical

thickness under some hypotheses, but it also enables us to test

the validity of these hypotheses.

A cloud water droplet model is used in our algorithm that

operationally derives cloud optical thickness from ADEOS-

POLDER data [7]. The cloudy pixels are assumed fully

covered by a plane-parallel layer composed of liquid water

droplets with an effective radius of 10 m and an effective

variance of 0.15 [18]. In these conditions, the optical thickness

is the only cloud property that is allowed to vary. This model

is similar to the one used in the first ISCCP analysis [33]. The

uncertainties due to the use of this model have been discussed

in [32].

An example of global distribution of the monthly mean

cloud optical thickness retrieved from ADEOS-POLDER data

is presented in Section VI. The purpose here is to illustrate

the ability to test the cloud model used. To do that, for the

cloudy situations observed over ocean during three ADEOS
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TABLE III
DISTRIBUTION OF THE THREE POLDER CLASSES IN EACH OF THE METEOSAT CLOUD TYPES FOR THE THREE POLDER-ADEOS PATHS OF FIG. 1

(a)

(b)

Fig. 2. Differences between the “directional” values of cloud spherical
albedo and their mean value as a function of scattering angle for (a) liquid
water clouds and (b) ice clouds. The wavelength is 670 nm. The line
corresponds to the average difference. POLDER data corresponds to ADEOS
orbits 3107–3109.

overpasses (orbit numbers 3107–3109), we make use of the

“directional” values of cloud optical thickness, given

in the “ERB & clouds” products. Since the retrieval is based on

the standard cloud droplet model, these values are expected

to be close to one another in the case of liquid water clouds

and dispersed in the case of ice clouds. By another way,

for each cloudy pixel the thermodynamic phase is identified

following the method described in Section V. We thus select

the super-pixels only composed of pixels for which the phase

is found liquid and the super-pixels for which the phase is

ice whatever the pixel. For every superpixel observed under

at least seven directions, we calculate the difference between

each of the “directional” values of optical thickness and their

mean value. More precisely, we make use of a representa-

tion, introduced in the ISCCP scheme, that is equivalent in

radiative energy amount. Indeed, the variability of the cloud

properties we are interested in is important according to their

contribution to the earth radiation budget. Additionally, as

the basic measurements are radiances, the precision of the

calculated differences is more easily interpretable in energy

rather than in optical thickness. Practically, the calculated

parameter is the cloud spherical albedo (over a black surface)

which is a one-to-one function of the optical thickness (see

[34, Fig. 3.13]).

These cloud spherical albedo differences are reported as

a function of scattering angle for the selected liquid water

clouds in Fig. 2(a). On average, the liquid water clouds appear

well represented by the standard droplet model. The absolute

difference of retrieved spherical albedo is typically 0.01. Only

about ten superpixels, located near a depression off Iceland,

notably depart from this good behavior; the large spherical

albedo differences are certainly due to shortcomings in the

cloud phase detection for these ambiguous multilayered cloud

systems. The spherical albedo difference averaged over the

2278 superpixels classified as liquid water clouds remains

very close to zero for all the scattering angles larger than

90 . The values of scattering angle around 80 correspond

to large values of the solar and/or the viewing zenith angle,

which may induce a serious weakness of the plane-parallel

approximation [25]. However, note that the abrupt decrease

of the spherical albedo difference near 70 corresponds to the
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ambiguous cases mentioned above and must not be considered

as representative of the liquid water clouds.

The spherical albedo differences calculated for the super-

pixels classified as ice clouds are reported in Fig. 2(b). As

expected, it clearly appears that the liquid water droplet model

is not suitable for ice clouds. The difference of retrieved

spherical albedo often reaches values as large as 0.1. The

value of the spherical albedo difference averaged over the 1197

superpixels varies by 0.12 when the scattering angle varies

from 100 to about 140 . The minimum observed near 140 is

related to the peak of the phase function of the water droplet

model in the rainbow direction. A smoother phase function

would give a better agreement in the treatment of ice clouds.

