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Abstract. The spatial and temporal stability of the distributions of satellite-
measured visible and infrared radiances, caused by variations in clouds and
surfaces, are investigated using bidimensional and monodimensional histograms
and time-composite images. Similar analysis of the histograms of the original and
time-compeosite images provides separation of the contributions of the space and
time variations to the total variations. The variability of both the surfaces and
clouds is found to be larger at scales much larger than the minimum resolved. by
satellite imagery. This study shows that the shapes of these histograms are
distinctive characteristics of the different climate regimes and that particular
attributes of these histograms can be related to several general, though not
universal, properties of clouds and surface variations at regional and synoptic
scales, There are also significant exceptions to these relationships in particular
climate regimes. The characteristics of these radiance histograms provide a stable
well defined descriptor of the cloud and surface properties.

1. Introduction

Meteorological satellites allow for quasi-continuous observations of clouds over
the whole globe and provide an opportunity to study the behaviour of clouds on
space and time scales that are inaccessible from ground-based and aircraft data.
Large regional or complete global coverage also provides better comprehension of
the cloud characteristics associated with different climate (or dynamic) regimes
(Hartmann and Short 1980, Cahalan e a/. 1982, Minnis and Harrison 1984, Stowe
et af. 1989, Rossow et al. 1989 b). Satellites can also observe cloud variations on a
much wider range of space and time scales than available in other data, from about
10m to planetary scale and about 30min to many years. Previous studies have
examined the mean properties of clouds and their regional and seasonal variations
(Hughes and Henderson-Sellers 1985, Stowe er al. 1989, Rossow et al. 1989 b, Wylie
and Menzel 1989); see Hughes (1984) for a historical review of ground-based cloud
climatologies, diurnal and daily variations at spatial scales larger than 2-5° to 5°
{Hartmann and Short 1980, Cahalan et al. 1982, Minnis and Harrison 1984,
Hartmann and Recker. 1986, Duvel 1988), and some aspects of longer-term variabi-
lity (Short and Cahalan 1983). However, these more systematic studies have not
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addressed cloud variability at smaller spatial scales (see case studies by Coakley and
Bretherton 1982 and Welch ef o/, 1988) and at time scales from 1-20 days, where
changes may be as significant and may also be an important aspect of the radijative
properties of clouds (Cahalan et ol 1982). In addition, smaller scale radiance
variations at different wavelengths are often not linearly correlated (Coakley and
Baldwin 1984), suggesting that variations of cloud cover alone cannot provide a
complete explanation of the cloud effects on radiation. Interpretation of satellite
measured radiances in terms of other cloud physical properties is not straightfor-
ward (Rossow 1989).

A systematic survey of the complete range of space/time variations of satellite-
measured radiances has not been done; thus, the key descriptors of the main cloud
properties associated with different climate regimes have yet to be identified. Some
studies have used the shape of the bidimensional radiance histograms to describe the
radiance spatial distribution and classify cloud types (Desbois et al. 1982, Simmer
et al. 1982, Platt 1983, Phulpin er al. 1983, Arking and Childs 1985). Desbois and
Séze (1984 a) also examined the time variations of these histograms. The underlying
assumption in the techniques that use histograms to identify cloud types is that
characteristic shapes are always related to the presence of specific cloud types;
however, few of these methods have been tested on a comprehensive set of climate
regimes.

The aim of this study is to test the space/time stability of the radiance histogram
shapes in various climate regimes to determine their value as descriptors of cloud
and surface behaviour over a fuller range of space and time scales. We focus on
understanding the nature of cloud and surface variations associated with different
climate regimes and not on the definition of a cloud classification algorithm.
Moreover, we do not complete a survey of larger time scales, but rather investigate
ways to describe the smaller scale behaviour more completely for use in such
surveys. A companion paper (Séze and Rossow 1991, henceforth SR91} describes
the effect on these statistics produced by variations of data resollution, especially the
effect of the data sampling performed by the International Satellite Cloud Climato-
logy Project (Schiffer and Rossow 1983, 1985). Here, we use full resolution
METEOSAT data which provides a complete sample of climate regimes with the
exception of the polar regions. The spatial scales covered by these data range from
about 5 to over 4000 km. We neglect diurnal variations and examine time variations
over scales from 1 day to about 20 days; we briefly examine seasonal differences by
comparing results from a summer and winter month.

The method of analysis of the radiance variations is described; in addition to the
radiance histograms, we calculate a number of other statistical quantities from the
histograms to determine the specific attributes of cloud and surface space/time
variability that produce these histogram shapes. We present the radiance histograms
and describe how they characterize the variations of clouds and surfaces that define
gach climate regime.

The effects of varying the time scale for cumulating the histograms are discussed
and we examine the magnitude of time variations over a range of time scales from 1
to 20 days. We consider the effects of varying the spatial scale for cumulating the
histograms and examine the magnitude of space variations over a range of scales
from 5 to 1000 km. The relative contributions of time and space variations are then
examined by comparing the same set of bidimensional histograms and other
statistics calculated for time-composite images with those from the original images.
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The time-composite images are formed by calculating specific statistics of the time
series of radiances for each geographical location {e.g. the mode or the extrema of
the distribution).

2. The data ‘

The full resolution data used for this study are METEOSAT images from 15 July
to 10 August 1983; all images are from 12.00 UT to maximize visible radiances and
minimize sun-angle effects. The resolution of all radiance measurements is 5km at
the subsatellite point (the original 2-5km resolution of the visible measurements is
sampled to Skm). The visible (VIS) measurements are made at an effective wave-
length of 0-7 um with a radiometric resolution of 64 levels (counts), which is equiv-
alent to a precision of 2 per cent. The infrared (IR) measurements are made at 11 yum
with 256 levels (counts), which is equivalent to a precision of 0-4K in brightness
temperature for the warmest desert regions, decreasing to about 0-5K at brightness
temperatures of 270K and to 1K for the highest (coldest) clouds. Because the
atmosphere is nearly transparent at these two wavelengths, the distribution of VIS
and IR radiances is produced primarily by the space and time variations of clouds
and the surface (ocean or land).

METEOSAT is a geosynchronous weather satellite operated by the European
Space Agency (ESA) that provides observations covering a region +70° of geocen-
tric angle centred on the equator and the Greenwich meridian (figures 1 and 3),
encompassing all of Europe and Africa, plus a portion of Brazil, and most of the
North and South Atlantic Ocean. ESA re-maps these observations on to a fixed grid
by simulating a geosynchronous satellite situated at a fixed position (the real satellite
moves with time around this fixed position). Therefore, one scene element (or pixel)
corresponds to one fixed geographical location.

Seven regions have been specially sfudied. They were chosen to represent the
main types of radiance distributions observed from METEOSAT (figures 1 and 3):
(1) North Africa (32°N, 6°E), (2) Sahel (19°N, 4°W), (3) south Sub-tropical
Atlantic (16°S, 6° E), (4) tropical Atlantic (9° N, 20° W), (5) central tropical Africa
(6°N, 27°E), (6) Europe (49°N, 13°E), and (7) North Atlantic (52°N, 21° W).
These regions will be referred to as N. Africa, Sahel, S. Atlantic, Tr. Atlantic, Tr.
Africa, Europe, and N. Atlantict. We will sometimes refer to Tr. Atlantic and Tr.
Africa, together, as the intertropical convergence zone (ITCZ). The size of these
regions is (120 x 240) pixels, which corresponds to 5° in latitude and 10° in longitude
at the subsatellite point. Bidimensional radiance histograms are constructed for four
region sizes: (60 x 60) pixels (2-5 x 2-5%), (60 x 120) pixels (2:5° x 5°), (90 x 180} pixels
(3-75° x 7-5%), and (120 x 240) pixels (5° x 10°), centred on these locations. All of
these histograms are made for each day (single image) and accumulated over 2, 3,
4,..., up to 17 or 20 days. Most of the results discussed are for regions with
60 x 120 pixels.

All of the statistics reported here are computed using VIS radiances with 64
levels, equivalent to about 2 per cent precision, and a reduced IR radiance resolu-
tion of 128 levels, equivalent to about 1K precision. (We explore the effects of
differing radiance resolutions in SR91). In the figures and tables presented, these

1 Seventeen days of data were available for Sahel, S. Atlantic, Tr. Africa'and Tr. Atlantic;
20 days of data were available for N. Africa, Europe and N. Atlantic.
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Figure 1. Geographic coverage provided by METEOSAT images. Special regions for this
study are indicated by the rectangles, which show two of the four region sizes {referred
to as 60 x 120 pixels and 120 x 240 in size in the text) used to determine the dependence
of radiance statistics on spatial scale. Names used in the text to refer to these special
study regions are (1) N. Africa, (2) Sahel, (3) S. Atlantic, (4) Tr. Atlantic, (5) Tr.
Africa, (6) Europe, and (7) N. Atlantic.

radiances are rescaled to values from { to 255. This means that changes in VIS and
IR, produced by changes in clouds and the surface and expressed in these count
values, represent roughly the same magnitude changes in total radiation (i.e. a few
watts per square metre). The IR scale has been reversed, therefore small counts in all
tables and figures represent the highest brightness temperatures and large counts the
lowest. Later in the discussion, when we refer to the minimum/maximum infrared
radiances (IR MIN/MAX), this refers to the lowest/highest temperatures, not to the
minimum/maximum count values. To avoid confusing radiances in the two spectral
bands, we will refer to the lowest/highest VIS as darkest/brightest and the lowest/
highest IR as coldest/warmest.

3. Method of analysis

Bidimensional histograms are formed by counting the frequency of occurrence of
every pair of VIS and IR radiances (frequency is reported as a percentage of the
total number of samples present). These histograms represent the variation of the
VIS and IR spectral characteristics of clouds and the surface (1) in the spatial
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domain (daily histograms from one satellite image, see figure 6; Desbois er al.
(1982), Desbois and Séze (1984 a), Platt (1983)), (2) in the time domain (histograms
of spatially averaged radiances: Hartmann and Short (1980), Hartmann and Recker
(1986)), or (3) in both the space and time domains (timed cumulated histograms, see
figure 4; Séze and Desbois (1987)).

