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Cloud Cover Analysis from Satellite Imagery Using Spatial
and Temporal Characteristics of the Data

GENEVIEVE SEZE AND MICHEL DESBOIS
LMD/CNRS, 91128 PALAISEAU CEDEX (France)
(Manuscript received 6 June 1985, in final form 29 October 1986)

ABSTRACT

New developments of a cloud classification scheme based on histogram clustering by a statistical method are
presented. Use of time series of geostationary satellite pictures as well as for construction of composite images
representative of the surface properties and then for the identification of significative cloud classes is discussed.
Spatial variances are introduced as additional parameters of the classification, with the aim to better separate
clouds from the surface and the different kinds of more or less homogeneous cloud classes.

1. Introduction

During the last few years, research on cloud char-
acterization from multispectral satellite imagery has
been stimulated by the International Satellite Cloud
Climatology Program (ISCCP). Several methods of
cloud classification have been tested in a systematic
algorithm intercomparison (Rossow et al., 1985).

All these methods consist of two steps. The first step,
cloud detection, determines the percentage of cloud
cover. The second step, analysis, determines the prop-
erties of the clouds found in the first step. These meth-
ods can be separated into two groups: 1) threshold
methods where the cloud detection and analysis are
performed on individual pixels using VIS and IR ra-
diances and physical thresholdings; and 2) statistical
methods where these two steps are not performed on
each pixel, but globally on image segments, using the
statistical properties of the VIS and IR radiances. (Ros-
sow et al. 1986, Minnis and Harrison 1984, Desbois
et al. 1982, Simmer et al. 1982, Phulpin et al. 1983).
In most of the cases, statistical and threshold methods
agree reasonably well. But all the methods encounter
similar problems—e.g., dependence on surface prop-
erties, nonblack clouds with varying emissivities and
partial coverage of the pixels. Although statistical
methods hold more potential for resolving these prob-
lems than do the threshold methods, at the time of the
ISCCP intercomparison, statistical methods were not
sufficiently developed and were insufficiently tested to
be applied operationally. Indeed, for the ISCCP op-
erations, a threshold method has been chosen using
auxiliary data as ground truth data and other satellite
measurements. However, development of statistical
methods must be pursued (Rossow et al. 1985) to ex-
tract the maximum information from the VIS and IR
images, in the aim to reduce the need of auxiliary data

© 1987 American Meteorological Society

and to have a better understanding of the cloud prop-
erties variability.

The statistical methods basically start from the spec-
tral representation of one image segment or repartition
function of the pixels of this image segment in the
spectral space. This repartition function is called a bi-
or multidimensional histogram depending on the
number of spectral channels. Assuming that pixels of
one cloud layer or surface have homogeneous (VIS-
IR) spectral signatures, a surface or cloud type is rep-
resented by a high density peak in the histogram.
Therefore, the statistical methods use clustering tech-
niques to obtain histogram partitions into clusters cen-
tered on these peaks. Clusters are assumed to be rep-
resentative of cloud or surface classes.

Intercomparisons have shown that the clusters found
on the same sample were often method dependent,
e.g., between the Dynamic Cluster method (Desbois et
al. 1982) and the Asymmetric Gaussian method (Sim-
mer et al. 1982). This is attributed to the imprecise
definition of the clusters on the histograms which often
show no distinct peak, but a mixture of many inter-
mediate values. Suggestions have been proposed to im-
prove the process of cluster definition for these statis-
tical methods. These include

¢ choosing more representative samples of the cloud
population for the classification, by using larger areas
and/or time-cumulated samples (Desbois and Seze,
1984);

e using spatial properties of the image, e.g., local
spatial variances, to separate the homogeneous regions
from intermediate points, interpreted as partially cov-
ered fields of view by Coakley and Bretherton (1982).

The purpose of this paper is to introduce into a statis-
tical classification scheme both improved time sam-
pling and spatial variances and to test the results ob-
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tained against a simple threshold technique, and man-
ual nephanalysis. The integration of spatial and
temporal properties of the data in the classification is
done by using the repartition functions of images time
series in the spectral (radiances), and spatial (local vari-
ance of radiances) spaces. Time series are currently
used to construct images taken as representative of clear
sky conditions, e.g., in the threshold methods (Minnis
and Harrison, 1984; Rossow et al., 1985). Here we have
used time series to determine surface radiances and
study their temporal stability and to obtain radiances
representative of cloud classes.

In section 2 the stability of surface conditions in
time is tested by using different compositing techniques.
In section 3 the usefulness of time cumulative (VIS-
IR) bidimensional histograms for separating major
cloud types is investigated. In section 4 the information
contained in both VIS and IR spatial variances is dis-
cussed. Application of a classification scheme which
uses both time sampling and spatial variances is pre-
sented in section 5. In section 6, cloud/surface deter-
minations resulting from this classification scheme are
compared with results of a simple threshold method
using the clear sky reference images described in section
2. Finally, in section 7, a comparison of cloud types
derived from the method used here and manual neph-
analysis made on the same images is presented.

2. Reference surface images and compositing tech-
niques

For a given period, threshold methods, using time
series of satellite images to build “clear sky’” maps, as
well as a classification scheme working on time cu-
mulated histograms, require that surface properties stay
relatively constant during this period; in addition, at-
mospheric conditions should remain relatively stable
if a correction for atmospheric effects is not undertaken.
Fulfillment of these conditions was tested over a par-
ticular time series, which is used throughout this paper:
it is composed from Meteosat visible (0.4-1.1x) and
infrared (10.5-12.5u) images over western Europe for
the period 22 July-10 August 1983. Only one image
is chosen for each day (1130 UTC-scanning over Eu-
rope 1150 UTC) in order to have the best solar illu-
mination. Full resolution Meteosat images are used
(resolution at subsatellite point of 5 Km in IR image
and 2.5 Km in VIS image). A sampling of one pixel
out of four is applied to the VIS image to match the
IR resolution.

From a meteorological point of view, the beginning
of this period was characterized by a dust event coming
from North Africa and spreading over the Mediterra-
nean sea, associated with very warm temperatures in
Europe, especially during the last days of July. The
later part of the period was characterized by many kinds
of clouds.

To avoid the use of varying accuracy in absolute
calibration factors and angular or atmospheric correc-
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tions, all the analyses presented here are done directly
on Meteosat counts, instead of on temperature and
albedo. According to Esoc’s calibration reports and B3
data set (ISCCP), a correspondence is given between
VIS (IR) count values and albedo (apparent tempera-
ture).

Before applying any processing to these data, we as-
sessed the stability of observation conditions:

o the calibration factor of both radiometers of the
satellite has to remain stable during the period;

e solar zenith angle should not change too much
through the analysis area or throughout the time period,
due to seasonal variation of the inclination of the sun.