However, the standard water droplet model which is used

in the POLDER operational algorithm—a cloud droplet ra-

dius of 10 m—is in good agreement with mean values

retrieved from near-infrared radiance observations over low-

level clouds: about 11–12 m in maritime clouds and 8–9

m in continentals clouds [17]. On the opposite, many studies

have shown that the single-scattering properties of ice cloud

particles differ substantially from those of liquid water spheres

(see [28] and references therein). For that reason, an ice fractal

polycrystal model, which is expected to be representative of

irregularly shaped and randomly oriented ice particles, was

introduced in the treatment of cold clouds in the recent ISCCP

re-analysis [34]. On the other hand, the analysis of airborne

POLDER data acquired during the EUCREX’94 (European

Cloud and Radiation Experiment) campaign confirmed that the

standard water droplet model is suitable for stratocumulus and

the ice polycrystal model is more adequate for cirrus clouds

[14].

Thus, the POLDER bidirectional reflectance measurements

appear useful to check the schemes of cloud optical thickness

retrieval. In the near future, different cloud particle models will

be investigated in order to minimize the angular variability of

the cloud spherical albedo.

IV. CLOUD PRESSURE

Together with cloud optical thickness, one of the most

important cloud properties with respect to global climate

changes is cloud height. Several techniques for deriving cloud

altitude from satellite have already been developed, gener-

ally using radiances in the 15 m CO band (e.g., [40],

[27]) or in the atmospheric windows (e.g., [31], [26]). Two

different methods were developed to retrieve cloud pressure

from ADEOS-POLDER data [7]. Here we present the first

comparison between these two cloud pressures, respectively,

derived from absorption measurements in the oxygen A-band

and from spectral polarization measurements.

The algorithm of derivation of the “apparent pressure”

is extensively described in [7]. It is based on a differential

absorption technique using the radiances measured in the

POLDER narrow-band and wide-band channels centered on

the oxygen A-band. In this algorithm, is calculated

both for clear and for cloudy conditions (cf., Section II; see

also [42]). Here we consider only the cloudy conditions. The

atmosphere is assumed to behave as a pure absorbing medium

overlying a perfect reflector located at pressure Because

all scattering effects are neglected, is not the cloud top

pressure; it is somewhat of a mean pressure, between the

bottom and the top of a single cloud or of a multilayered

cloud system. This difference between and the cloud top

pressure can be amplified when the ground influence is not

negligible. A correction for this effect, proposed in [7], is yet

to be validated and is not considered here.

Another retrieved cloud pressure is the so-called “Rayleigh

cloud pressure,” derived from polarization measure-

ments at 443 nm. At this wavelength, the polarized reflectance

is mainly related to the atmospheric molecular optical thick-

ness above the observed cloud, at least for scattering angles

ranging from 80 and 120 and outside the sunglint direction.

A correction is introduced to remove the small contamination

by the cloud layer itself as explained in [7]. The pressure

is then directly proportional to the retrieved molecular optical

thickness. That pressure is thus expected to be close to the

cloud top pressure, at least when the whole signal comes from

the molecules situated above the cloud, that needs overcast

conditions.

Fig. 3 compares the Rayleigh cloud pressure to that derived

from O absorption for the clouds observed during the three

selected ADEOS overpasses. As expected, is almost

always larger than for overcast conditions [Fig. 3(a),

(b)]. The mean difference is 140 hPa for the 2776 oceanic

superpixels and 209 hPa for the 219 continental ones. A

comparable difference was observed for optically thick clouds

between and the cloud top pressure derived from the

brightness temperature measured in the 11- m channel of

METEOSAT [42]. These differences are thought to be chiefly

due to the photon penetration effect that strongly affects the

retrieval of the pressure from O absorption measurements.

This effect is known to be more negligible as the volume

scattering coefficient is larger [46]. That is the case of maritime

stratocumulus clouds for which is much closer to

[see the range 900–1000 hPa in Fig. 3(a)].