We describe these bidimensional histograms using properties of associated VIS
and IR monodimensional radiance distributions (see figure 5), their mutual correla-
tion (COR), and several other statistical quantities (table 1): minimum (MIN),
maximum (MAX), average (AVG), mode (MOD), mode frequency (PEAK), and the
standard deviation (SD). These quantities are calculated for the one-dimensional
(1D) VIS and IR distributions, The MOD and PEAK are also computed for the 2D
distribution, indicated by the prefix, VIS-IR, or by the suffix, 2. All of these
quantities are computed for the 17 day (or 20day) time-cumulated histograms
(called CUM parameters), for cach set of histograms accumulated for Ndays (N
varying from 2 to 19), called CUMN parameters, and for each daily histogram to
show their evolution with time. The average and standard deviation of the daily
values (called AVG parameters and SD parameters), are also calculated. All of
the short labels used to represent these quantities in this paper are summarized in
table 1.

One quantitative measure of radiance variation or histogram dispersion is the
percentage of the total possible radiances occurring in each histogram; this percent-
age is called CUM-AREA  referring to the ‘surface area’ of the histogram. To define
the high-frequency part(s) in each bidimensional histogram, we calculate the arca
inside isolines defined by a frequency chosen such that the portion of the population
inside the isolines is, for example, 80 per cent, and the portion cutside is 20 per cent
(radiances inside the isoline have a higher frequgney than radiances outside). To
determine these isolines, the cumulative fraction of the total population as a
function of the frequency is calculated (figure 2 shows the results for the seven study
regions). These curves give an indication of the overall compactness of the radiance
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Figure 2. Cumulative frequency distributions for the bidimensional histograms, collected in
60 x 120 pixel regions over 17 days, six of which are shown in figure 4. The curves
show the fraction of the total histogram population with frequencies below the value
shown on the abscissa. Frequencies are expressed as a fraction of the total population
in the histogram in increments of 0-1 per cent. The horizontal dashed line indicates the
frequency value that corresponds to the innermost contour in figure 4.
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distribution and also of the ‘sharpness’ of the distribution around the mode value.
The 80 per cent isoline is the intermediate contour in figures 4 and 6 and the inner
contour in figure 4 is the 50 per cent isoline. The fractions of the total possible
surface arca contained inside the 80 per cent isolines and 50 per cent isolines are
called 80 per cent CUM-AREA and 50 per cent CUM-AREA.

The variation of radiances on larger spatial scales is evaluated by examining the
changes in the histogram statistics as the size of the cumulating region: is changed
from about 350 to 1200 km across. We also examine the changes in histogram shape
at scales up to about 1000 km. For the smaller spatial scales (5 to 350km), the
distribution of radiance differences is calculated between pairs of image pixels
separated by N pixels. The time-scale dependence is examined from the variation of
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Figure 3. Radiance histogram shapes for the entire METEOSAT region for (a) July 1983 and
(b) January 1984. Each histogram is formed by cumulation over regions of 60 x 120
pixels and over the whole month, using the sampled data (SR91). Visible radiances are
displayed in the vertical direction (dark at bottom) and infrared in the horizontal
direction {warm to the right).

the histogram statistics with the length of the cumulation time peried from | to 20
days. Smaller time-scale variations are examined by calculating the radiance differ-
ences between pairs of pixels at the same location separated by N days.

Another way to illustrate the separate contributions of time and space variations
is 1o examine the spatial variations of the time-series statistics at each location; this
is done by calculating all of the same histograms and associated statistics of ‘time-
composite’ images. In these images, the value associated with a scene element is a
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Table 1. Definitions of symbols used to represent various statistical quantities calculated

from the monodimensional and bidimensional visible (VIS) and infrared (IR) radiance
distributions cumulated over various time and space scales.

VIS

IR

visible radiance values (0-7 um) as counts from 0-255, representing small to large values with a
precision of 2 per cent.

infrared radiance values (11 zm) as counts from 0-255, representing large to small values with a
precision of 1°C near 20°C.
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statistic calculated from the radiance times series at that location. We construct
images of the VIS and IR MIN, MAX, AV(G, and MOD. These images will be
called IM-X (i.e. if X is MIN, the VIS MIN image will be called VIS IM-MIN). To
separate the spatial and temporal contributions to the total variability, for.each time
composite image we calculate the differences between pairs of pixels in each as a
function of their separation distance and the regional histogram statistics (mainly
MOD) for comparison with the regional CUM parameters from the original images.

Statistics computed from monodimensional radiance distributions
(VIS/IR means VIS and/or IR, also indicated by suffix of 1)

VIS/IR MIN
VIS/IR MAX
VIS/IR AVG
VIS/IR SD
VIS/IR MOD
VIS/IR PEAK

r.Im.s.

minimum, darkest/coldest, radiances

maximum, brightest/warmest, radiances

average radiances

standard deviation of radiances

most frequent radiance value (mode)

largest frequency in the histogram, expressed as a fraction of the total image
pixel population

rool mean square of radiance differences between any pair of image pixels in the
distribution

Statistics computed from bidimensional radiance distributions
(VIS-IR means VIS and IR, ailso indicated by a suffix of 2)

VIS/IR MOD
VIS-IR PEAK

VIS-IR COR
AREA

80 per cent isolines

80 per cent AREA

50 per cent isolines

50 per cent AREA

Cumulation statistics
CUM parameters

CUMN parameters
AVG parameters
SD parameters

IM parameters
Region size 1
Region size 2

Region size 3
Region size 4

most frequent pair of radiance values (mode), not generally equal to individual
MOD1 vatues

largest frequency in the histogram, expressed as a fraction of the total image
pixel population

correlation between the VIS and IR values

area occupied by the bidimensional histogram as a percentage of the total
possible area in the VIS-IR space

frequency isolines in the bidimensional histogram defined by the frequency
chosen such that the portion of the population inside the isolines is 80 per cent
and the portion outside is 20 per cent; radiances inside the isoline have a higher
frequency than radiances outside

area occupied by the higher frequency portien of the bidimensional histogram
and defined by the 80 per cent isolines

frequency isolines in the bidimensional histogram defined by the frequency
chosen such that the portion of the population inside the isolines is 50 per cent
and the portion outside is 50 per cent; radiances inside the isoline have a higher
frequency than radiances outside

area defined by the 50 per cent isolines

prefix for quantities obtained from histograms cumulated over whole time period
(17 or 20 days) covered by imaging data

prefix for quantities obtained from histograms cumulated over N days of data
(one image per day)

prefix for quantities representing the average of values obtained from histograms
cumulated from single images (one day)

prefix for quantities representing the standard deviation of values obtained from
histograms cumulated from single images {one day)

prefix for time-composite images—these images represent histogram quantities,
such as MIN, MAX, AVG, MOD, taken from the time series of radiance values
at each image pixel location

(60 x 60) pixels at full resolution (2-5° x 2-5%)

(60 x 120) pixels at full resolution (2-5° x 5%)

(90 x 180) pixels at full resolution (3-75° x 7-5°)

(120 = 240) pixels at full resolution (5° x 10°)
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Figure 4. Bidimensional histograms of visible and infrared radiances measured by METEO-

SAT accumulated over 17 days in the smalter-sized special study regions shown in figure
1. Radiances are given as counts from zero to 255, representing visible intensity
(abscissa) as a fraction of the solar constant in the instrument bandpass from ¢ to 1 and
IR brightness temperatures (ordinate) from 340 to 160K, respectively. Contours
indicate the frequency of occurrence of each pair of VIS-TR radiances, but the
frequency values indicated by the contours are different for each distribution. The
contours divide the total population: the outermost contour indicates the total
population, the innermost contour contains 50 per cent of the population (indicated by
left-slanting shading), and the intermediate contour contains 80 per cent of the
population (indicated by right-slanting shading). The position of the node is indicated
by small additional tick marks on the two radiance axes. The quantities CUM-AREA
and 80 per cent AREA are defined in table 1. Each dot in the lower panels shows the
average over the region of the visiblefinfrared radiances for a single day.
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Figure 5. VIS and IR monodimensional radiance histograms from METEQSAT measure-
ments accumulated over 17 days in the smaller-sized special study regions shown in
figure 1 and associated with the bidimensional histograms in figure 4. Radiances are
given in counts {from zero to 255, representing visible intensity as a fraction of the solar
constant in the instrument bandpass from 0 to 1 and IR brightness temperatures from
340 to 160 K. Frequency is shown is arbitrary units with the individual mode values set
to 100 per cent.

4. Daily and time-cumulated histograms
4.1. Regional distribution of histogram shapes

The association of particular patterns in the radiance histograms with climate
regimes is shown in figure 3, which displays the time-cumulated VIS~IR histograms
for (60 x 120 pixels) subregions over the entire METEOSAT field of view for July
1983 and January 1984 (using data that have been spatially sampled to a 30km
spacing by taking one line out of six and one pixel out of six from the original
images, see SR91). The well known climate regimes and their seasonal variations are
apparent in the changes of histogram shapes with location and time. This figure
motivates our examination of these shapes as a climate descriptor by suggesting that
a few such shapes may be used to characterize the clouds and their seasonal
variations in the major climate regimes.

4.2. Regional histogram shape descriptions

Seven regions, that represent all of the types of histograms scen in figure 3, are
selected for detailed study (see figure 1). The bidimensional radiance distributions
accumulated over 17 days in July 1983 for six of these seven regions are shown in
figure 4. The associated monodimensional radiance distributions are displayed in
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figure 5. For two regions (Tr. Africa and Europe), sequences of daily histograms are
shown in figure 6. The same characteristic histogram shapes described by Platt
(1983) and Séze and Desbois (1987) appear here.