The first condition is verified according to Esoc’s cal-
ibration reports; for the second, orders of magnitude
of the reflectivity corrections at 45° latitude due to the
change of solar zenith angle were estimated according
to a cosf law:

e 5% for the same pixel, from the beginning to the
end of the period;

® 1% for 1° of latitude difference on the same image;

e 0.3% for 1° of longitude on the same picture.

Taking into account the generally low surface albedo
in the region studied (20%) and the poor radiometric
resolution of Meteosat VIS radiometer (of the order of
2% in albedo), corrections of the order of 5% represent
at most 1% in albedo, and can then be neglected.

Then, the main effect to take into account is the
correction with latitude. For this reason, appropriate
areas restricted in latitude have to be chosen for sta-
tistical classifications. Two of these areas are shown in
Fig. 1. However, the construction of composite images
can be applied directly on the whole image, each pixel
being processed separately.

Currently, the most frequently used composite im-
ages are minimum brightness images like the one pre-
sented on Fig. 1. The minimum VIS value of one pixel
during the whole period is kept as representative of the
“clear sky conditions™ for this pixel. This is based on
the assumption that every time a cloud is present the
brightness is enhanced. This image presents a good ho-
mogeneity except for some noise introduced by small
dark features. Most of them can be attributed to the
shadows of high clouds (Fig. 2). Reflectivity underes-
timation can also be due to presence of dust over bright
surface.

We have also constructed a relative minimum
brightness composite image for the same period. This
composite, for each pixel location, is made up of the
visible value corresponding to the maximum IR tem-
perature day during the period. If the maximum tem-
perature is reached more than once, the lowest corre-
sponding VIS value is used. This is based on the as-
sumption that no cloud is warmer than the warmer
underlying surface during the whole period, and that
the warmer value found is related to the clearer at-
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FIG. 1. Meteosat minimum brightness image at 1150 UTC for the
period 22 July-10 August 1983, showing the region studied. Rectan-
gular areas | and 4 represent the two areas specially described in this
paper.

mosphere. The maximum temperature composite im-
age is shown in Fig. 3 and the relative minimum
brightness composite image is shown in Fig. 4. The
relative minimum composite image looks very similar
to the absolute minimum VIS image of Fig. 1, but is
clearly noisier over sea. The differences between these
two composites images are more obvious in the differ-
ence image (Fig. 5). In this image, increasing light tones
indicate increasing differences between the absolute

north

X
surface

7.3 km

FIG. 2. Scheme of the geometry of illumination and observation
for the studied images, showing how high cloud shadows can be seen
from the satellite.

F1G. 3. Maximum IR radiance image at 1150 UTC
for the period 22 July-10 August 1983.

minimum and the relative minimum VIS values. The
linear features are a coastline artifact.

A careful examination of the days when the mini-
mum VIS and the maximum IR occur in two different
regions allows better understanding of these differences.
The left panels of Fig. 6a and b, show for each daily
image, the percentage of pixels reaching their minimum
brightness and percentage of pixels reaching their
maximum temperature for these two regions. These
percentages have been computed with a radiometric
resolution corresponding approximately to 2% in al-
bedo and 1°C in apparent temperature (for surface
temperature). It appears that VIS and IR counts of one
pixel do not always reach their extrema values at the

FI1G. 4. Relative minimum brightness composite image composed
of the pixels corresponding to maximum IR radiance (shown in
Fig. 3).
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FIG. 5. Difference image between minimum VIS image (shown in
Fig. 1) and composite VIS image (shown in Fig. 4).

same time; this is clear on Fig. 6a representing the
mostly maritime region in the northwestern Mediter-
ranean Sea. Also, it can be seen that minimum VIS
values are reached several times, whereas a IR maxi-
mum value is reached mostly on one particular day,
30 July. In the case of Fig. 6b, which is taken over land
in region 4, most of the IR maxima and VIS minima
are reached on the same day, 30 July; for the IR, this
is the case for 87% of the pixels, among which 77%
reach the maximum only for this day. For the VIS,
85% of the pixels reach their minimum value on 30
July, among which 10% reach their minimum only
10% for this day. This indicates that on some days of
the period some pixels without any detectable clouds
from their VIS radiance can have an IR radiance
smaller.

To look at the stability of the different kinds of com-
posite images, we constructed minimum VIS and
maximum IR composite images from a series of 19
days in which the particular case of 30 July was re-
moved. The new minimum VIS image is very similar
to the previous one (Fig. 1) and for a given day, the
number of pixels reaching their minimum value does
not change much. The new maximum IR image pre-
senis an average apparent temperature 2.5°C colder
than the previous one (Fig. 3). For individual days, the
number of pixels reaching their maximum IR values
increases. These pixels appear each day in specific areas;
the resulting maximum image is composed of a mosaic
of these areas. This mosaic appears homogeneous,
without discontinuities between the different areas.

Even on the 19 day series, minimum VIS values are
reached much more often (3 times on the average) than
IR maxima (1.4 times on the average). That cannot be
attributed to the problem of radiometric resolution
which is better in IR (1°C in apparent temperature)
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than in VIS (2% in albedo). Indeed, we have degraded
the IR radiometric resolution from 128 levels (tem-
perature resolution of 1°C) to 64 levels (temperature
resolution of 2°C), and then to 32 levels (4°C). Even
in this case, IR maxima are reached less than two times,
on average, during the whole series. This can be due
to the following causes:

1) Natural variability of surface temperature. The
meteorological air temperature during this period at
1200 UTL did vary from about 20°C to more than
30°C on some days like on 30 July. It appears, by com-
parison with the satellite images, that the lowest me-
teorological temperatures are associated with cloud oc-
currence, and the spatial homogeneity of the IR max-
imum image seems to demonstrate that the variability
of surface temperature under clear air conditions is
smaller.

2) Presence of thin high clouds not detectable in the
VIS channel. Indeed, among the points reaching their
minimum value in the visible, more than 13% corre-
spond to apparent ground temperatures of less than
15°C, which seems unlikely to be due only to surface
temperature changes for this time of the year and this
hour of the day. Moreover, occurrence of these cold
points is generally associated with the presence of cirrus
clouds in the region. If we now consider the points
reaching their minimum VIS value or their minimum
VIS value +1 count, 43% correspond to apparent
ground temperatures of less than 15°C, undoubtedly
representing thin high clouds. This stresses the sensi-
tivity of VIS threshold methods to the choice of the
threshold.