The comparison between and appears more

complex for the partly cloudy superpixels [Fig. 3(c) and (d)].

The difference remains positive over land but is

very often negative over ocean. The mean difference is 225

hPa for the 711 continental superpixels but 32 hPa for the

3462 oceanic ones. When the cloud cover tends toward zero,

the retrieved pressures do not tend necessarily to the surface

pressure The Rayleigh pressure tends to

only if there is no additional polarization by the surface. The

apparent pressure tends to only if all of the reflected

light comes from the surface. Practically, is close to

for highly reflecting surfaces but can be as weak as

500 hPa for dark surfaces such as the ocean outside the region

of the solar specular reflection [42]. Therefore, for partly

cloudy pixels, is generally larger than the actual cloud

top pressure and is weaker or larger than the cloud mean

pressure depending on whether the surface is dark or bright.

That explains that is generally positive for partly

cloudy superpixels over land [Fig. 3(d)] but is now negative

now positive over ocean depending on the relative contribution

of the cloud in the observed reflectance [Fig. 3(c)].
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(a) (b)

(c) (d)

Fig. 3. Apparent cloud pressure derived from O2 absorption versus Rayleigh cloud pressure derived from polarization at 443 nm, for overcast conditions
over (a) ocean and (b) land and for partly cloudy conditions over (c) ocean and (d) land. POLDER data correspond to ADEOS orbits 3107–3109.

V. CLOUD THERMODYNAMIC PHASE

An improved algorithm for remotely determining the cloud-

top thermodynamic phase is described hereafter. The algorithm

utilizes near-infrared polarized reflectance over a large range

of scattering angles in order to discriminate between ice and

liquid water phases. Indeed, theoretical as well as experimental

studies have shown that polarized signatures of water droplets

and ice particles are quite different [15], [16], [6], [35], [12].

Considering a cloudy system observed from satellite, the

polarized component of the upward radiance is mainly formed

in the upper cloud layer [15]. Around 80% of the single-

scattered radiation reflected by the cloud arises from the upper

hundred meters of the layer. In studying cloud polarization, the

physical interesting quantity is the polarized reflectance ,

which is less sensitive to multiple scattering effects than the

total reflectance [19]. Thus, the polarization features, mainly

governed by single scattering, are preserved in

For a large enough optical thickness , the polarized

reflectance roughly varies as the cloud polarized phase

function, which depends on cloud microphysics properties

(shape/size) and refractive index.

In most cases, cloud water droplets are expected to have

a particle effective radius ranging between 5 m and 15 m.

Fig. 4(a) and (b) presents, respectively, theoretical simulations

and observations of the main polarization features for scat-

tering angles that can be observed by POLDER. The light

scattering by cloud water droplets exhibits a strong maximum

about 140 from the incoming direction. This peak, the so-

called primary rainbow, is highly polarized which makes it

easily detectable. The maximum and the width of the peak

are dependent on the droplet size distribution [15]. Another

noticeable property is the neutral point, which is located

between 75 and 120 according to droplet size. For narrow

size distributions, several supernumary bows appear [16]. On

the contrary, if the size distribution is relatively broad, no

supernumary bow appears. In some cases these properties are

used to retrieve the effective radius of liquid water droplets

[4]. The last polarization feature that can be observed is the

glory, which is centered on the backscattering peak (scattering



1604 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 37, NO. 3, MAY 1999

(a)

(b)

Fig. 4. Polarized reflectance at 865 nm as a function of scattering angle.
(a) corresponds to simulation in the solar principal plane for polycrystals
randomly oriented in space (dashed line) and water spheres of effective radius
of 10 �m (solid line). In both cases cloud optical thickness is two. The sun
zenithal angle is 55�. (b) is an example of polarized reflectance measured by
POLDER over cirrus cloud (crosses) and over liquid water cloud (full circle)
on November 10, 1996.

angle equal to 180 ). This is a typical characteristic of water

spheres [41].