The seven regions can be roughly gathered into three groups by their shapes in
the radiance plane (figures 3, 4 and 5; table 2): Group 1 (N. Africa and Sahel),
Group 2 (S. Atlantic), Group 3 (Tr. Africa, Tr. Atlantic, Europg and N, Atlantic),

4.2.1. Desert regions (Group 1)

The histogram shape characteristic of subtropical land has very small VIS
radiance variation (small VIS SD), an elongated distribution along the IR axis (large
IR SD), and a compact cluster of points at warm and (relatively) dark radiance
values. The latter attribute is shown by a value of 80 per cent CUM-AREA that is
much smaller than CUM-AREA. For N, Africa, the IR CUM-MAX reaches 55°C
(table 2), VIS CUM-MIN is very bright (30-34 per cent), almost as bright as some
clouds over the ocean (figure 5). The values of VIS CUM-MIN and TR CUM-MAX
are also close to their respective MOD values and about 90 per cent of the VIS
radiances are in the range CUM-MOD +4 per cent and 80 per cent of the IR
radiances are in the range CUM- MOD +5 per cent. All of these features suggest low
variability associated with the persistence of one condition over the area, in this
case, clear conditions. The long low-frequency ‘tail’ in the IR histogram (figure 3)
suggests the occasional presence of cold clouds that have a large influence on the
CUM-SD: the coldest 5 per cent of the pixels explain 70 per cent of the IR variance.
These clouds are relatively thin, however, since they have little effect on the VIS
variance.}

For the Sahel, the 80 per cent CUM-AREA is more clongated along the IR axis
due to a surface temperature gradient, associated with the presence of both desert
and arid vegetation (Matthew 1983) in this area. More frequent occurrences of thin
clouds and occasional thicker cirrus or altostratus also cause a sparse distribution of
colder and brighter radiances (figure 4 and 5). Some of these clouds belong to the
edges of squall lines passing to the south (cf. §§5 and 7, figures 12(e) and (f)). In
spite of the variability of surface vegetation within the region, the VIS radiance
distribution is no brighter than that in N. Africa with 95 per cent of VIS radiances
in the range CUM-MOD+6 per cent. The larger VIS CUM-5D is due to the
occasional appearance of some relatively bright clouds (70 per cent of the variance is
explained by the brightest 3 per cent of the pixels).

Because of the approximate symmetry of the histogram shapes near the MOD,
the average radiances (CUM-AVG) for these regions are close to the CUM-MOD
and represent the regional surface properties well (table 2). The VIS PEAK being
larger than the IR PEAK indicates that surface reflectances are less variable in time
and space than surface temperatures (the precision of the VIS radiances is 2 per cent
and the IR radiance precision is 0-75°C near 53°C). This characteristic is enhanced
by the presence of the thin cold clouds, which increase the temperature variability
with little effect on the scene reflectance (Platt 1983, Desbois and Séze 1984 a,
Rossow et af. 1989b). The low VIS-IR COR and the low VIS-IR CUM-PEAK 2
(almost equal to the product of VIS CUM-PEAK 1 and IR CUM-PEAK 1) both
indicate only a weak correlation between the variations of surface reflectance and
temperature. ‘

T Over brighter surfaces, it takes somewhat thicker cloud to change the VIS radiances by
the same amounts, but optical depths are still < 10.
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The cloud climatology obtained from surface observations (Hahn er al. 1984,
Warren et al. 1985, 1986) for N. Africa shows (table 3) a very high frequency of clear
sky, somewhat lower for the Sahel. The most frequent and extensive clouds are
cirrus {average amount about 5-10 per cent over N. Africa and 15-25 per cent over
the Sahel) and altostratus (5-10 per cent over N, Africa and 20 per cent over the
Sahel). However, this climatology also reports the occurrence of some low clouds
(cumulus and stratus amounts of about 5 per cent). These low-level clouds are less
prevalent in our 12 UT images because of their diurnal variation (peak magnitude, _
<30 per cent, occurs in mid-afternoon), although the occurrence of some of these s oms | e L ey s s ] |,
clouds may explain, in part, the somewhat larger 80 per cent CUM-AREA in the
Sahel.

4.2.2. Sub-tropical ocean regions (Group 2)

These histograms have a very small IR radiance variation, but a significant VIS
radiance variation (figure 4), which is characteristic of low-lying stratocumulus !
cloud layers over subtropical oceans (figure 3; Hartmann and Short 1980, Cahalan
er al. 1982). The S. Atlantic is one of only a few regions in the METEOSAT view
that is so dominated by large amounts of very persistent cloudiness (Saunders 1985,
Coulmann et al. 1986) that the high-frequency part of the histogram represents
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cloud properties, rather than surface properties. Nevertheless VIS MODI is less than
that in N. Africa (table 2). VIS CUM-MIN and IR CUM-MAX are much further
" - away from their respective MOD values than in other regions and are not always
pharacteristic of the surface (see §§5 and 7), even though the cloud cover is close to
1ts minimum at this time of the day (Minnis and Harrison 1984, Duvel and Kandel
1985, Hartmann and Recker 1986). The VIS radiance distribution (figure 5) has a
broad peak at larger values than typical of most other oceanic regions. This peak is
nearly in the centre of the VIS range CUM-MOD+ 14 per cent; however the
frequencies decrease more slowly on the Tow side of VIS-MOD and more sharply on
. oL . ., the high side. In contrast to the other regions, VIS CUM-AVG is smaller than VIS-
3 b : : g e CUM-MOD. Since the pixels with larger VIS radiances are probably completely
@ covered by cloud, pixels on the low side of the MOD are either partially covered

(Coakley and Bretherton 1982) or optically thinner or both (Coakley er al."1987).

27 N 28 2 | ) 3
S I RN B N |

]
wis




890 G. Séze and W. B. Rossow

Table 2. VIS and IR CUM (first line), AVG (second line) and SD parameter (third line)
values, given in count values, for the seven regions (60 x 120 pixels). One count is
approximately equivalent to 0-5 per cent for VIS and 0-5°C for IR. For IR the lowest
values correspond to MAX temperatures and the highest values to MIN temperatures.

VIS

REG MIN MAX AVG MODI PEAKI MOD2 PEAK2 SD COR SURF

64 172 90 92 31 92 5 6 0-1 11

N. Afr, 70 120 90 91 33 91 8 & —02 2

2 18 1 2 4 3 3 1 04 2

72 204 5 96 26 96 2 11 04 15

Sah. 75 146 95 97 29 96 5 8 03 4
2 28 5 3 6 4 2 6 0-3 02

12 136 72 80 7 76 3 27 07 3

S. Atl. 17 124 71 68 10 73 6 22 0-6 2
9 8 14 30 3 27 3 5 02 05

8 220 64 16 15 16 3 53 09 27

Tr. Atl. 13 193 64 37 17 46 7 41 0-8 13

2 33 31 55 13 67 7 14 01 5

28 216 74 44 13 44 2 38 09 24

Tr. Afr. 33 191 74 57 15 60 3 29 0-8 11

4 22 22 31 7 42 3 10 0-1 4

16 212 79 43 17 44 1 40 0-9 23

Eur. 30 169 79 72 20 80 3 21 06 9

10 32 32 40 12 47 2 10 03 4

12 156 62 16 12 16 4 32 0-5 15

N. Atl. 15 129 62 45 i5 40 6 27 0-4 8

3 14 16 37 13 33 9 5 0-2 2

MAX MIN IR

23 201 42 38 [4 38 5 11 0-1 11

N. Afr. 28 91 42 38 19 37 8 8 —-02 2

4 49 [ 5 [ 4 3 [ 04 2

18 203 71 78 3 78 2 26 04 15

Sah. 35 153 ! 66 10 66 5 19 03 4

14 32 17 14 4 15 2 6 03 2

109 134 124 124 32 124 3 3 0-7 3

S. Atl. 113 [29 123 124 46 123 [ 3 0-6 2
4 2 2 2 19 4 3 1 02 0-5

100 232 [44 [08 8 108 3 38 09 27

Tr. Atl 105 214 144 127 13 127 7 28 0-8 13

5 28 24 39 11 43 7 10 01 5

% 233 136 108 5 104 2 33 09 24

Tr. Afr. 95 212 136 124 8 121 3 24 0:8 11

8 15 22 35 4 33 3 8 0-1 4

69 221 132 96 4 96 1 36 0-9 23

Eur. 92 192 132 132 9 130 3 19 06 9

15 29 30 44 3 46 2 8 03 4

I16 214 140 128 8 120 4 18 05 15

N. Am. 119 195 140 131 15 126 6 15 0-4 8

2 15 9 11 11 5 9 5 02 2
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The pixels on the high side may either be optically thicker than normal or may be
related to variations of reflectance with viewing geometry (Welch et al. 1988).

As a consequence of the strong layering of these low-level clouds with top
temperatures very near the surface temperature, the IR CUM-SD is very small
(CUM-AREA is very small) and the IR CUM-AVG is equal to the IR CUM-MOD
(table 2). Unlike all the other regions, the IR PEAKI1 is larger than the VIS PEAK
1, indicating less variation of the cloud temperatures than of their reflectances. For
more cloudy regions the VIS-IR CUM-COR is much higher, but the layering
of the clouds in the S. Atlantic near the surface reduces VIS-IR CUM-COR to
about 0-7.

The high coverage and persistence of these stratocumulus layers is shown in the
Warren et al. climatology (table 3). Although our observations (1230 local time) are
close to the minimum of the cloud diurnal cycle, the 20-25 per cent amplitude of this
cycle (Kandel and Duvel 1985, Saunders 1985, Couimann et @l. 1986, Minnis and
Harrison 1984) is not sufficient to eliminate the nearly total coverage by these clouds
(see §7). This suggests that some satellite estimates may be mistaking optical
thickness variation for cloud-cover variation. Warren et al. (1988) report small
amounts of altostratus {about 20 per cent) and cirrus (about 5 per cent) in this
region, mostly near the coast of Africa. We see verylittle evidence for such colder
clouds in July 1983, but they are more prevalent near Africa in January 1984
(figure 3).

4.2.3. Tropical and middle latitude regions {Group 3)

These histograms have large dispersions (large values of CUM-AREA, 80 per
cent CUM-AREA and SD) in both the VIS and IR radiances (figure 3, 4 and 5;
table 2) which is characteristic of a mixture of different kinds of clouds at different
levels: multi-layer convective complexes and low clouds over the sea (Tr. Atlantic),
a mixture of high-, middle- and low-level clouds in a convective regime over land’
(Tr. Africa), and high, middle and low cloud layers over land (Europe) and ocean
(N. Atlantic) (Warren et al. 1986, 1988). The predominance of clouds is indicated by
VIS AVG>VIS CUM-MOD and IR AVG <IR CUM-MOD. The histograms of
this group have the brightest and coldest clouds (table 2: for the TTCZ,

Table 3. Cloud climatology for seven study regions based on surface weather observations
(Hahn er af. 1982, 1984, Warren et al. 1985, 1986). Seasonal mean quantities shown are
total clond amount in per cent (CA), percentage frequency of occurrence (f,), and
probability of a cloud type occurring alone (p,}. Cloud types are stratus (St), cumulus
{Cu), altostratus {As), nimbostratus {Ns), cirrus (Ci), and cumulonimbus {Cb).