Looking now, for each pixel, at the VIS values corre-
sponding to maximum IR radiances and comparing
them to the absolute minimum VIS values, we found
that, over land, 27% of the values are different between
the two cases (for radiometric resolution of 2°C). If we
further degrade the radiometric resolution, this per-
centage remains high (18% for radiometric resolution
of 6°C.) Among these points, only 0.7% show large
differences. The examination of the images shows that
these 0.7% are associated with cloud shadows (Fig. 2).
The greatest part of the points (26%) different between
the two images show differences of only one VIS count.
This one VIS count difference can be attributed to a
digitalization problem, radiometer noise, or a change
during the period of solar zenith angle. However, a
digitalization problem, radiometer noise and a change
in the solar zenith angle cannot always explain these
differences which occur sometimes in well-defined
areas. A day-by-day examination of these areas shows
that their pixels do not reach their minimum visible
value on the warmest day but on a colder and cloudy

- day [maybe due to a higher water vapor content of the

atmosphere, which can reduce the apparent albedo
while reducing the apparent temperature (Koepke,
1982)].
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FIG. 6. (a) (left) Percentage of pixels reaching their maximum value in IR (full line) and
their minimum value in VIS (dashed line) per day, for the Mediterranean region (region 1)
(VIS range: 64 levels, IR range: 128 levels). (right) Percentage of pixels reaching their maximum
IR value or their minimum VIS value N times during the 20 days period. (b) As in Fig. 6A,

except for the Paris region (region 4).

In some places over sea, the VIS image correspond-
ing to the maximum apparent temperature is brighter
than the minimum VIS image. This is due to the oc-
currence of a Saharan dust event: the dust increases
the VIS reflectivity, and, as it is associated with an air
mass warmer than the sea surface temperature, con-
tributes to an increase of the IR radiance.

To summarize, from the minimum VIS composite
image to the relative minimum VIS composite image
one pixel value does not change by more than one
count, except when the cloud shadows can be seen by
the satellite over land, or when warm dust is present
over the sea surface. These images seem, then, well-
representative of the surface reflectivity properties.
However, VIS thresholding over land will not allow an
accurate determination of cloud cover: a one-count
threshold is not sufficiently high to be sure of the pres-
ence of cloud. On the other hand, it has also been

shown that when the value of a pixel reaches its min-
imum, that does not always mean the absence of cloud.

The infrared channel may aelp for solving the am-
biguities, but the time variability of the apparent surface
temperature does not always allow a proper cloud/no
cloud separation, specially for low clouds. It would then
be useful to introduce the spatial VIS and IR local vari-
abilities, which should be more constant in the absence
of clouds than the VIS and IR radiances, and very dif-
ferent in the presence of clouds.

3. Visible-infrared histograms—time-cumulative his-
tograms

After this pixel-by-pixel study of the surface prop-
erties, including their temporal variability and the sur-
face/cloud separation based oa composite image tech-
niques, we focused on also obtaining the characteristics
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of the main kinds of clouds passing over the region
during the 20 days by some kind of compositing.

In a first step, the repartition functions (or 2-d his-
tograms) of the pixels of the studied region in the (VIS-
IR) space were constructed for each day (Fig. 7). On
this histogram series, the same characteristic shapes as
described by Platt (1981, 1983) appear:

o A large spreading of the points along the IR axis
with small VIS values is associated with cirrus clouds
with large emissivity variations (22, 26, 27, 29, 31 July
and 8 August). The minimum apparent temperature
of these cirrus clouds is steady over the period.

e A simultaneous increase of the reflectivity (VIS
counts) and decrease of the apparent temperature (IR
counts) corresponds to days with presence of middle
or middle-low level clouds, presenting some emissivity
variations or producing partial coverage of many pixels
(24 July and 3, 6 August).

e A very small variation in the VIS channel asso-
ciated with a relatively weak variation of the IR (small
reflectivity, high temperature) characterizes a clear sky
day (such as 30 July) when very few clouds are present.
This histogram is very similar to the one of the mini-
mum VIS and maximum IR images constructed from
the composite images of section 2.

e The presence of very low clouds is detected from
an excursion in relatively bright values of points with
a relatively warm apparent temperature (22 and 29
July).

e Regions of the histograms with large variations of
the IR counts with a relatively high VIS value are char-
acteristic of multiple layers. For example, for 28 July
and 2, 7 August, cirrus clouds are present together with
medium-low-level clouds.

The examination of these series of histograms allows,
then, at first, a qualitative evaluation of what happens
during the 20 days period; for example it can be de-
duced easily that the first part of the period is charac-
terized mainly by the presence of cirrus, whereas the
later part shows a denser cloud coverage, mainly with
medium-low-level clouds.

The time variation of the maximum temperature,
already discussed in section 2, appears again clearly,
but cannot either be attributed preferentially to real
changes of surface temperature or to the presence of

27 25
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clouds. For particular days, however, (1, 2,3 August),
the low-maximum temperature is clearly associated
with a very dense cloud coverage. In these cases, this
maximum is not representative of the surface, which
is warmer. In this time series, generally, the real surface
temperature variations remain far smaller than tem-
perature variations due to the presence of clouds.

It appears, then, possible from this histogram time
series to investigate some of the following mean prop-
erties of clouds during the period:

e stability of the histogram shapes associated with
particular cloud types;

¢ relative position of the shapes corresponding to
different cloud types occurring on different days and
problem of multiple cloud layers; '

e attribution to a particular cloud type of points
which are not clearly associated with typical shapes on
individual histograms;

Therefore, we condensed the information contained in
each of the histograms into a single histogram, by con-
structing a cumulated histogram on the 20 days (Fig.
8). Figure 8 corresponds to the Paris region (region 4)
whereas a schematic histogram corresponding to the
Mediterranean region (region 1) is shown in Fig. 9a.
Clouds, which present a large variability in temper-
ature and reflectivity, are spread along three axes rep-
resentative of the preferential levels of cloud formation
during the period (Fig. 9a). Each level of cloud forms
a kind of “branch” starting from the brightest and ap-
parently coldest points of the layer and converging to
a common area. The surface pixels are condensed in
the warmest part of this common area; however, due
to the spatial and temporal apparent temperature vari-
ability of the surface, this warmest part also contains
some pixels polluted by thin or partial coverage clouds.
To understand better the meaning of these branches,
these experimental histograms were compared to theo-
retical curves relating apparent temperature to VIS re-
flectivity for different cloud layers. Such curves have
been computed by Platt (1983) and by Arking and
Childs (1985) from a radiative transfer model through
cloud layers and are shown in Fig. 9b. The similarity
between the theoretical diagrams and the experimental
histograms indicates clearly that the spreading of the
cloudy pixels along the “branches” can be interpreted

3 & august ?

F1G. 7. Series of VIS-IR histograms for the period 22 July-10 August for region 4.
The IR is on the vertical axis with cold upwards and VIS on the horizontal axis with

bright to the right.
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FiG. 8. Cumulated histogram for the whole period
constructed from the series of Fig. 7.

as due to the variations of the physical properties of
the clouds (optical thickness and emissivity) or of the
partial cloud coverage inside the pixels. The inclination
of the different branches is a function of the altitude
of the cloud layer involved.