Unlike water clouds, cirrus clouds are mainly composed

of ice crystals with extremely large variabilities in shape

and size [21]. Diversity and complexity of ice crystal shape

and size depend on temperature and humidity in cloud. For

scattering angles that can be observed from space, radiative

transfer computations [6], [12] performed for randomly ori-

ented hexagonal particles [Fig. 4(a)] and observations [Fig. 4

(b)] show different important features: i) a generally positive

polarization (vibration perpendicular to the scattering plane),

ii) a decreasing of the polarization for increasing scattering

angles (i.e. negative slope), and iii) a neutral point around

160 .

Since [7], preliminary analysis of polarized reflectances

acquired by ADEOS-POLDER has highlighted a possible new

way to recognize the cloud thermodynamic phase. The present

operational algorithm is described hereafter. Two specific

angular ranges are considered. For scattering angles smaller

than 110 , the direction of the polarization plane with respect

to the scattering plane is predominately 90 (positive polarized

component and negative slope) for ice clouds and 0 (negative

polarization and positive slope) for liquid water clouds. For

larger scattering angles (around 140 ) the two cloud types

positively polarize the radiation, but the polarized reflectance

is ten times higher for liquid water clouds than for ice

clouds. The POLDER angular coverage in term of available

scattering angles depends on the latitude and the season. The

most complete POLDER angular sampling can give access to

these two angular ranges. In some cases, one or both angular

domains can be not sampled. The phase detection is based on

tests performed in the two scattering angle domains at 865 nm.

At this wavelength, the molecular contribution is rather weak

and is corrected for by using the Rayleigh cloud top pressure

(see Section IV).

The algorithmic principle and results are illustrated in

Fig. 5. First, examine the 670-nm reflectance image [Fig. 5(a)]

acquired over France on November 10, 1996. The size of the

selected area is about 1000 km 1000 km. Clouds cover

a large part of the scene. Now, examine the corresponding

polarized reflectance images at 865 nm for scattering angles

around 100 [Fig. 5(b)] and for scattering angles around 140

[Fig. 5(c)]. In Fig. 5(b) black pixels correspond to negative

polarization near 100 . This characterizes the “liquid” phase.

The same pixels exhibit large polarized reflectance around

140 [Fig. 5(c)]. A combination of the polarization informa-

tion in these two scattering angle domains leads to label these

pixels as “liquid” [Fig. 5(d)]. On the other hand, gray pixels

[Fig. 5(b)] correspond to relatively high positive polarization

around 100 and to very small ( 0.01) polarization around

140 [dark pixels in Fig. 5(c)]. The corresponding pixels are

labeled “ice” [Fig. 5(d)]. The processing of the POLDER

level 1 data thus allows the determination of cloud phase at

global scale. Each cloudy “superpixel” of the level 2 POLDER

product is finally identified as “liquid,” “ice,” “mixed” or else

“undetermined.”

VI. MONTHLY MEAN CLOUD PROPERTIES

The level 2 POLDER “ERB & clouds” products contain

for each orbit the retrieved cloud property parameters (cloud

cover, cloud pressures, optical thickness, . . . ) with their full

directional properties and their angular averaging as nondi-

rectional parameters [7]. In level 3 processing, most of the

latter, coming from up to 420 orbits, are averaged on a global

coverage scale to provide monthly mean climatologies and

associated temporal dispersions. For each pixel, the number of

daily POLDER observations extend from at most one between

30 N and 30 S to up to 14 close to the poles. For the June

1997 POLDER data presented here, the number of averaged
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(a) (b)

(c) (d)

Fig. 5. Illustration of the cloud thermodynamic phase recognition. (a) Reflectance image in the 670-nm band acquired over France on November 10,
1996. Reflectance dynamic ranges from 0–0.9. (b) Polarized reflectance at 865 nm for scattering angles close to 100�. Black pixels indicate negative
polarization (�0:04<PR< 0): Gray levels are for positive polarization up to 0.02. (c) Same as (b), but for scattering angles near 140�. Polarized
reflectance ranges from 0–0.07. (d) Thermodynamic phase index (black is for clear sky, light gray for liquid, and dark gray for ice). This resulting
image is a combination of information contained in (b) and (c).

observations used to construct these climatologies lies, in most

cases and depending on cloud cover and latitude, from 15 up

to more than 150 observations.