St Cu As Ns Ci Cb

CA f, Ps Jo Py So P fo 2 Jo Py fo P
N. Africa 20 5 29 15 41 24 31

Region

— 2 ¥ 3 20

[
|

Ny
¥=)
~
e

Sahel 40 7 9 3% 4 42 12 12
S. Atl, 7 72 57 18 68 33 1 — 13 16 4 46
Tr. Atl. 75 42 29 31 44 65 7 7 11 53 9 20 2]
Tr. Africa 7319 6 20 24 66 18 2 — 62 16 28 11
Europe 538 42 20 20 38 42 20 8 — 42 22 28 11
N. Atl 80 70 27 18 36 51 g 11 8§ 45 12 7 24
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IR-MIN= —77°C and VIS-MAX=100 per cent; for Europe, IR-MIN=—58°C
and VIS-MAX = 100 per cent) and the largest CUM-SD and AVG-SD both in VIS
and IR. About 50 to 60 per cent of the variance is explained by the coldest and
brightest 20 per cent of the pixels. Even the day-to-day variability of the daily
average radiances (SD-AVG) is large (Cahalan et al. 1982, Hartmann and Recker
1986), although it is smaller than the average of the daily values (AVG-SD) and the
CUMS-SD due to the significant variability inside individual clouds. The large dis-
persion is also shown by the predominance of low frequencies in the histograms
(figure 2 and 4},

The VIS/IR COR is high (0-8-0-9 for the ITCZ and Europe), which is character-
istic of regions with high and/or middle cloud cover with variable optical thickness
(reflectivity/emissivity) and/or partial coverage of the pixels (Hartmann and Short
1980). However, the high correlation does not require a linear relation between-the
VIS and IR radiance variations (see below); instead the high-frequency parts of the
histograms (figure 4 and 6) show a variety of radiance patterns. The North Atlantic
histogram (not shown) is similar in-shape to the other histograms in this group, but
more compact die to colder sea surface temperatures and the more limited range of.
VIS radiances occuring at larger solar zenith angles at higher latitudes. These
decreases in the range of variation of the VIS and IR radiances are not correlated
and reduce the CUM-COR (table 2).

Generally, the VIS and TR MOD radiances correspond to surface properties
(clear conditions) (figure 4 and 5), even with large cloud-cover amounts, because of
the much lower variability of the surface compared with the clouds,.especially over
the ocean. This conclusion is supported by the small separations of VIS CUM-MIN
from VIS CUM-MOD and IR CUM-MAX from IR CUM-MOD (similar to clear
deserts and the clear western portions of subtropical oceans). A large part of the 50
per cent CUM-AREA is situated in the relatively warm and dark part of ‘the
histogram, 40 to 50 per cent of the pixels have a reflectance in the range CUM-
MOD +4 per cent, and 35 to 40 per cent have a brightness temperature in the range
CUM-MOD 4 5°C. The limited range of variation is also an indication that there
are frequent occurrences of very thin clouds or small, broken low- or middle-level
clouds that do not alter the radiances very much (Séze and Desbois 1987). For the
N. Atlantic where the amounts of cloud is large, only 20 per cent of the pixels have a
reflectance in the range CUM-MOD =+ 4 per cent; but 60 per cent of the pixels have a
brightness temperature in the range CUM-MOD + 5°C (i.e. the persistent low cloud
layer present in this region has a temperature very close to the sea surface
temperature}.

A secondary peak can appear in the histograms at larger VIS radiance values
because the rate of increase of cloud reflectance with increasing liquid water content
decreases as the reflectance approaches an asymptotic value for very large optical
thicknesses. Secondary peaks are also present at colder values in the IR distributions
(e.g. figure 5 for Tr. Africa and Europe) more often than for the VIS histograms,
due to the occurrence of cloud layers and a dynamic limit on the height of clouds
associated with the tropopause. Although the diurnal minimum of deep convection
over Tr. Africa occurs at about noon (Duvel and Kandel 1985, Del Genio and Yao
1987, Desbois er al. 1988, Duvel 1988), a secondary frequency peak still appears in
the coldest and brightest part of the bidimensional histograms (figure 4).

The multi-layer nature of the cloud cover for these regions is obvious in .the
ground-based climatology {table 3; see Hahn er al. (1982, 1984), Warren et af. (1985,
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1986, 1988)). All of these regions are characterized by the. frequent occurrence of
cirrus, altostratus and low-level clouds. Tr. Africa has the largest occurrence of
cirrus and altostratus (above 60 per cent), but the lowest occurrence of low clouds
{40 per cent); however, at the minimum in the dirunal cycle the percentage of cirrus
and altostratus may be lower (Del Genio and Yao 1987, Duvel .1988). Cumulonim-
bus are present in the tropical regions, but their areal coverage is small compared to
the other cloud types: the frequency peak that we find in the time cumulated
histograms is caused more by the small variability of the brightest and coldest parts
of these clouds than by their frequency of occurrence. We note that for N. Atlantic
the percentage of stratus is as high as in 5. Atlantic.

Despite the overall resemblance of time-cumulated histogram shapes (figure 3
and 4), the nature of the time variations differs between the tropical and midlatitude
regions (see §5): In the daily histograms (figure 6), the extent of the hatched areas
delinealing the 80 per cent isolines is highly variable from day to day. In contrast,
the time-cumulated histograms are characterized by a relatively small 80 per cent
CUM-AREA in spite of their larger overall size (CUM-AREA). This behaviour is
magnified for 50 per cent CUM-AREA. The tropical regions can be characterized as
having a similar large spatial variability of cloud properties every day, while the
midlatitude region exhibits less spatial variability on many days with more variation
of histogram shape from one day to another (Figures 6 and 8}.

Figure 4 also shows the daily average radiances for several regions. These values
have often been used to describe the mean properties of cloud fields in a region
(Hartmann and Short 1980, Cahalan et al. 1982, Hartmann and Fecker 1986, Duvel
1988}, but, as can be seen, these average values do not always lie in the high-
frequency part of the histograms, because of the nonlinear relationship between the
VIS and IR cloudy radiances, especially in multi-layer cloud systems. In some

100
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] | l
5 10 5

CUMULATION TIME (DAY)

Figure 7. _ Evolution of the surface area covered by the bidimensional distribution of
radiances (CUMN-AREA—see table 1) as a function of the cumulation time period
for N. Africa, 8. Atlantic and Tr. Africa. The histogram area indicates the number of
distinct radiance values that have occurred out of the total number of possibilities;
these areas are expressed as the fraction of the total atea in each region after 17 days
(CUM-AREA), indicated in figure 4.
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regions with.very low frequency of clear conditions (figure 4}, the spatially averaged
radiances, even in a time series, cannot be used to describe the radiance variations.

5. Temporal cvolution of histogram shapes
5.1. Time-cumulated histogram evolution

The time evolution of the radiance distributions, as shown by the changes in the
CUMN parameters as N increases, -shows that MIN, MAX, MODI, and MOD2,
and AVG exhibit a rapid variation between 1 and 5 days and then a much weaker
variation after that. The PEAK2 generally decreases with time and becomes stable
only after about 10 days. The other parameters are more variable, though their
variability (SD) is small compared to their day-to-day variations (AVG-SD).

The fraction of 17 day total histogram surface area (CUM-AREA) occupied by
the VIS-IR distributions cumulated over variable time periods (CUMM-AREA) is
displayed in figurc 7 for representatives of each group. Generally, after 5 to 10 days,
the area occupied by the cumulated histograms in the VIS-IR radiance space is
nearly constant, having almost reached the full value. However, in some cases this
percentage can suddenly increase on a specific day when some rare event happens,
such as cirrus over N. Africa or cirrus over the 8. Atlantic.

Rapid increase in 80 per cent AREA and decrease of PEAK2 over 5-10 days
intervals and their much weaker variation over longer intervals is caused by a trend
toward a more homogeneous distribution of frequencies inside the 80 per cent
AREA as the cumulation period increases. In Europe, however, 80 per cent AREA
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Figure 8, Time variation of radiance distribution statistics from daily histograms for Tr.
Africa (upper) and Europe (lower). The left-hand panel for both regions shows the
MAX and MIN (solid lines) and the AVG (X), MOD!1 (square), and MOD?2 (dot) for
VIS (see table 1); the same quantities for IR are shown in the right-hand panels. Low
IR counts correspond to warm temperatures.
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continues to increase up to 17 days, because of the longer time scale for synoptic
variations of the cloud cover (c.f. figures 6 and 7).

5.2. Daily and time-cunudated histograms

The comparison of the CUM and AVG parameters and the magnitude of the SD
parameters (see tables 2 and 5, figures 7 and 8) reveals differences that indicate the
relative contribution of day-to-day radiance variability to the total cumulated
variability (see also figure 6). For the desert regions, the small ratio of AVG-AREA
to CUM-AREA is associated with a high frequency of clear conditions, which
exhibit little variability. For the S. Atlantic, the ratio is larger (50 per cent),
associated with persistent (time-stable), widespread cloud cover with little spatial
variability (small AVG-AREA); however, AVG-SD < CUM-SD and some variabi-
lity in the CUMN parameters are related to a larger temporal than spatial variabi-
lity of the visible radiances (Coakley and Bretherton 1982). A similar ratio between
the AVG-AREA and CUM-AREA occurs in the N. Atlantic region, but in that case
it is associated with the temporal stability of cloud cover with refatively large spatial
variability (large AVG-AREA, small difference between the AVG-SD and
CUM-SD).

Table 4. Statistics of VIS and IR radiance differences. CORI1 is correlation between
radiances separated by one day. AVG1 and AVG3 are the average differences for time
separations of | and 3 days; rm.s.] and rm.s.3 are the corresponding root-mean-
square differences. Also given are the r.m.s.-differences between any possible pair of
pixels during the period (CUM-r.m.s.) and the root-mean-square differences of the
daily radiance averages (r.m.s.-AVG).