These considerations are very useful for under-
standing the structure of the histograms, but it is still
not possible to do an unequivocal correspondence be-
tween a particular point of the histogram and a partic-
ular cloud with determined physical properties. The
most striking problem results from the presence of sev-
eral kinds of clouds on the same diagrams, forming
branches which overlap at the IR end nearest of the
surface cluster(s) and also overlap part of the surface
cluster(s) themselves. The points of this region form
the “common area” which is defined in the schematic
histogram of Fig. 9a. In this area, a pixel cannot be
attributed to a specific layer only from its (VIS-IR)
spectral signature. However, inside this common area,
pixels with similar spectral characteristics, but belong-
ing to different layers will not have the same spatial or
textural characteristics in the corresponding VIS or IR
image; for example, adjacent pixels covered by low or
middle clouds on the image may have very different
VIS values whereas their IR values will be similar; cov-
erage by thin cirrus will produce the reverse behavior.

GENEVIEVE SEZE AND MICHEL DESBOIS
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These textural properties or features can be quan-
tified in different ways. Parikh (1977, 1980) computed
a edge strength per unit area in the IR image. Coakley
and Bretherton (1982) introduced the local IR standard
deviation computed on small image areas. Tsonis
(1984) associated with each VIS-IR spectral signature
a mean spatial variance. In this analysis we used the
local standard deviation in the VIS image and in the
IR image computed for each pixel. These two local
standard deviations constitute a good indicator of dif-
ferences in spatial homogeneity between the cloud types
(Belcour, 1985). Also, as it was noted in section 2, these
standard deviations allow improved surface/cloud sep-
aration. They introduce a spatial information which
may be complementary to the spectral information
deduced from the spectral analysis. The informa-
tion brought by the local variances is discussed in sec-
tion 4.

4. Variance images and associated histograms

a. VIS and IR variance images

A variance image was constructed for each daily im-
age and each of the two channels, VIS and IR: in these
derived images, the value attributed to each pixel is
the local standard deviation (Isd) in the 3 X 3 neigh-
borhoods of the pixel (i.e., the standard deviation com-
puted from the nine values centered on the pixel). Ex-
amples of these images for 22 July are given in Fig. 10.
On this particular image (panel a: VIS-panel b: IR)
the coverage over France consisted essentially of high
convective clouds, cirrus, and low stratiform clouds in
the southwest. On the associated infrared variance im-
age (panel d), the edges of convective clouds are well-
defined by very high variances, whereas the variance
is far smaller inside these “contours.” Cirrus corre-
spond to areas of high variances and low stratiform
clouds to areas of low variances. On the associated VIS
variance image (panel c), edges of convective clouds
still present large variances, but the summits themselves
have relatively higher variances than in infrared; con-
trary to the IR variances, low VIS variances are asso-
ciated with cirrus clouds and relatively high variances
with low stratiform clouds. In order to better under-
stand the information contained in these two derived
images, and its relation with the information contained
in the VIS and IR images, we have constructed series
of different kinds of histograms: infrared versus infrared
variance (Coakley and Bretherton 1982, Coakley and
Baldwin 1984), visible versus visible variance, and in-
frared variance versus visible variance.

b. Infrared-infrared variances diagrams (Fig. 11a)

These diagrams frequently show arch shapes, as de-
scribed by Coakley and Bretherton. The ensembles of
low variance points, or arch feet, appear clearly, allow-
ing the determination of the apparent temperature of
the different homogeneous zones of the image (either

Unauthenticated | Downloaded 03/27/21 06:30 AM UTC



294

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 26

COLD

COMMON
AREA

WARM

|

0 2 4 .6 .8

FIG. 9. (a) Interpretation of the cumulated histogram obtained in region 1. (b) Theo-
retical shapes of temperature-albedo curves obtained by Platt, for two layers of clouds
with varying optical thickness (curves a) and partial coverage of the pixels (curves b).

surface or clouds). The arch feet are linked by the arch
“bodies” which are composed of pixels with interme-
diate temperature values and with larger standard de-
viations. Coakley and Bretherton explain these arch
bodies as due to a partial coverage of the pixels with
the elements constituting the feet of the arches (in sim-
ple cases, partial coverage with one surface type and
one cloud type). The examination of the present series
shows that these points can be due to emissivity vari-
ations inside a single cloud; that is especially clear in
the case of cirrus. Finally, arches are due to the variation
of the effective cloud coverage Ne where Nis the partial
coverage and e the emissivity. In some cases (small
thick clouds), the variation of N is predominant and
in others (extended thin clouds), the variation of ¢ is
the largest.

¢. Visible-visible variances diagrams (Fig. 11b)

A very well defined arch foot appears generally for
the low visible values, corresponding to the surface
pixels. At the other extreme, feet corresponding to ho-
mogeneous cloud zones are far less common than in
the infrared-infrared variance diagram (Fig. 11a). This
can be attributed to-two causes: ‘

e Even when the emissivity e remains equal to 1,
resulting in homogeneous areas on the IR image for a
cloud layer, the optical thickness 7 can still vary, re-
sulting in different values of the visible light reflected
towards the satellite.

e Geometrical structure of the cloud surface can
produce much more variations in the reflected sunlight
than in the IR radiance of the cloud layer. However,
the use of these diagrams may allow a good determi-
nation of the surface properties and of different cloud
layers if locally the layers entirely cover the pixels and
are very thick.

d Infraréd variances-visible variances histograms
(Fig. 11¢)

Some of these histograms show a spreading of points
along the IR variance axis, with low VIS variances,
corresponding to a cirrus coverage. This spreading can
be compared to the one which was observed along the
infrared axis of the VIS-IR histograms (Fig. 7) for the
same clouds (22, 25, 26, 29 July and 8 August). Others,
such as for 24 July and 1, 3 August show correlated
variations of visible and infrared standard deviations;
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FIG. 11. Asin Fig. 7 but for (a) infrared-infrared variances histograms, (b) visible-visible
variance histograms and (c) infrared variance-visible variance histograms.
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they correspond to partial coverage by middle-low-
level clouds.

The spreading along the VIS variance axis for rela-
tively low IR variances observed on 28 July and 6, 7
August is characteristic of a quasi-total coverage by
middle-low-level clouds (due to the relation 7 - € as ex-
plained in section 4c). Other points appear also, with
higher IR variances due to the presence of some partial
coverage and/or cirrus. In the case of cirrus lying over
low or middle clouds, as for 2 August, a spreading along
the IR variances axis is associated with relatively high
VIS variances.

e. General interpretation of variance diagrams

The empirical interpretation of these results can be
summarized as follows:

Surface, homogeneous
thick clouds

Low VIS variance,
low IR variance

Relatively low VIS
variance, high
IR variance

Cirrus over surface

Relatively high VIS Quasi-total coverage by
variance, low IR middle-low clouds
variance

High VIS and IR Partial coverage by
variances, with thick high and mid-
correlated varia- dle clouds

tions

According to this interpretation, IR variances-VIS
variances histograms allow the distinction between
partial cloud coverage, semitransparent clouds and
surfaces which could not be separated on the VIS-IR
histograms and were often gathered in the common
area described in section 3. The combination of the
two kinds of information, which can be called spectral
for the VIS and IR and spatial for the local standard
deviations, may allow a better determination of the
cloud types when the clouds form homogeneous layers
as well as when they produce partial coverages of the
pixels or present local variations in optical properties.
A discussion of the test of a classification method using
these four parameters, is presented next.