As quoted in Section I, “ERB & clouds” products are

averaged at a 50 50 km scale which corresponds, except

very near the poles, to 9 9 aggregates of elementary

POLDER equal area pixels. This low-resolution grid has been

constructed in direct relationship with the equal area ISCCP

grid, in such a way that each ISCCP cell contains an integer

number of these “superpixels” (namely 5 5, between 80 N

and 80 S).

As an example of the first available “ERB & clouds”

level 3 monthly synthesis, we present here the June 1997

climatology of four selected parameters (cloud cover, optical

thickness, O apparent cloud pressure, and Rayleigh cloud

pressure) and make a first comparison to interannual means

of ISCCP monthly mean data. For this, we have used both

C2 (1983–1991) [33] and D2 (1987, 1989–1993) [34] data

interpolated at 10:30 a.m. local time, but we will concentrate

on the latter, as the most recent reprocessing of the archives.

More exactly, we reprocess the D2-level data from ISCCP-

D1 data by weighting the cloud optical thickness and cloud

pressures by the cloud cover to obtain monthly means coherent

with POLDER processing.

In the following, all comparisons of POLDER and ISCCP

data are restricted to the 60 N–60 S latitude band because

of the large snow and sea-ice occurrence near the pole. Fur-

thermore, for all statistical studies, the POLDER observations

have been averaged at the ISCCP cell resolution.

A. Cloud Cover

The POLDER cloud cover for June 1997 is presented in

Fig. 6. All the large cloud structures associated with the main

climate processes are easily identified and their location is

coherent with what we would expect for the month of June:

the intertropical convergence zone (ITCZ) along the 10 N

parallel, large clear-sky area over the deserts of Sahara, South-

West Africa, and Australia, subtropical zones of heavy cloud

cover west of Peru, Angola, California, and over the northern

Pacific. We note, however, an abnormal overcast area around
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Fig. 6. POLDER level 3 monthly synthesis of cloud cover for June 1997. Coverage ranges from zero (black) to one (white) over a light gray background.

TABLE IV
GLOBAL MEANS OF ISCCP C&D AND POLDER CLOUD COVERS. FOR THE D DATA SET,
MIN AND MAX GIVE THE INTERANNUAL DISPERSION AMONG THE SIX PROCESSED YEARS

the North Pole corresponding, as it will be confirmed later, to

a faulty cloud detection over sea ice.

Crude statistics of this cloud cover (Table IV) show that

POLDER data underestimate the global cloud amount by 8%

(5%) when compared with ISCCP D2 (C2) interannual mean

data sets. When comparing these cloud covers at pixel scale,

we see that POLDER is always weaker over ocean, but close

to the C2 data set over land.

A more detailed view of these statistics in terms of cloud

cover distribution (Fig. 7) shows that, for POLDER and IS-

CCP D2 data sets, 20% of the cells have a cloud cover

higher than 0.8. However, 34% of POLDER cells have a cloud

cover lower than 0.5, whereas this percentage drops to 20%

for ISCCP-D2 climatology. A closer look at the POLDER

(respectively, ISCCP-D2) cloud covers shows that, over ocean,

22% (respectively, 30%) of the cells have a coverage higher

than 0.8, while 28% (15%) of cells have a coverage less

than 0.5. Over land, these percentages become 8% (10%) for

POLDER (ISCCP) cells with a coverage higher than 0.8 and

48% (32%) for cells with a coverage lower than 0.5.

Over land, in the 60 N–60 S latitude range, the increase

of cloud coverage observed between the C2 data set and the D2

reprocessing is mainly due to the lower brightness temperature

threshold used to separate clear and cloudy cells [34]. We

may thus presume that the POLDER underestimation of cloud

cover over land comes from a weaker detection of thin cirrus,

as it is typically observed over the Saharan desert. This can

be extended for ocean observations and is coherent with the

precautions included in the cloud detection algorithms to avoid

aerosol contamination (see Section II).