CUM- r.m.s.-
REG COR1 AVGI r.m.s.1 AVG3 r.m.s.3 r.m.s AVG

N. Africa

VIS 076 2 4 2 4 9 1

IR 0-32 7 13 9 13 16 9
Sahel

VIS 0-28 6 13 7 15 16 7

IR 0-28 22 31 30 39 37 24
S. Atlantic

VIS 0-30 25 32 30 37 38 20

IR 0-24 3 4 4 5 5 3
Tr. Atlantic

VIS 0-01 57 74 62 78 75 44

IR —0-01 42 53 44 54 54 34
Tr. Africa

VIS —0-09 41 53 38 53 53 31

IR —-016 40 49 38 48 47 31
Europe

VIS 0-43 29 43 38 52 56 45

IR 0-39 30 4] 42 52 51 42
N. Atlantic

VIS 015 33 41 35 44 45 23

IR 0-07 18 25 19 25 28 13
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Table 5. VIS and TR CUM (first line), AVG (second ling) and SD parameter (third line)
values for the seven regions (120 x 240 pixels). See legend in table 2 for definitions. IR
MIN/MAX refers to warmest/coldest temperatures.
VIS

REG MIN MAX AVG MODI PEAK| MOD2 PEAK2 SD COR SURF

12 192 80 88 15 92 2 17 —-05 27

N. Afr. 15 134 80 89 17 39 3 17 —06 8

2 26 [ 3 1 3 1 1 0-3 4

48 212 89 88 17 92 1 13 Q-4 26

Sah. 52 175 80 88 18 93 2 12 0-4 11

2 23 3 3 2 6 0 4 0-2 3

H] 144 73 88 6 88 2 29 0-7 6

S. At 9 136 73 68 7 73 4 27 07 3

2 7 10 31 2 29 [ 4 02 1

8 244 65 16 13 16 3 Sl -3 3

Tr. Atl. 11 213 65 20 14 26 5 46 0-3 21

1 18 20 13 10 41 5 11 0-1 5

24 224 74 44 12 44 2 37 09 28

Tr. Afr. 27 209 74 46 13 53 2 34 0-8 19

3 11 14 2 5 36 1 7 0 3

12 212 73 48 20 48 2 36 08 28

Eur, 16 186 73 59 21 54 2 28 07 15

4 18 20 28 11 31 1 g 01 4

12 168 63 6 9 16 3 32 0-5 19

N. Atl. 13 148 63 41 11 34 3 29 0-5 12

2 12 12 35 6 31 3 3 0 1

MAX MIN IR

6 206 48 B 10 38 2 19 =5 27

N. Afr. 22 136 48 40 12 39 3 17 —06 8

‘3 36 6 3 4 4 1 6 0-3 4

0 209 70 62 4 62 1 30 0-4 26

Sah. 16 175 70 a6 6 66 2 26 0-4 i1

13 21 14 15 2 13 0 6 02 3

[07 178 124 124 31 124 2 3 07 6

S. Atl, 109 135 123 125 40 123 4 3 07 3

1 [3 1 2 12 5 1 1 02 1

98 232 142 108 8 108 3 37 09 31

Tr, Atl 101 223 142 115 10 113 5 31 0-8 21

3 13 17 26 8 27 5 9 0-1 5

78 235 137 108 5 104 2 M 08 28

Tr. Afr. 83 226 137 120 6 112 2 30 08 19

5 7 13 33 2 29 1 5 0 3

62 221 126 96 4 96 2 33 0-8 28

Eur. 76 212 126 118 6 106 2 26 0-7 15

7 5 19 32 2 25 i 6 0-1 4

113 217 141 130 7 120 3 19 0-5 19

N. Atl 117 207 141 130 11 125 3 18 05 12

2 7 6 8 4 4] 3 3 1 1
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For the two ITCZ areas and Europe, the multi-layer cloud cover leads to higher
average histogram areas (larger spatial variability), but also to a higher standard
deviation around the average (larger time variability). A distinction can be made
between regions where multi-layer systems are common every day (Tr. Africa) and
regions where large changes in cloud cover characteristics occur during the period
(Europe) (see figure 6). In Tr. Africa the daily histograms usually have large AVG-
AREA; in Europe the daily histograms have lower AVG-AREA but are more
variable from day to day (larger SD-SURF). For Tr. Atlantic, the variability of
some parameters and the variability of the daily histogram shapes are related to the
presence of a persistent (background) of low-level clouds with day-to-day variations
of the higher level cloudiness associated with moving squall lines (table 2).

5.3, Variation of radiances with time scdle

For each pair of images separated by N days, the absolute difference in radiances
at each location is computed. Then for each N day separation (for N between 1 and
5) the distribution of these differences is collected and the average and r.m.s. values
computed. The correlation between image pairs separated by N days is also
computed. The average and r.m.s. differences for 1 and 3 day separations, together
with the correlation for a one day separation,t are reported in table 4. Also shown
in Table 4 are the r.m.s. radiance differences between any possible pixel pair during
the period (CUM-r.m.s.) and the r.m.s. differences between all the possible pairs of
daily average radiances (r.m.s.-AVG).

For a one day scparation, the r.m.s. difference is already close to CUM-r.m.s.
(Cahalan er al. 1982); exceptions are the desert regions, especially in VIS, and
Europe, due to the lower temporal than spatial variability of the surface properties.
Between 1 and 3 days a slight increase in variability appears in the visible for the
cloudy regions. For 3 days separation, the r.m.s. differences are of the same order as
the CUM-r.m.s. (e.g. the correlation is close to zero). For separations larger than 3
days, the differences seem to vary randomly about the difference value found for the
3 day separation, except for Europe where differences continue to increase up to a §
df&y scparation. Europe is also the region for which the increase in average
d.1fferences between 1 and 3 days is the highest, consistent with the larger synoptic
time scale for significant changes of weather conditions. This is also illustrated by
large changes in histogram shapes indicating major evolution in the cloud cover
cl_urmg the period {figure 6 and 8): the first part is characterized by clear sky and
cirrus, while the second part by more multi-layer systems with a high frequency of
middle-level clouds. For Tr Africa, the temporal variability seems independent of
the time scale, which is in agreement with the relative constancy of the daily
histogram shapes and statistics, indicating the predominance of a shorter timescale.

The low correlation and high variability found between radiance images for the
1-5 day scales can be caused by the absence of any characteristic time scale in this
range or by the large spaitial variability of cloudiness moving through fixed

T The correlation between radiance images, separated by N days, can be estimated from
the values of N day r.m.s. and CUM-SD by
I —4(N day r.m.s./CUM-SDj)?

if we assume that the mean and variance of the time distribution are not time-dependent
(Matherton 1977). This relation implies that, as the r.m.s. value approaches CUM-r.m.s., the
correlation goes to zero.
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locations. A previous study by Cahalan et gf. (1982), using spatially averaged IR
radiances on a 2-5° x 2-5° grid, exhibited larger autocorrelations for a 1 day lag than
the autocorrelations we have found for single pixels, but they show how the
advection of clouds can produce this effect. They found only a very small increase in
the correlations at larger averaging scales, Duvel (1988) examined the dominant
time scale of radiance fluctuations in METEQSAT data by using the percentage of
the total variance explained by the different time scales. He found more variance
cxplained by changes in 26 to 8-4 day periods for Sahel, Tr. Atlantic and Tr. Africa
and roughly equal contributions from the 26 to 8-4 and >9-2 day periods for N.
Africa, N, Atlantic and Europe. The S. Atlantic is the one region where more
variation occurs on periods >9-2 days. Therefore, although our analysis does not
cover a long enough period of time to determine the predeminant time scales, our
results give the same qualitative relations between tropical and midlatitude time
scales as found by Cahalan et al. (1982) and Duvel (1988). On the other hand, these
results suggest that spatially averaged data (used by both Cahalan ez al. and Duvel)
underestimate the overall radiance variability as shown by the comparison of the
r.m.s.-AVG and the CUM-r.m.s. (table 4).

6. Spatial stability of histogram shapes

The stability of the radiance distribution shapes cumulated over various spatial
scales is tested by varying the size of the studied region from (60 x 60) pixels to
(120 x 240) pixels (equivalent to latitude—longitudes ranging from 2-5°x2-5° to
5°x 10° at the subsatellite point). The statistics of (60 x 120) regions are given in
table 2 and are to be compared with the values of (120 x 240) regions given in
table 5.

The spatial variability of the radiances on scales smaller than the smallest region
is indicated by the absolute difference in radiance between pairs of pixels separated
by N pixels, where N varies from | to 70 pixels in the east-west direction (5 to
350km at low latitudes and 10 to 700km at high latitudes) and from 1 to 45 pixeis
in the north-south direction over 17 (or 20) days. For each region and each N, the
average, standard deviation, mode, minimum, maximum and rm.s. values of the
absolute difference distributions have been computed.

6.1. Evolution of the CUM and AVG parameters with region size

CUM parameters for a given area change little with increasing region size.
Exceptions are CUM-AREA, which tends to increase with the region size, and
CUM-PEAK (especially VIS-IR CUM-PEAK) which decreases. In figure 9, we see
a slight increase (about 6 per cent) in the CUM-AREA with increasing size of most
regions, but the histogram shape does not change very much (figure 10). In certain
cases, there are larger increases in CUM-AREA and an evolution in shape because
of changes in the surface properties included in the region (especially at land/ocean
boundaries in Europe and N Africa), latitudinal changes in surface temperature
(Europe, Sahel), solar zenith angle variations (N Atlantic), or changes in the cloud
regime (appearance of altostratus in S Atlantic, increasing cloudiness in the south-
ern part of Sahel). However, these variations in tetal histogram shape are often
produced by a very small percentage of the pixels; significant changes in the
radiative properties of a region are revealed by changes in the 80 per cent and 50 per
cent CUM-AREA.

i
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Figure 9. Evolution of various measures of the time-cumulated radiance histogram shapes
with increasing region size for the seven special study areas. The upper panels show the
values of 80 per cent-CUM-AREA (solid) and 50 per cent-CUM-AREA (dashed). The
lower panels show total CUM-AREA (dashed), AVG-AREA (solid), and SD-AREA
(dotted). Values for the four region sizes are shown in increasing order from left to
right in each panel: 1=60x%60 pixels, 2=60x 120 pixels, 3=90x 180 pixels, and
4=120 x 240 pixels.