5. Simultaneous use of spectral and spatial information
in a classification scheme

The basic algorithm (Dynamic Clusters method; Di-
day and Simon, 1980) used here to combine spectral
and spatial information is the same that was used in
Desbois et al. (1982). However, in that paper, the al-
gorithm was applied to the three Meteosat channels;
visible (0.4-1.1 um), infrared (10.5-12.5 um) and water
vapor (5.7-7.1 um). In the present study, the method
combines spectral and spatial information. Moreover,
itis not applied to individual images, but to cumulated
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data, as it was already discussed in Desbois and Seze
(1984). Each pixel of a chosen image segment is rep-
resented by four parameters: two spectral ones (visible
and infrared values) and two spatial ones (visible local
standard deviation and infrared local standard devia-
tion). First a 4D cumulative histogram is built up from
pixels sampled in space and time on 10 of the 20 initial
images of the series.! The central concept of the method
is that every surface or cloud type in the image segments
is represented in this cumulated histogram by a com-
pact subdomain of the histogram (or cluster). A cluster
is characterized by its center of gravity (VIS, IR, LSD
VIS, LSD IR) and variance in the histogram. The
method does not require any a priori knowledge of the
classes, but only a maximum number of classes (chosen
as K = 15 in the present case). To partition the histo-
gram, the method uses an iterative process starting from
randomly chosen clusters. After each iteration, a cri-
terion decreases and a new partition is defined. The
final partition is obtained when the iterations give al-
ways almost the same partition. However, this last par-
tition is not unique, because the criterion converges
toward a local optimum. The choice of the initial clus-
ters has, then, an influence on the final partition. This
constitutes one of the main limitations of this kind of
technique, (Diday and Simon, 1980). Therefore, we
made several random choices of the initial clusters
(three or four). The partitions obtained are generally
similar, and the one which seems the best, according
to the criterion value, the number of classes left and
the values of the center of gravities is chosen. Finally,
each pixel of the 20 images is projected on the 4D
histogram and is attributed to the class of which it is
the nearest, for the chosen partition.

As the computation of the distance between the
points is done according to the euclidian distance, the
choice of the dynamic range of the different variables
has an effect on the classification. In the present case,
IR range has been kept to its initial 256 levels, VIS
range has also been extended to 256 levels from its
initial 64 values. The Isd have been multiplied by 30
in order to get a compatible range. Table 1 lists the
average and standard deviation of all the variables used,
indicating their respective weight.

The classification has been applied to six regions,
including those defined in Fig. 1. and covering West
Germany, France, and South England. The size of these
regions have been latitudinally constrained in order to
avoid large spatial variations of surface or atmospheric

! These 10 days have been chosen from the histogram shapes in
order to get a sample representative of the different cloud situations
occurring during the period. The influence of the choice of the days
on the resulting classification has been tested by making classification
using the 10 first days, then the 10 last days of the period. Classes
remain steady; however, some differences, due to the different sam-
pling, appear: during the second period, there are less high clouds
and the surface appears less often, producing corresponding less well-
defined classes. :
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TABLE 1. Average and standard deviations (in 8-bit counts) of the
four parameters used in the classification, showing the range of vari-
ation of each one. The IR scale has been inverted for visualization
purpose.

Average Standard deviation
VIS 73 31
IR 129 i 34
VARVIS 25 17
VARIR 47 20

’

properties. Most of the results presented here concern
a 40 X 120 pixels area centered on the Paris region
(region 4), as it was the case for the previously presented
histograms.

Nine classes have been found, whose centers of grav-
ity parameter values are given in Table 2. The identi-
fications given to the classes are based on the following
observations:

1) values of the different parameters for the centers
of gravity,

2) projection of the points of each class on the VIS-
IR histogram, and

3) comparison of the classified images to the cor-
responding original images.

First, we can separate the most homogeneous classes
corresponding either to the surface or to well-defined
cloud types: '

e class 9: the most homogeneous spatially in VIS
and IR, and also the warmest and the darkest, is char-
acteristic of the surface;

e class 1: relatively homogeneous in both channels,
but very cold and bright, corresponds to high thick
clouds; and
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e class 4: very homogeneous in IR with an inter-
mediate temperature corresponding to total stratiform
coverage with medium level clouds.

Among the classes with high local standard deviations,
three groups can be separated:

o Classes 2, 6, 7 are characterized by their high IR
Isd, and their high ratio IR 1sd/VIS Isd, which denotes
the presence of cirrus. Class 7 has a very low VIS Isd,
and represents a thin cirrus coverage over ground or
sometimes thin edges of middle level clouds. Classes 6
and 2 present larger VIS Isd and may correspond to
thicker cirrus or to cirrus above other cloud layers.

e Classes 8 and 5 with VIS Isd of the same order
than IR 1sd correspond to more or less partial coverage
by medium-low clouds.

¢ Class 3 is intermediate between these two groups
and covers a large range of temperatures, although its
percentage is not very high. It may correspond either
to cirrus over other cloud cover or to high cloud partial
coverage.

This first examination of the classification obtained
with four parameters indicates that this method is ef-
ficient in separating a homogeneous surface class, total
coverage cloud classes and thin cirrus versus partial
coverage of the pixels. However, in order to test more
objectively the effect of introducing VIS Isd and IR Isd
parameters, we compared the results to the classifica-
tion obtained by using only VIS and IR radiances. In
this case, seven classes were obtained (Table 3). The
IR and VIS values of their centers of gravity allowed
an association with the classes obtained with four pa-
rameters. The percentage of surface detected during
the whole period is 9.2% higher in the case of the two
parameters. Less thin cirrus and partial coverage has

TABLE 2. Values of the centers of gravities in counts of the nine classes obtained with the four parameters (VIS-IR-VIS Isd-IR-Isd)
classification. Albedo and apparent temperature correspond to the VIS and IR values and var. c. stands for class variance, which is an
indicator of the dispersion of the class around its center of gravity. The last column gives the percentage of occurrence of the class during

the whole period.