Finally, we have checked the coherence between POLDER

cloud cover and ISCCP reprocessed climatologies at the pixel

scale by looking at the cloud cover differences ( CC) with

POLDER. Over ocean, CC is weaker than 0.1 for 62% of the

pixels while over land, this is observed for only 49% of the

pixels. When the tolerance threshold is set to CC , these

percentages reach 86% over ocean and 79% over land. That

shows a good coherence at a global coverage scale despite the

fact that i) we compare June 1997 to a six-year interannual

mean and ii) POLDER has a daily global coverage, while

ISCCP climatologies use multisensor data.

B. Cloud Optical Thickness

In both level 2 (with full directional properties) and level

3 processings, spatial and angular, then temporal averag-

ings of optical thickness have been performed separately in

terms of linear means and energy equivalent means (see

Section III). Both sets of information are given in “ERB &

clouds” POLDER products as in ISCCP products, but we will

concentrate here on the latter.

The POLDER energy averaged optical thickness for June

1997 is presented in Fig. 8. Besides the values much larger

than 15 at high latitudes which are obviously due to the large

reflectivity of sea-ice areas detected as overcast pixels, the
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(a) (b)

Fig. 7. Comparison of POLDER (thick solid line) and ISCCP D2 (thin solid line) cloud cover distributions (a) over ocean and (b) over land. The count
axis corresponds to the number of ISCCP equal area grid cells in 4% bins.

Fig. 8. POLDER level 3 monthly synthesis of cloud optical thickness (energy means) for June 1997. The scale ranges from zero (black) to 15 (white)
over a light gray background.

observed optical thickness is coherent with the above-observed

cloud structures and their expected regional reflectivity charac-

teristics: high mean values all along the ITCZ, over midlatitude

depression areas and for frequent thick enough cirrus banks as

seen over the Sahara.

The statistical distribution of all the retrieved optical thick-

nesses between 60 N and 60 S is presented in Fig. 9 along

with the corresponding ISCCP data. The pixel values (coded

in equivalent energy amount) have been averaged, with cloud

cover weighting, at the ISCCP cell scale and then converted to

corresponding optical thickness for presentation. We observe

a noticeable spreading of the POLDER distribution (4.66

0.64) toward higher optical thickness values, compared to

ISCCP (3.91 0.58). At this stage of a first comparison, we

may think of different grounds for this discrepancy. First, IS-

CCP and POLDER present differences in the optical thickness

retrieval methods as well as in the measurements. Another

would be the effect of the POLDER cloud detection algorithm

thresholds on thin cirrus and small or broken clouds at the

subpixel scale, compared to the ISCCP rate of detection. Since

optical depth averaging is only done for nonzero cloud cover,

the statistical effect may be far from negligible, even for
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Fig. 9. Comparison of POLDER (thick solid line) and ISCCP (thin solid
line) optical thickness distributions. The count axis corresponds to the number
of ISCCP equal area grid cells in 0.5 bins.

energy means, and would lead toward the observed spreading

over higher optical thickness values. Given the importance of

optical thickness as a cloud characteristic, more precise studies

are clearly needed, in particular with June 1997 ISCCP data

when available.

C. Cloud Pressure

As explained in Section IV, two different POLDER cloud

pressures ( and ) have been defined, using two differ-

ent physical principles. We may thus expect to attain different

characteristics of the usually complex cloud structures.

The POLDER mean “apparent” cloud pressure for

June 1997 is presented in Fig. 10. The abnormally high values

around the pole are in fact surface pressures of snow and sea-

ice, as mentioned above. The main climatic trends of cloud top

heights are easily recognizable: large areas of dense low cloud

structures on subtropical west sides of main continents and the

southern Indian Ocean, high cloud accumulation all along the

ITCZ and over high altitude continental zones. However, but

not surprisingly (see Section IV), appears systematically

lower than the expected cloud “top” pressure.