Some significant differences occur between the radiance variability on.a specific
day and over the whole period when region size is increased. The AVG-SD increase
with region size is significant, while the CUM-SD stays relatively stable; hence the
AVG-SD for region size 4 is often closer to the CUM-SD value. This occurs when
the region size becomes large enough that both clear sky and high cloud are more
likely to be found within the region. The same conclusion is reached by looking at
the increases in IR AVG-MIN (colder cloud) and VIS AVG-MAX (brighter cloud)
and at the decreases of the IR AVG-MAX (warmer surface) and VIS AVG-MIN
(darker surface). The VIS and IR AVG-MODI also tend to converge (i.e. decrease
and increase, respectively) to the clear sky values as the region size increases. The
corresponding CUM-parameters are relatively constant, especially in cloudy




900 (G. Séze and W. B. Rossow

255

200

180

106

SoF TROPICAL AFRICA
=
@
g VIS
0 1 1 ] 1
o} 100 200
DARK BRIGHT

Figure 10. Radiance histograms for Tr. Africa illustrating the effect of cumulation over a
smaller (dashed) and larger (solid) geographic region. Results are shown for 60 x 60
pixels and 120 x 240 pixels. The outermost contours in the bidimensional histogram
contain 100 per cent of the population, while the innermost contours contain 5¢ per
cent. .

regions. This difference in evolution between the CUM parameters and AVG
parameters leads to a convergence of the two sets of parameters as the region size
increases (tables 2 and 5); and, except for the SD-SURF in certain cases, most of the
SD parametrers also decrease with region size (for the SD-AVG, see Short and
Cahalan (1983)).

0.2, Effect of region size on histogram time-evolution

For the [TCZ and N Atlantic regions, 88 per cent of the possible radiance vaiues
occur after 3 to 5 days for 120 x 240 pixel regions, but for 60 x 60 regions, it takes 7
to 9 days to reach the same percentage. There are also larger differences in AREA
between different region sizes for cumulations over shorter time pericds, but a
relative constancy of the differences for cumulation time pertods longer than 5-10
days. This suggests that some of the region-size-dependent differences are systema-
tic, usually due to variations in surface properties. For the S. Atlantic and desert
regions, the behaviour is very dependent on which days are included in the statistics
(figure 7); the occurrence of rare events during the period lengthens the time for
convergence of the statistics. Increasing the region size increases the probability of
occurrence of these rare events. In the desert regions, the higher probability for the
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occurrence of thicker cirrus in the larger region produces a strong decrease of IR
CUM-MIN. In the 5. Atlantic, the more likely appearance of cirrus in the larger
region decouples VIS CUM-MAX and IR CUM-MIN; they can correspond to two
different clouds occurring at different times.

6.3. Variation of radiances with spatial scale '

For a given separation distance, the distributions of absolute radiance differ-
ences between pixels are asymmetric with a mode at very small values. The average
difference increases with separation distance (table 6, figure 11) and the mode
difference frequency decreases. The largest increase in average difference with
distance is found for separations of 1 to 5 pixels (5 to 25km at nadir). As the
distances become larger, the rate of increase decreases. The maximum difference

Table 6. Statistics of VIS and IR radiance differences for spatial separations of 1, 5, 19 and 70 pixels
over a 17 or 20 day period for the seven regions. The statistics are the maximurn VIS difference,
average of the absolute VIS difference, average IR difference, and maximum IR difference (first
column) and the square root of the mean square VIS and IR differences (second column). Also
given are the root mean square differences of the daily radiance averages (r.m.s.—AVG) and the
r.m.s. differences between any possible pair of pixels during the period (CUM-r.m.s.).

MAX1 MAXS MAXI9 MAX70
rm.s.- CUM-
IREG AVG] rms.] AVGS rmsS AVGI9 rmsi9 AVGT0 rms70 AVG rm.s.
IN. Africa 36 44 48 48
L VIS 1 3 3 5 4 6 8 12 8 9
IR 1 3 2 8 5 12 7 17 14 16
129 157 158 160
Sahel e 108 108 116
VIS 1 3 3 7 5 9 0 14 04 14
IR 2 4 6 12 10 18 19 26 2% 37
50 117 132 14]
S. Atlantic 76 104 104 108
VIS g 1 12 17 18 24 26 3 2 38
IR 1 1 1 2 2 3 3 4 4 5
9 16 9 19
Tr. Atlantic 96 164 196 196
VIS 8 13 15 29 31 45 47 65 62 716
IR 3 5 10 16 19 28 33 46 42 54
43 99 115 122
Tr. Africa 100 168 180 172
VIS 9 14 18 28 2% 39 33 47 43 53
IR 4 6 13 18 21 28 2% 3 35 47
53 120 135 . 128
 Europe 88 136 144 164
VIS 6 10 2 19 17 27 23 36 33 56
IR 3 5 8 13 14 21 23 33 2 5]
50 93 12 125
N Atlantic 72 12 116 136
VIS 6 9 14 20 24 32 3 4 38 45
IR 2 4 6 10 10 16 18 24 n 8
35 73 83 84
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Figure 11. Evolution of the average (solid), mode (dashed) and standard deviation (dotted)
of (@) VIS and (b) IR radiance differences as a function of the separation distance (in
pixels) for the Sahel, S. Atlantic, Tr. Atlantic and Tr. Africa. A missing dotted line
indicates that the standard deviation of the differences is very near zero.
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also increases dramatically from 1 to 5 pixels and then becomes almost independent
of separation distance. In spite of the high surface variability of the desert regions,
the smallest differences are found for N. Africa and Sahel; an exception to generally
higher radiance differences in cloudy regions is the stratocumulus layer in S,
Atlantic in IR, In agreement with the discussion of time variations, larger radiance
differences are found for the daily histograms in the ITCZ regions than for Europe.

Except for the 1 to 5 pixel length scales, where a strong increase in the radiance
spatial heterogencity appears, no characteristic jump in these differences suggests a
privileged larger scale between 5 and 70 pixels. However, the latitudinal differences
often are larger than the longitudinal differences for the same length scale (Cahalan
et al. 1982). That the AVG-SD increases somewhat with region size indicates that
the spatial radiance differences do continue to increase for larger spatial scales;
however, this increase does not appear to be very rapid.

The radiance differences (correlations) for a spatial separation of 70 pixels are
smaller (larger) than the 3 day radiance differences or, at the most, equal (compare
tables 4 and 6), which agrees with the CUM-SD being larger than the AVG-SD.
Exceptions are the desert regions in VIS: for N. Africa, the temporal stability of the
VIS radiances is very high, higher than the spatial stability of radiances at sepa-
rations greater than 5 pixels.

7. Relation between time-cumulated and time-composite image statistics

Time-composite images (figure 12) show the spatial patterns of some statistics
(average, mode, minimum, maximum) obtained from the radiance variations with
time at each location. The information which can be extracted from these images
supports the carlier discussion of the histogram shapes and indicates the spatial
homogeneity of the regional surface properties (which do not vary much in time)
and of the temporal variability of cloudiness. To investigate the relations between
these time statistics and the spatio-temporal statistics extracted from the time-
cumulated histograms, radiance histograms have been built for these time-composite
images in the same way as for the daily images (using 60 x 120 pixel regions).
Generally these distributions have a very large peak (high regional homogeneity);
thus we compare only the regional MOD values to the CUM parameters in table 7,
which also give the percentage of pixels with values equal to the MOD value plus or
minus a certain amount. For the VIS IM-MAX and IR IM-MIN, the value of
PEAK is often small; therefore, we only report in table 7 the percentage of pixels
colder or brighter than a certain value. We examine the spatial variability in these
images by calculating the differences of the quantities as a function of separation
distance, as for the original daily radiance images, and the SD of the MOD
radiances.

7.1, Time-composite images
VIS IM-MIN and IR IM-MAX (figures 12{a) and (b)) are the darkest and

" warmest values attained at each location during the period and are commonly

interpreted as clear sky radiances (cf. discussion by Rossow et al. 1985, 1989 b) with
the VIS image controlled primarily by surface reflectance and the IR image by
surface temperature. The regional homogeneity of the surface properties is apparent
in these images. If clear conditions are encountered more than once during the time
period, these values are generally biased darker and warmer than the average clear
sky radiances (Séze and Desbois 1987, Rossow et al. 1989 b). Note, however, that
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Figure 12. Time-composite images where the grey level at each location represents some
statistics of the time series of radiances at that location over 17 days: (a) VIS MIN, ()
IR MAX, () VIS MOD, (d) IR MOD, (¢) VIS MAX, and (f) IR MIN, The grey scale
represents low values by darker shades and high values by lighter shades; low VIS
counts represent dark scenes, while low IR counts represent warm scenes. The radiance
values corresponding to a particular grey shade vary between images in order to show
important details.
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Table 7. CUM parameters (first line), the MOD of the IM parameters (second line), and the
percentage of pixels with a radiance within a range, + delta, of the MOD value for the
seven regions (60 x 120 pixels). The parameters shown are the MIN, MAX, AVG and
MOD. Delta values in VIS are 4 per cent for MIN, 8 per cent for MAX and 6 per cent
for a AVG and MOD; in IR they are 3°C for MAX and 4°C for AVG and MOD. In the
fourth line, the fraction of pixels in the IR TM-MIN image colder than some value or
pixels in the VIS IM-MAX image brighter than some value are also reported. For IR the
lowest values correspond to MAX temperatures and the highest values correspond to
MIN temperatures.

VIS IR
REGION - MIN MAX AVG MOD MAX MIN AVG MOD
64 172 90 92 23 201 42 38
N. AFR. 88 92 88 92 28 56 40 38
92 94 99 96 95 — 98 98
1-8% pixels colder than 160
72 204 95 96 18 203 71 78
SAHEL 92 104 96 9% 46 168 78 80
90 70 97 99 40 — 50 35
25% pixels colder than 160
12 136 72 80 109 134 124 124
S. ATL. 12 108 68 80 114 128 124 125
65 72 80 60 100 — 100 160
94% pixels=MOD+ 1
g 220 04 i6 100 232 i44 108
TR. ATL. 12 188 68 16 102 220 146 108
100 70 75 9] 100 — 77 79
83% pixels brighter than 150 94% pixels colder than 200
28 216 74 44 79 233 136 108
TR. AFR. 40 164 76 44 100 222 136 108
99 54 92 91 85 —_ 87 7
75% pixels brighter than 150 80% pixels colder than 200
16 212 79 48 69 221 132 96
EUROPE 44 148 76 48 86 200 130 96
99 78 97 99 88 — 86 56
T7% pixels brighter than 150 93% pixels colder than 180
12 156 62 16 116 214 140 128
N. ATL. 16 112 56 16 120 182 140 126
100 89 39 49 100 — 99 87

99% pixels brighter than 100 90% pixels colder than 170

over significant portions of the S, Atlantic area and parts of Tr. Africa, clear
conditions were not found at all in the 17 day period.