C VIS IR VIS Isd IR Isd var ¢ Alb T(K) % Cloud cover*

1 151 207 33 31 120 0.72 229 32 high thick cl

2 94 185 35 59 101 0.45 248 8.4 cirrus

3 136 152 50 53 80 0.65 270 6.8 cirrus over other cl high cl
part cov

4 138 140 35 21 48 0.66 276 5.8 mid lev stratiform cl

5 97 134 6 a7 48 0.46 279 109 mid low cl part cov

6 72 146 38 71 115 0.34 273 10.6 cirrus

7 57 123 15 66 30 0.27 285 12.5 cirrus

8 73 119 32 39 29 0.35 287 14.3 mid low ¢l part cov

9 52 99 10 27 13 0.24 297 273 surface

* cl = clouds; mid = middle; part cov = partial coverage
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been detected. The distinction between cirrus and
noncirrus classes has not been possible in several cases.

The usefulness of the introduction of the VIS Isd
parameters was also tested in the same way, by com-
puting a three-parameter classification using VIS, IR
and IR Isd only. In this case, nine classes were obtained
(Table 4) and their centers of gravity parameter values
are close to those obtained with four parameters. Table
5 shows that the correspondence between the two clas-
sifications for the whole period is good. But a day by
day examination of the results shows some differences,
mostly for the separation between partial coverage pix-
els and ground. The percentage of pixels classified as
ground in the three-parameter classification and as
partial coverage in the four-parameter classification can
be up to 7% for some days when there is a large pro-
portion of partial coverage in the four-parameters clas-
sification. There is also a difference in the definition
of the class of thin cirrus over land. The small differ-
ences existing between other classes are due to light
changes in the separations of nearby classes.

Finally, the general stability of the three-parameter
classification results versus those obtained with four
parameters shows the predominance of the IR Isd.
However, in the case of very partial coverage or very
thin cirrus layer, VIS Isd yields additional information
despite the small weight which was given to it at the
initial state of the classification.

Addition of the local standard deviations in a clus-
tering technique appears to improve the results, for
cloud/surface separations as well as for discrimination
between partial coverage of the pixels and semitrans-
parent clouds. However, the results obtained by this
kind of technique are based on statistical considera-
tions, and it is useful to see how they compare with
results of threshold techniques, which work on a pixel-
by-pixel basis. It is also important to assess the validity
of the results relative to conventional measurements.
Discussion of these comparisons follows. A comparison
with threshold techniques is presented in section 6, and
the possibility of verifications from other data is dis-
cussed in section 7.
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6. Comparison with a simple threshold technique

The clustering technique used here is based on sta-
tistical spatial and temporal properties of the data over
aregion. Therefore, the results are sensitive to the spa-
tial and temporal variations of the regional surface
properties. On the other hand, threshold techniques,
because they work on a pixel-by-pixel basis, are theo-
retically insensitive to spatial variations and sensitive
to temporal ones. Indeed, surface radiances maps are
frequently constructed with techniques similar to the
ones used in section 1 of this paper, and are represen-
tative of a time period and not of a particular day.

The comparison discussed here concerns the “clear
sky” identification (complementary to the total cloud
coverage). We used as reference maps the minimum
visible and maximum infrared composites built on 19
days (section 1) and computed the percentage of totally
cloud free pixels in the Paris region based on different
thresholds: '

Visible 0, 1, 2 VIS counts (64 count range)
ie., 2, 4, 6%, approximately, in al-
bedo

Infrared 0, 2,4, 8, 12 IR counts (256 count
range) i.e., 4,1, 2, 4, 6°C, approxi-

" mately, in apparent temperature
Combined ©, 2), (1, 4), (1, 8),(2, 12) VISor IR
visible and counts; i.e., 2% or 1°C, 4% or 2°C,
infrared 4% or 4°C and 6% or 6°C.

A pixel will be counted as cloudy if its radiance is
greater than the sum of the reference surface radiance
and the threshold value. The results of these thresh-
oldings are shown in Table 6, and Fig. 12 for each of
the 20 days of the period, and they are compared to
the percentage of surface found by the clustering
method (discussed in section 5). Analysis of this table
shows that

o fora 0 VIS count threshold, the percentage of sur-

TABLE 3. As in Table 2 but for a two-channel (VIS-IR) classification (seven classes).

C VIS IR

VIS Isd IR Isd var ¢ Alb T(K) % Cloud cover*
1 159 207 28 0.76 229 20 high thick cl
2 104 191 29 0.50 243 7.1 ci, ci above other high
clouds part cov
3 71 155 . 14 0.34 266 114 cirrus
4 146 139 8 0.70 271 7.0 mid lev stratiform cl
5 109 141 6 0.52 276 12.9 mid low c! part cov
6 75 159 2 0.36 285 23.1 cirrus
7 54 123 0 0.26 295 36.5 cirrus

* ¢l = clouds; mid = middle; part cov = partial coverage; ci = cirrus
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TABLE 4. As in Table 2 but for a three-parameter (VIS-IR-IR Isd) classification (nine classes).

C VIS IR VIS Isd IR Isd var c Alb T(K) % Cloud cover*

l 154 208 30 62 0.73 288 3.2 high thick cl

2 103 191 55 80 0.49 243 8.4 cirrus

3 148 155 51 29 0.71 267 6.3 cirrus over other cl high
cl part cov

4 136 139 22 22 0.65 277 5.7 mid lev stratiform cl

5 105 141 49 34 0.50 276 10.9 mid low cl part cov

6 72 159 70 48 0.34 265 10.5 cirrus

7 59 123 68 16 0.28 285 12.7 cirrus

8 78 121 40 11 0.37 286 13.9 mid low cl part cov

9 53 100 28 8 0.25 296 28.5 surface

* ¢l = clouds; mid = middle; part cov = partial coverage

face is nearly always smaller than with the classification,
except for 2 days when much thin cirrus is present;

e fora 1 VIS count threshold, the percentage of sur-
face is nearly always greater than with the classification,
except for 5 days when much much-smaller partial
coverage occurs; and

e for a 2 VIS count threshold, the cloud cover is
always underestimated.

It appears that the difference between results ob-
tained with two different thresholds (0 and 1 count) is
greater than between the classification and results ob-
tained with each of these thresholds. The 1-count
threshold generally gives results closer to the classifi-
cation, except in presence of cirrus clouds when the
percentage of surface is overestimated.

In order to better account for these cirrus clouds, an
infrared threshold was applied. In this case, the thresh-
old has to be as high as 6°C to get the best correspon-
dence with the classification; all the lower thresholds
produce an underestimation of the clear sky pixels rel-
ative to the results of the classification. It appears that

the construction of an IR reference image from too
long a series of images leads to an overestimation of
the cloud cover, as the warmest day is taken as indic-
ative of the surface radiance for the whole period. Fur-
ther tests were conducted from shorter series: the per-
centage of “clear sky” increases, and even becomes too
large for very short series (5 days), when the composite
image remains polluted by the persistence of clouds
over some areas. On the other hand, the percentage of
very thin cirrus over land may have been underesti-
mated on some days by the classification.