This is clearly confirmed by a global statistical comparison

of this retrieved pressure against ISCCP pressures (Table V).

For the latter, we have chosen to confront POLDER pressures

to both “adjusted cloud top pressure” (noted P78, following

ISCCP D2 notation [34]) and “nonadjusted cloud top pres-

sure” (P79). When averaged, appears very close to the

uncorrected P79 pressure but significantly higher than P78.

Pressure distributions over all ICCP cells (Fig. 11) furnish

further hints. First, and P78 present a very similar

shape of distribution which shows, more or less clearly,

three expected structures: the concentration of large strato-

cumulus decks with high pressure values, thick high-level

clouds on the other end of the histogram, and a majority

of middle/multilayered cloud structures in between. Second,

there is an overall shift of 139 hPa between and P78,

the latter being expected to be close to the top cloud pressure.

This overall value is probably a complex statistical mixing of

two main radiative processes: photon penetration inside cloud

layers and transparency of thin upper layer to lower cloud

layers or surface reflectivity (see Section IV and [42]).

The POLDER mean “Rayleigh pressure” for June

1997, presented in Fig. 12, is expected to be closer to the

top cloud pressure (Section IV). Indeed, all the main climatic

trends of known cloud top heights are enhanced when com-

pared to : geographic extension of the high-level clouds,

particularly over land, and clear higher mean values of the

cloud pressure. We note, however, an abnormal amount of

large ( 900 hPa) pressure values which are currently under

investigation.

When is compared to ISCCP cloud top pressure

P78 (Table V and Fig. 13) we observe a shift of 78 hPa

toward high pressure values, whereas the general trends of the

pressure distribution are comparable. Given the very different

radiative physics involved in the retrieval of these two cloud

pressures (brightness temperature in one case and polarized

visible reflectivity in the other), a detailed comparison is far

beyond the scope of this paper. However, when exploring the

lower pressure end of the distribution (Fig. 3) at the pixel

scale, we observe that (22%) (16%) (36%) of (all)(ocean)(land)

ISCCP P78 pixels have a cloud top pressure weaker than 450

hPa, while the corresponding percentages drop to (5%) (4%)

(7%) for As observed for , one part of this lack

of high pressures is due to the POLDER misdetection of thin

cirrus, particularly over land; another part may be interpreted

as a transparency effect of the polarization due to molecules

underneath high rather thin cloud layers; further studies are

nonetheless needed to confirm such a statement.

At the present state of the validation, the comparisons

presented above for three of the main cloud properties are

encouraging and lead to rather coherent hints regarding the

observed discrepancies. However, this preliminary study is

limited to a single month and any conclusive statement should

wait until the whole eight months of level 3 POLDER data

are processed.

VII. SUMMARY AND CONCLUSION

First results on the derivation of cloud properties from

ADEOS-POLDER have been presented in this paper. The

original contribution of POLDER has been emphasized for

each cloud property investigated. Particular attention was

given to POLDER level 2 data of November 10, 1996 and

level 3 products of June 1997.

A first key result is a good correlation between the POLDER

cloud detection algorithm and the Dynamical Clustering

Method [37] applied to METEOSAT data. Some discrepancies

appear for broken cloudiness and very thin cirrus cloud cases.

However, we think that it is preferable to not allocate to an

entire POLDER pixel (6.2 km 6.2 km) cloud properties

that correspond only to a small fraction of the pixel. This

choice can explain why our cloud cover appears to be weaker

(typically by 0.08) than the ISCCP climatological values.

Cloud optical thickness was derived from bidirectional

reflectances by using the standard water droplet model with
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Fig. 10. POLDER level 3 monthly synthesis of apparent O2 pressure (Papp) for June 1997. Pressure ranges from 200 hPa (white) to 1000 hPa (black).