VIS/IR IM-AVG (not shown): The radiance time averages associated with each
location indicate the relative uniformity of mean {cloudy plus clear) conditions in a
region, and have been used often in climatic studies (Hartmann and Short 1980,
Cahalan er al. 1982, Desbois ef al, 1988; Duvel 1988).

We next consider VIS/IR IM-MOD (figures 12 (¢) and (d)). The most frequent
radiance values occurring at each location during the period are usually, but not
always, representative of clear sky radiances, as demonstrated by the general
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similarity of the MOD images to figures 12(a) and (b). This is caused by surfaces
having lower time variability than clouds, allowing the clear radiances to form a
peak in the distribution, even under quite cloudy conditions (see discussion in
§4.2.3). Larger differences between the MOD images and figures 12(a) and (b) in
some regions indicate the predominance of clouds. The spatial variations of the IM-
MODs provide distinctive clues to the frequent presence of thin cirrus (high IR
variance, low VIS variance) or low-level clouds (fow IR variance, high VIS var-
ianced) over a region.

VIS IM-MAX and IR IM-MIN (figures 12(¢) and (f)) are formed by the
brightest and the coldest radiances attained at each location; these values are related
to two key characteristics of the cloud cover for the considered regions: the extreme
water content and altitude for a cloud. These images show clearly the physical
constraints, such as the altitude of the tropopause in the ITCZ or the height of the
boundary layer in the S. Atlantic region. For the VIS, the constraint may be the
saturation of the cloud reflectance with increasing water content. (The VIS MAX is
also constrained by the maximum solar zenith angle that occurs during the time
period, for example see Koepke and Kriebel (1987)). Especially noteworthy are the
closeness of IR MIN and IR MAX in the moving status clouds in the S. Atlantic
and the ‘clustering’ of convective activity over Africa (Desbois et af. 1988).

7.2. Regional comparisons of CUM parameters and IM paramerers

The satial differences are smallest for the composite images VIS IM-MIN and
IR IM-MAX. For a 70 pixel separation the average differences are <4 per cent and
5°C; for a 5 pixel separation they are <2 per cent and 1°C. The surface spatial
variability in VIS is highest for the desert arcas, but of the same order as for other
land surfaces in IR. The near absence of cloud during the period over N. Africa
makes the spatial differences in the VIS-MIN images very close to those of the
original daily images. The bimodal distribution of surface temperatures in the Sahel
explains the small percentages of locations with IM parameter values close to their
MOD in table 7.

The land-sea contrast appears clearly in these images. Some of the large
f:hanges introduced in the radiance statistics and time-cumulated histograms by
Increasing the region size to include different surface conditions are related to the
magnitude of this land-sea contrast. Differences are also found between the regional
MOD of IR IM-MAX and the IR CUM-MAX, which indicate the magnitude of the
spatial variability of land surface temperatures (Europe) and/or atmospheric condi-
tions (Tr. Africa).

The low spatial variability of the surface reflectance and the usefulness of the
VIS/IR CUM-MOD 1o represent the mean surface properti¢s for a given region is
confirmed by the similarity of the regional MOD of VIS IM-MIN and the VIS
CUM-MOD.

The relationship between the two statistics VIS/IR IM-AVG and IM-MOD
depends on the relative asymmetry of the VIS and IR radiance distributions-(cf,
figure 5), usually controlled by the amount and properties of the cloudiness. For
example, comparison of these two images shows a significant change in cloudiness
between the northern and the southern part of Europe, the southern part being less
cloudy than the northern part. In general, the most frequent and average radiance
values (CUM:-MOD and CUM-AVG) for a region are nearly the same as the most
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1
frequent values (IM-MOD and regional MOD of TM-AVG) over the same time
period for a single location.

On small spatial scales (<350 km), the variability of IM-MOD is larger than of
IM-AVG, but its independence of scale is caused by a poor definition of the MOD
value for the time distributions with onty 17 or 20 values. Decreasing the radiance
resolution would increase the spatial homogeneity of IM-MOD (see SR91); how-
ever, small changes in the spatial variability of IM-MOD can be a sensitive indicator
of cirrus or low-level cloudiness. The spatial homogeneity of IM-AVG is high: for
VIS IM-AVG, the largest difference is 6 per cent and for IM-AVG, it is 4°C for 70
pixel separations. However, the rate of increase of IM-AVG differences with
separation distance is usually more rapid than for IM-MOD, since IM-AVG is more
influenced by cloud spatial variations and IM-MOD is more influenced by surface
spatial variations. The largest spatial variations in the VIS IM-MOD are found in
the two regions of extensive and persistent cloudiness, the N. Atlantic and S.
Atlantic. In these regions the MOD image is formed by a mixture of very dark
radiances, representing clear ocean, and bright cloudy radiances.

In the multi-layered cloud regions the IM-MOD still generally represents surface
properties. However, from the spatial variances of the VIS and IR MOD images in
some places, we infer that parts of Furope and Tr. Africa are often covered by thin,
middle or high clouds (indicated primarily by the IR variations) and that parts of
the N. Atlantic and S. Atlantic are often covered by low-level clouds (indicated
primarily by the VIS variations). For Tr. Atlantic both variances are high, but they
are not correlated. This decoupling is caused by the frequent occurrence of two
cloud types, cirrus and low-level clouds, in this region. In Tr. Africa the relatively
high correlation (0-58) between the VIS IM-MIN and IR IM-MAX (too high to be
attributed to surface variations), and the lack of correlation between the VIS IM-
MOD and the IR IM-MOD, indicate the presence of persistent low broken clouds
or a very high level of humidity and ‘haze near the surface.

The two quantities VIS IM-MAX and TR IM-MIN arc related to the spatial
scales of the brightest and/or coldest parts of clouds; the differences increase quickly
for spatial separations from I to 3 pixels and then more slowly for larger separation
distances. Except for the desert regions in IR, the spatial differences are smaller in
these images that in the original images; the high variability of the VIS IM-MAX
and the warm value of the regional MOD of IR TM-MIN confirm the rarity of
thicker cirrus or altostratus and the large variation in the properties of cirrus. In N.
Africa the similarity of these quantities to their respective MOD values indicate that
some pixels were.never covered by clouds (or only by extremely thin cirrus or dust)
during the period.

In the S. Atlantic the IR IM-MIN is remarkdbly uniform, again demonstrating
the homogeneity of this layered cloud cover. The rare appearance of higher clouds
shows up distinctly, however, as an occasional descrease in IR IM-MIN at some
locations, which can lead to a large discrepancy between the IR IM-MIN and the IR
CUM-MIN. The variability in the VIS IM-MAX (5 per cent for a 70 pixel distance
separation) is smaller than in the ITCZ and Europe regions, but the large differences
between the regional MOD of VIS IM-MAX and VIS CUM-MAX demonstrate

that the spatial variability of ‘thick’ cloud reflectances is still quite high.

For the ITCZ and midiatitude regions, each location has been covered at least
once by a relatively cold (high) cloud and at least once by a relatively bright (thick)
cloud; at midlatitudes these two may not be the same cloud. The deep convective

[
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cloud systems in the ITCZ exhibit more spatial variability of ¢l i
gmall scales in VIS than the high- and midgle-level cloudsyat mid?:gtfé:;) e;"tlls 1511{
IM-MIN shows much less spatial variability than VIS IM-MAX in thcs;e highl
cloudy regions and the differences between the regional MOD or IR IM-MIN anzlr
the CUM-MIN are not too large, caused by the presence of extensive cirrus and
thicker anvil clouds associated with the thicker convective clouds (Houze 1977
Hahn et al. 1982, 1984, Warren et al, 1985, 1986, 1988, Redelsperger 1987). ,

8. Discussion
8.1. Space/time variability

Since very few regions are completely cloud-free or cloud-covered on time scales
of one mopth, the warm/dark portion (VIS MIN, IR MAX) of the cumulated
hlstqgram is usually indicative of surface characteristics, while the cold/bright
portion (VIS MAX, TR MIN) is indicative of clouds (at least at low and middle
latitudes at these wavelengths). Thus, the behaviour of the histograms examined
here suggests some general characteristics of surfaces and cloud.

_The MOD in most histograms is associated with clear sky (Phulpin er al. 1983)
This association, even when the clond amount is relatively high (e.g. Tr. Atla.ntic)- is;
caused by the generally lower time and space variability of the surface compared"to
clouds.. Variability of clear radiances shows a tendency to be smaller in time than in
space in VIS .with an opposite tfendency in IR. Ocean surfaces have very small space
and time variability in both VIS and IR; thus, very infrequent occurrences of clear
conditions over oceans can still control the mode values in the radiance histograms
The c.lelar radiances over land are somewhat more variable in space than for oceans-
E(::sgeé:lzigug -IR. The VIS and IR radiance variabilities are also characterized by Iow:

The radiances associated with cloudy conditions are generally more variable
than th.c clear vaiues near the mode, producing an elongated distribution towards
cold/brlght radiance values, The VIS radiances for clouds are generally more
variable than the IR because of the occurrence of clouds in layers (Coakley and
Bretherton 1982). The layered cloud systems also seem to be relatively large scgle as
shown by the smaller variation of temperature in space than in time. The elongali,on
psgally_ inducing a fairly large value of VIS-IR COR, has characteristic sha e;
mdtcatlve: 0.f (_:lifferent types of clouds. Changing relations between the. vleiﬁabilitypof
F:grt;d cmlss'MIy and optical thickness and/or variation of the cloud partial coverage
o one pixel to another (Reynplds and Vonder Naar 1977, Platt 1983, Arking and

ilds 198.5) can produce both linear and non linear relationships in VIS-IR. In the
case of a single cloud layer, the slope of the elongation is a function of the height of
the clouq top (S. At.lantic). For multiple layers, several elongated structures can
Z]iJr?ear inside the . histogram shape,. with different slopes corresponding to the
o erent cloud altitudes (Tr. Atlantl'c); the large spreading of radiances between

ese structures corresponds to variations in optical thickness andjor to pixels
Eeartlally covered by different types of clouds. Use of average radiance values to
effr'::l;;etierol; tf;dill(i)tléi ‘propertles is not adequate to describe these variations of cloud

The§e results show clearly that the larger variations in surface and cloud
Droper_t{es occur at relatively larger spatial scales, greater than 100 km; spatial

Varl-abfl{ty increases monotoenically with scale. In contrast, the temporal ;'adiance
variability for single locations is already large for time scales of a few days and
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represent clear conditions or completely overcast conditions. Comparison of the
spatial variations exhibited in-N. Africa and the S. Atlantic shows that there is no
absolute amount of variation that distinguishes clear from cloudy conditions, just as
there are not absolute radiance values that separate these two conditions. Although
not as crucial as in the threshold methods, the problem of a distinct separation
between surface and cloud properties remains (Rossow ef af. 1985). Some new
methods use the time variations rather than the spatial variations (Rossow er al.
1985), but similar difficulties arise.
A third type of method uses either of the techniques discussed above to identify
clear and cloudy scenes, but then employs the differences in the radiance values
representing clear and completely overcast conditions to scale intermediate radiance
values in terms of fractional cloud cover (Coakley and Baldwin 1984, Arking and
Childs 1985, Chow et al. 1986). This requires the assumption that some specific
value of the radiances corresponds uniquely to overcast conditions and that fractio-
nal coverage is the primary cause of radiance variability. The daily variability of the
histogram shapes shows the difficulty with the first assumption (figure 6). Although
use of cumulated statistics over large enough regions or time periods could provide a
better estimate (the MIN and MAX values attain their extremum values more
quickly as the region size or the time period increases), in some regions (e.g. N.
Africa and Sahel) no radiances corresponding to high and thick clouds occur, even
after cumulation over long time periods.