For the case of combined IR and VIS thresholds,
(i.e., a pixel is considered cloud free if VIS and IR
thresholds are not exceeded), the separation by the in-
frared is predominant and the results are much like
those obtained with the IR threshold only.

It appears that the four-parameter classification fits
reasonably well (for the total cloud cover) with the VIS
threshold when there are few thin cirrus, and with the
IR threshold when the maximum temperature for the
particular day studied is very close to that of the com-
posite IR picture. However, the classification presents

TABLE 5. Correspondence between three-parameter and four-parameter classifications. The numbers in the table are the percentages of
pixels classified simultaneously in class i of the three-parameter classification and j of the four-parameter classification.

i

J 1 2 3 4 5 6 7 8 9 Cloud cover*

1 1 0 0 0 0 0 0 0 0 high thick cl

2 0 4 0 0 1 2 0 0 0 cirrus

3 0 0 7 1 3 0 0 0 0 cirrus over other cl high cl part cov
4 0 0 1 9 0 0 0 0 0 mid lev stratiform ¢l

5 0 0 0 0 13 0 0 4 0 mid low cl part cov

6 0 0 0 0 0 7 3 0 0 cirrus

7 0 0 0 0 0 0 7 0 0 cirrus

8 0 0 0 0 0 0 1 16 1 mid low cl part cov

9 0 0 0 0 0 0 0 0 18 surface

* cl= clouds; mid = middle; part cov = partial coverage
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FIG. 12. Percentage of clear sky obtained for each day by 0-count
VIS threshold (long dashed line); 12-count IR threshold (solid line);
and four-parameter classification (short dashed line).

the supplementary advantage of determining auto-
matically the cloud-no cloud separation. In this pro-
cess, the local variances play a role which allows the
differentiation of clouds by another way than separa-
tion in the VIS and IR domains. It thus compensates
for the problems due to temporal variability of surface
apparent temperatures. This characteristic is very im-
portant in light of the sensitivity of cloud separation
to the choice of the thresholds. Moreover, the VIS
threshold which gives the best correspondence with the
classification seems to be either O or 1 counts, which

VOLUME 26

corresponds to the considerations of section 1 relative
to the definition of the surface properties from VIS
composite images. While there is no absolute argument
to prove that the four-parameter classification is the
best, we have shown in section 5 the usefulness of these
four parameters for the separation of cloud types; the
separation obtained by the classification is the more
“natural” accounting for these data. An improvement
which could be added to this kind of approach would
be a tuning of the relative weight given to each of the
parameters. For example, an increase of the weight of
the IR variance could improve the cirrus-clear sky
separation. Another change which should be tried is
to adapt the method to the particular shape of cloud
and surface clusters which are observed on the histo-
grams. This could be achieved by changing the defi-
nition of the distance used in this version of the Dy-
namic Clusters technique.

7. Comparison of the results of the classification with
independent measurements

It would be useful to compare the results of the clas-
sification to independent measurements of the cloud .
cover. This is a common problem for all the satellite
cloud classification techniques, (Parikh and Ball, 1980),
(Minnis and Harrison, 1984), and particularly for the
validation of the ISCCP results. This comparison is
beyond the scope of this paper as large-scale satellite
classifications are difficult to compare to local conven-
tional cloudiness estimations on a daily basis. Big ex-
periments or programs (FIRE, for example) which have
been planned to intensively study particular cloud types
(stratocumulus, cirrus) in conjunction with satellite

TABLE 6. Time evolution of the percentage of “clear sky” during the whole period according to different ways of determination. First
group: dynamic cluster classification with four, three and two parameters; Second group: separation with different visible thresholds (six-bit
counts); Third group: separation with different infrared thresholds (eight-bit counts); Fourth group: combined VIS and IR thresholds.

Day

22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10
CLA 4 PARA 48 8 12 32 9 11 48 65 98 29 O 0 1 51 19 12 0 76 18 1
CLA 3 PARA 50 10 19 34 9 11 54 66 98 30 1 0 3 52 25 12 0 76 19 2
CLA 2 PARA 68 20 27 55 24 17 55 75 99 46 2 0 4 61 29 13 2 8 37 5
VISTHO 38 5 3 36 4 2 29 60 85 11 0 0 0 17 8 2 0 52 24 1
VISTH 1 66 18 10 62 26 13 42 76 99 41 O 0 0 48 15 8 1 79 41 3
VIS TH 2 76 38 19 70 43 20 48 83 99 53 2. 1 2 63 20 12 4 84 49 8
IRTHO 13 0 0 0 0 3 0 21 8 16 O 0 0 6 1 4 0 38 9 0
IRTH 2 17 0 0. 0 0 4 0 25 9 18 O 0 0 9 1 5 0 42 9 0
IR TH 4 25 0 0 0 1 6 1 3 9 22 0 0 0 16 2 7. 0 49 10 O
IRTH 8 39 1 0 3 3 8 8 50 99 29 0 0 0 23 6 11 0 63 11 O
IR TH 12 50 3 1 14 7 11 26 59 99 34 1 0 1 27 12 13 0 74 13 0
VISIR TH 0.2 13 0 0 0 0 1 0 22 7 6 0 0 0 5 0 2 0 25 7 O
VISIR TH 0.4 25 0 0 0 0 5 1 32 9 21 O 0 0 16 0 6 0 47 10 O
VISIR TH 1.8 38 1 0 3 3 8 8 4 98 28 O 0 0o 22 6 8§ 0 60 11 O
VISIR TH2.12 50 3 1 14 7 10 26 56 99 34 1 0 1 27 9 12 0 72 13 0
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studies, will be the best tool for such validations in the
future.

A comparison of the results of the classification used
here with conventional ground measurements of
cloudiness (in oktas) was presented by Seze et al. (1986).
The results are in reasonable agreement for the total
cloud cover. Comparison between cloud classes is much
more difficult due to the completely different ways of
observing the clouds: from above at large scale for the
satellite, and from below with a restricted field of view
for the ground observers.

Results of the classification can also be compared to
conventional manual nephanalyses made in meteo-
rological services. That kind of comparison cannot be
called a “validation,” as the results are deduced from
the same kind of data in both analyses; but it can bring
information on the class separation differences and on
the usefulness of the automatically separated classes in
regard to the conventional classes of the nephanalysts.
For the period analyzed here, two kinds of nephanalyses
were available from the “Centre de Meteorologie Spa-
tiale” of Lannion (France): A large scale analysis from
Meteosat at noon and more detailed ones from
AVHRR images of NOAA satellites in the early after-
noon. For the main cloud systems, the level of agree-
ment between the two nephanalyses is good; differences
which appear can be generally attributed to the non-
simultaneity between the AVHRR image and the Me-
teosat image, or sometimes to the lack of details of the
Meteosat nephanalyses.