TABLE V
GLOBAL MEANS AND STANDARD DEVIATIONS (hPa) OF ISCCP P78 AND P79 (SEE TEXT) AND POLDER Papp AND PRay PRESSURE DISTRIBUTIONS

an effective radius of 10 m. The multidirectional capability

of POLDER is demonstrated to be useful to check schemes

of cloud optical thickness retrieval. As expected, the standard

water droplet model is suitable for liquid water clouds and

inadequate for ice clouds. This statement indirectly validates

our algorithm of cloud thermodynamic phase recognition,

since it was used to select these two types of clouds. The

next “ERB & clouds” algorithm planned for POLDER2 on

ADEOS2 (end of 2000) should begin with the cloud phase

detection; then the more adequate particle models should be

used to derive the cloud optical thickness. For this purpose,

different ice crystal models will be analyzed and validated in

the very near future.

Two POLDER cloud pressures are derived by two different

ways: the O -apparent pressure is derived from absorption

measurements in the oxygen-A band, while the Rayleigh cloud

pressure makes use of spectral polarization observations. On

average, the apparent pressure is weaker (typically by 60

hPa) than the Rayleigh pressure. For overcast conditions, the

Rayleigh pressure is expected to be close to the cloud top

pressure; the O -apparent pressure is larger by more than

100 hPa chiefly due to the photon penetration effect inside

the cloud layers. For partly cloudy conditions, the difference

between the two retrieved pressures can be now negative

now positive depending on the importance of the surface

reflectivity.

Comparisons between POLDER and ISCCP monthly mean

products were performed for the month of June. However, they

are still only preliminary since the ISCCP data are not yet

Fig. 11. Comparison of Papp (thick solid line), ISCCP P78 pressure (thin
solid line) and P79 pressure (dotted line) distributions. The count axis
corresponds to the number of ISCCP equal area grid cells in 20 hPa bins.

available for the period of the ADEOS-POLDER acquisition

(November 1996–June 1997). Overall, the agreement is rather

good. Differences between POLDER and ISCCP cloud optical

thickness and cloud pressure certainly result for a large part

from differences in the cloud detection schemes. They also

result from the original characteristics of the POLDER instru-

ment, which is complementary to usual satellite radiometers.

The multispectral multipolarization and multidirectional ca-

pabilities of POLDER thus appear useful for cloud studies.
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Fig. 12. As in Fig. 10 for POLDER “Rayleigh” pressure (PRay):

Fig. 13. As in Fig. 11 for PRay (thick solid line).

Moreover, POLDER allows observing a large sampling of the

BRDF (up to 14 quasi-simultaneous radiance measurements)

of any scene. Hence, it makes possible the construction of

angular directional models directly correlated with the re-

trieved cloud properties. This item is important in view of the

high remaining uncertainty when inverting radiances to fluxes

in the Earth Radiation Budget Experiment (ERBE) project,

which is simply due to the use of limited and sometimes

incorrect angular directional models [3], [2]. In the recent

Tropical Rainfall Measuring Mission (TRMM) [39] and near-

future Earth Observing System (EOS) projects [44], this

fundamental problem is expected to be improved by combining

broadband CERES measurements [45] with the use of narrow-

band moderate spatial resolution cloud imagers like Moderate

Resolution Imaging Spectrometer (MODIS) [24] and Visible

and Infrared Scanner (VIRS).
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Buriez, and G. Sèze, “The POLDER mission: Instrument characteristics
and scientific objectives,” IEEE Trans. Geosci. Remote Sensing, vol. 32,
pp. 598–615, 1994.

[14] J. Descloitres, J.-C. Buriez, F. Parol, and Y. Fouquart, “POLDER
observations of cloud bidirectional reflectances compared to a plane-
parallel model using the ISCCP cloud phase functions,” J. Geophys.
Res., vol. 103, pp. 11411–11418, 1998.
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[37] G. Sèze and M. Desbois, “Cloud cover analysis in satellite imagery
using spatial and temporal characteristics of the data,” J. Climate Appl.
Meteorol., vol. 26, pp. 287–303, 1987.
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