Another difficulty is that when a large portion of the pixels have radiances close
to the clear sky values (figures 4 and 5), the same VIS/IR radiance pair can
correspond to very different cloud layers (Desbois and Séze 1984a). We have also
found that the VIS IM-MIN/IR IM-MAX and VIS IM-MAX/IR IM-MIN are not
always correlated (i.e. a mixture of surface and cloud types in a single region can
negate the simple correlation of the radiance variations with cloud-cover fraction).
The nonlinear -distributions of VIS/IR variations also argue against a single cause
for them. This lack of linear correlation can also mean that the spatially averaged
radiances, if calculated separately for each spectral band, may not correspond to the

actual clouds that occurred in the region.

8.3. Description of the climate
The time and space evolution of the histogram statistics shows rapid conver-

gence to a long-term regional shape; our results provide quantitative confirmation of
the idea that these long-term regional shapes are characteristic of specific climate
regimes (figure 3), defined by the surface and cloud types that can be described by
the histograms themselves. This statistical characteristic is relatively stable for
spatial scales from 300 up to about 2000 km and time scales from 5 days up to a
month. That the shape (and quantitative statistics) of the histograms is constant
over large regions with abrupt transitions to different shapes, whereas the “statistic’
of variation at small scales is relatively uniform over smaller scales, suggests a
fundamental difference in the nature of the radiance (cloud property) variations
controlled by smaller and larger scale atmospheric motions (Gifford 1989, Cahalan
and Joseph 1989). The comparison of the ‘summer” and ‘winter’ patterns (figure 3)
also shows that the boundaries between the cloud-type regimes are seasonally
variable, in addition to their complicated geographical distribution. Interpretation
of these shapes in terms of physical cloud propertics and the control of their
variability by atmospheric motions has to be developed further.
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Thg tlme-compf)site images (figure 12) represented for a specific region some of
the main characteristics of the surface and the cloud cover for the considered period
{e.p. they provi‘de some-indications of the spatial and temporal variability of the
surface‘propertles, of the frequency of occurrence of clouds over the region, and of
the main characteristics of the most common cloud types that occur). To ’test the
spatlal‘homogeneity of surface properties and mean cloud propertics, visible mini-
mum, infrared maximum, and visible and infrarted average time-com’posite images
can be used to sclect homogeneous regions. ’

We have illustrated some of the features of the main climate regimes. The sub-
trgplcal ]apd areas (deserts) are almost always clear and are revealed as :warm and
bright regions in the VIS IM-MIN/IR IM-MAX, VIS/IR IM-MOD, and VIS/IR
IM-AVG images. The uniform shape of the radiance histograms fo’r these areas
suggests that the most common cloud types in these areas are cirrus and altostratus
{Warren er al. 1986). The sub-tropical oceans are either nearly cloud-free (in their
weslern parts, not studied here) or almost completely covered by persistent low-level
F.‘l.Ol.'l‘(ilS (Warren et al. 1988), as shown by the broad distribution of VIS and narrow
distribution of IR radiances. The multilayered regions (the ITCZ and midlatitudes)
are clearly defined as regions with very bright and cold areas in the VIS IM-MAX
and IR IM-MIN and relatively bright and cold areas in the IM-AVG (ﬁ.gilre'IZ)
The frequency of cloud occurrence above these regions is revealed by the VIS/]li
IM-MODs and their spatial variability. The variations of VIS/IR IM-AVGs, the IR
IM-MIN and the VIS IM-MAX demonstrate the variability in the perce:;tage of
high clo_ud cover within the ITCZ. The differences in the morphology (spatial scale)
of the h'lgh clouds between the ITCZ and the midlatitude cloud systems also appears
clearly in Fhe IR IM-MIN and VIS IM-MAX images. Although:the magnitude of
the varlall)lll‘ty of clouds seems similar in the tropics and midlatitudes, the time and
space variations are comparable in the tropics, whereas in midlatitudes over land the
time variations are larger than the spatial variations. Another difference between the
tropics and the midlatitudes is that in the tropics the coldest clouds also correspond
to the bright.est clouds; this is not always the case in midiatitudes. °

The maximum temperature in the [TCZ (IR IM-MAX) is similar for land and
ocean. Over the ocean this temperature scems more closely related to the actual
su'rfacc temperature, although the correction for atmospheric absorption is large in
this area due to high absolute humidity {Rossow ef al. 198%a). Over the land the
occasional large value of VIS IM-MIN and the uniformity of the IR IM-MAX
suggests the presence of-a persistent low-level cloud layer along the coast of the Gulf
:)rfo Q;m;ei fan a.llﬁw-level haze or broken cloud and high humidity layer in central

pical Africa. These conditions m | inati
Derntone very diffeats s make an accurate determination of surface tem-

8.4. Conclusions

Use ‘of larger region sizes for radiance cumulation can reduce the time-
curr}ulatloq period needed to obtain a good approximation of the ‘climatological’
radla_nce dlstribulions, because the temporal radiance statistics are independent of
!9cat10n over Ialjge regions (associated with the generally uniform appearance of the
lime-composite images). As region size increases, the radiances attained on a certain
day are more comparable to the cumulated radiance distribution for that region, as
suggested by the convergence of AVG-SD and AVG-AREA to CUM-SD ;md
CUM-AREA and the decrease of SD-SD. The extreme radiances are also closer to
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those of the cumulated distributions, since the probability of having both cloudy
and clear conditions together in the area at the same time is higher. In other words,
the climatological distribution of radiances (time aggregation) is similar to the
spatial distribution at any one time. These features confirm the usefulness of the
time cumulated histograms and the time composited images for characterizing each
climate regime.

For regions delineated as described in this paper, we have devised several good
histogram shape indices and spatio-temporal radiance statistics that may provide a
more compact description of the differences between adjacent climate regimes. Some
are computed from the time comulated and daily radiance histograms: histogram
surface area (CUM-AREA), 80 per cent CUM-AREA, 50 per cent CUM-AREA,
number of ‘peaks’ and ‘branches’ in the shapes of these frequency distributions, VIS
and IR MIN, MAX, MOD, SD, COR {correlation) of the time-cumulated distribu-
tions (CUM parameters), average and standard deviation of the same parameters
for the daily histograms (AVG and SD parameters). Other statistics are computed
from the radiance time serics associated with each single pixel: MOD, SD and COR
of the VIS and IR MIN, MAX, AVG, and MOD time-composite images (IM-MIN,
IM-MAX, IM-AVG and IM-MOD).

For the surface properties, the comparison of the different spatio-temporal and
temporal statistics (CUM parameters, AVG parameters and statistics obtained from
the TM parameters), corresponding to the darkest and warmest radiances and to the
most frequent radiances, provides an estimate of the mode and distribution of the
surface radiances and the magnitude of their spatial and temporal variability. This
comparison also determines whether the more frequent event is cloudiness or clear
conditions. More generally, the comparison of the CUM and AVG parameters will
allow separation of regions where time and space variations are comparable from
regions where the space variability is smaller than the time variability.

For the cloud properties, the histogram surface areas separate multi-layer cloud-
covered regions from regions characterized by one very frequent event (e.g. clear sky
or stratocumulus cloud layer). For the multi-layer cloud covered regions, these
quantities indicate the number of different types of events associated with the region
for the time period (e.g. clear sky and thin or small broken cloud, high thick cloud,
middle thick cloud, low thick cloud). The VIS and IR CUM-SD and the MOD
time-composite image (IM-MOD) also separate the most common cloud types (e.g.
cirrus, low cloud, high or middle cloud). The presence of rare events, such as cirrus
or altostratus is indicated by comparing the coldest and brightest radiances (IR
CUM-MIN/VIS CUM-MAX) with the average value of the daily histogram para-
meter (AVG-MIN/AVG-MAX) and the most frequent, coldest and brightest values
for single pixels (VIS IM-MAX and IR IM-MIN). For regions characterized by
relatively frequent occurrences of clouds (i.e. not deserts), the IR IM-MIN/VIS IM-
MAX, VIS/IR MOD values, and the percentage of pixels colder or brighter than a
certain value, characterize the coldest and brightest clouds. The correlation (COR)
betwen these coldest and brightest values indicates whether the coldest cloud is
generally the brightest cloud or not.

A key characteristic of these different indices and parameters is that they are
almost indecndent of location within relatively large regions and stable over suffi-
ciently long time scales, making them good descriptors of climate regimes. As we
show in SR91, if the statistics are accumulated over time periods and region sizes of
sufficient size to provide a large enough sample population (e.g. for the ISCCP
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sampled resolution, a one month cumulation period over, a region size of at least
500 km), they provide results.that are comparable to those obtained from the full-
resolution data set. This suggests the feasibility of developing a classification of the
climate regimes based on these parameters, using just enough data.to resolve the

diurnal and seasonal time scales, in. addition to the daily to synoptic time scales
studied here.
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