A visual comparison between these two nephanalyses
and the classified image has been made for each day.
A nephanalysis for a particular day (22 July) and the
corresponding classification from the present study is
presented in Fig. 13. As expected, the global structure
of the cloud systems is similar in nephanalyses and
classified images. The comparison of cloud types de-
fined by the analyst as Sc, Cu, Ac (often associated
with Ci), Ci, and Cb, and defined by the classification
as thin clouds, partial coverage by middle-low-level
clouds, middle-level clouds, cirrus, cirrus overlying an-
other layer, and high clouds, shows

e For Sc and Cu coverage detected by the nephan-
alyst, the classification gives either medium clouds or
partial coverage by medium or low clouds depending
on the coverage: dense cloud coverages by Sc or Cu
are mainly classified as medium clouds, low coverages
being attributed to partial coverage cloud classes. This
often results in a mixing of different cloud classes in
the classification charts, corresponding to more or less
dense coverage regions. In some cases on the extreme
edges of these Sc and Cu, the class corresponding to
thin clouds can be found. Are these clouds really op-
tically thin, or is it an effect of partial coverage and/or
surface temperature variations? This cannot be an-
swered here, and needs surface validations.

e For Ac reported by nephanalysis, classification
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detects high clouds, middle clouds and sometimes cir-
rus lying above low or middle clouds. For dense cov-
erage of Ac associated with cirrus, the classification
gives high clouds, thick cirrus, or cirrus lying above
low or middle cloud.

¢ Cirrus of the nephanalyst are classified as cirrus,
except when they are very thick, and are then classified
as high thick clouds. All Cb are also attributed to this
last class.

e It appears, then, that a systematic correspondence
can be found between the manual nephanalysis and
the classification, despite the differences of approaches
between the two techniques: The analyst attributes a
name to a cloud deck, (as Sc, Cu, Ac, Ci) by using his
experience of cloud systems, and relies more on cloud
structures at different scales than on the absolute VIS
and IR radiances values. The classification attributes
a name to each pixel according to its VIS and IR ra-
diances values, taking into account only a local cloud
structure parameter, the local Isd in the images. For
one cloud deck, this can lead to several class names;
these class names are representative of the cloud top
level while nephanalysis names are representative of
general cloud types, whose level is generally associated
with the cloud base level.

Unauthenticated | Downloaded 03/27/21 06:30 AM UTC



302
8. Conclusion

Two different kinds of compositing techniques were
applied on a time series of Meteosat pictures over west-
ern Europe. The first aimed to determine the surface
radiances and to study their temporal stability and the
second aims to obtain radiances representative of the
cloud classes over the period.

For the surface radiances study, the minimum VIS
and maximum IR composite images were used. On 20
days, the minimum VIS image is well-representative
of the surface radiances, but these minimum radiances
are not always adapted for a cloud/no cloud separation
using a VIS threshold: for thin cirrus and sometimes
small partial coverage the VIS radiances can be the
sarne as the surface VIS radiances. Alternatively, in the
maximum IR composite image on 20 days, radiances
correspond always to clear sky radiances, but smaller
radiances on other days may also correspond to clear
sky situations. If the time period is shortened, (5 days),
the maximum IR radiance image may remain polluted
by some permanent clouds. Consequently, the stability
which appears in the VIS and IR surface radiances ap-
pears insufficient to allow the use of simple thresholds
relative to the minimum visible and/or maximum in-
frared images for the cloud/surface separation.

In order to determine the radiances representative
of the cloud classes for the whole period, VIS-IR bi-
dimensional histograms were built on chosen areas for
each day, and then condensed in a single one for the
whole period. Characteristic shapes appear, related to
high clouds, cirrus, middle-level clouds, low clouds and
surface. The distribution of the pixels inside these his-
tograms has been interpreted in terms of variations of
cloud cover and optical thickness. However, many
pixels from different cloud layers and some from the
surface can be mixed in the same area of the histogram
when 1) cloud coverage of the pixels is partial, 2) cloud
optical thickness is low or 3) when the surface tem-
perature is relatively cold. In these cases, the spectral
information appears insufficient to separate cloud
types, and some kind of spatial information, related to
the cloud cover structure, has to be introduced. The
study of local spatial variance images (both in infrared
and visible), and analysis of the corresponding histo-
grams showed that a better separation is possible, pri-
marily between homogeneous layers and surface, but
also between thin clouds and partial coverage induced
by different cloud layers.

Results of the application of a statistical technique
accounting both for the radiances and the local vari-
ances confirm the usefulness of these parameters for
cloud/surface separation, as well as for separation be-
tween the cloud types. This is demonstrated by com-
parisons with results of threshold techniques using the
minimum VIS and maximum IR composite images,
and results of the same statistical method applied on
the radiances only.
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A comparison with conventional nephanalyses
showed us that the main advantage of the classification
is that it gives the characteristic radiances and standard
deviations ‘corresponding to the classes, which are
purely objective parameters—the opposite of cloud
names. The classification introduces, then, objective
separations between the classes, corresponding to sig-
nificant changes in the cloud top temperatures, optical
thickness and structure. This allows distinction between
different kinds of low or medium cloud coverages, and
also the separation of cirrus in different classes accord-
ing to their thickness. This information is supplemen-
tary relative to the usual nephanalysis. It is also noted
that the classification considers partial coverage of the
pixels by cloud as a cloud class, which can produce an
overestimation of the cloud cover relative to the one
inferred by the nephanalyst, based on larger-scale es-
timations.

The use of a technique using spectral, spatial and
temporal information is shown to be useful in im-
proving the cloud classifications. Time compositing al-
lows reduction of the computation time, as the clus-
tering itself is used only once for a period instead of
once for each image. However, the aim of this paper
is not to put forward the use of a clustering technique,
but to demonstrate the usefulness of simultaneously
using spectral and spatial information contained in a
time series of images to characterize the different cloud
coverages and types. It has been shown that the spatial
and temporal scales have to be carefully chosen in order
to insure both the stability of the cloud levels and rel-
ative stability of the surface properties. Further studies
are necessary to assess the influence of these space and
time scales; this would be specially useful in the context
of ISCCP, where the cloud processing is done on re-
duced resolution data, as opposed to the present study
which is done at full satellite resolution.

In this paper, we have limited our experiments to
one particular time of the day, with high solar elevation.
The use of visible and visible variances would be pre-
cluded for low solar elevations or at night. First ex-
periments on diurnal cycles over West Africa, not de-
scribed here, show that the use of infrared radiances
and infrared variances associated with the water vapor
radiances (5.7-7.1x) improves the nighttime classifi-
cations and then the continuity between daytime five-
parameters (VIS, IR, VIS Isd, IR Isd, WV) and night-
time three-parameters (IR, IR Isd, WV) classifications.
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