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Abstract

GOES digital imagery has been collected and processed using
new techniques over portions of the United States since March
1988. High spatial and temporal resoiution saiellite cloud composite
climatologies (SCCCs) have been produced that represent cloud
frequency maps for each season. For each month studied, the cloud
composite products represent the cloud occurrence frequency for
each GOES pixel location and depict the overall spatial distribution
of cloud cover over large portions of the United States.

The satellite composites present a new cloud climatology at a
greater spatial and temporal resolution than previously available.
Composites with ground resolutions of 2.5 km at hourly time
intervals show striking patterns of cloud cover that are not detected
in preexisting cloud climatologies.

A comparison between the SCCCs and climatologies produced
from conventional surface observations is presented. The compari-
son is quite good for most stations, yet some significant differences
are noted and discussed. Cloud occurrence in the vast areas
between surface observing sites can now be analyzed using the
new SCCC tool.

1. Introduction

I've looked at clouds from both sides now,
From up and down, and still, somehow,
It's clouds’ illusions | recall;

| really don’t know clouds . . . at all.

—lLyrics from “Both Sides Now” by Joni Mitchell

Unfortunately, true. We have observed clouds from
the earth’s surface for hundreds of years and from
space for 30 years. Yet we still do not know exactly
how many clouds there are, how big they are, how long
they last, what their radiative properties are, the
interannual variability of these cloud parameters, or
requisite quantitative details on how they affect the
earth’s weather and climate. Fortunately, in the last
decade or so, a greatdeal of effort has been expended
to begin answering these questions using satellite
data. The purpose of this paper is to describe a new
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high-resolution space/time satellite cloud composite
climatology (SCCC) designed to address the smali-
scale variation of clouds.

Hughes (1984) presents a good historical back-
ground on the production of cloud climatologies. At
large scales, two projects stand out. The International
Satellite Cloud Climatology Project (ISCCP) (Paltridge
and Vonder Haar 1979; Schiffer 1982; Schiffer and
Rossow 1983, 1985; Rossow and Schiffer 1991) is
determining cloud cover, cloud height, and other cloud
properties using visible and infrared satellite data ata
resolution of approximately 250 x 250 km. The project,
involving a system of five to seven satellites, began in
1983 and is planned to continue through 1995. The
Earth Radiation Budget Experiment (ERBE), onboard
the Earth Radiation Budget Satellite (ERBS) and on
NOAA-9and -10satellites, determines mean radiative
parameters in cloudy conditions, as well as clear-sky
parameters. Since clouds are the single most impor-
tant difference between mean and clear conditions,
the cloud forcing, or the change in net radiation due to
clouds, canbe determined. Forexample, Ramanathan
et al. (1989) have concluded that, globally averaged,
clouds cooled the earth in April 1985. ERBE, together
with various cloud climatologies and local area pro-
cess studies, will eventually reveal much information
on large-scale cloud forcing.

At medium spatial scales, the U.S. Air Force has
constructed and used a nephanalysis, currently the
real-time nephanalysis, or RTNEPH (Kiess and Cox
1988), for operational purposes. Satellite and surface
observations are used in forming the database, and its
grid resolution is 43 km. Cloud climatologies have
been constructed from these data (Hughes and
Henderson-Sellers 1985). Satellite data have consid-
erably finer resolution than 43 km, however, and
clouds also vary on finer scales. We believe that this
very fine scale space/time domain is crucial to under-
standing clouds, their forcing by terrain, their effect on
mesoscale processes, and their relationship to larger
scales.

The highest-resolution cloud climatologies pre-
sented and described in this paper are constructed by
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compositing hourly GOES images. The spatial resolu-
tion of the satellite data, up to 1 km for GOES visible
imagery (Clark 1983), determines the resulting reso-
lution of the composite. For the climatologies pre-
sented here, image data was remapped into a mercator
projection with dimensions of 860 rows by 1000 col-
umns. This size was chosen to enable us to display the
images at full image resolution (one pixel per data
point) on our display device. We can then view a little
more than one-third of the continental United States at
a resolution of 2.5 km. For comparison, this is two-
orders-of-magnitude-higher linear resolution than the
nominal ISCCP resolution of 280 km (four orders
higher in areal resolution).

2. Project background

The first cloud composites for research were con-
structed by sequentially superimposing satellite im-
ages on the same piece of photographic paper
(Kornfield et al. 1967). These first “multiple-exposure”
cloud composites provided considerable information
about large-scale cloud sys-
tems in the general circula-
tion of the atmosphere. They
were not used extensively for
studies of small-scale clouds.

Klitch (1982), Kelly (1983),
and Weaver and Kelly (1982)
improved the photo-averag-
ing techniques by digitizing
hardcopy photographs and
then producing a digital com-
posite image. Their studies
concentrated on mesoscale
cloud systems and medium-scale topographic effects.

The greatest advance in cloud compositing in the
last 10 years was introduced by Klitch et al. (1985).
They constructed cloud composites entirely in the
digital domain. Digitat GOES images collected at the
Colorado State University Satellite Earthstation were
processed to remove registration (navigation) prob-
lems and digitally composited by selecting a threshold
brightness to discriminate cloudy from cloud-free ar-
eas. Data for Colorado and surrounding states for
several summer months were examined. They found
a close coupling between terrain, particularly terrain
slope, and cloud formation, and interesting details in
the diurnal convection cycle were revealed. Gibson
and Vonder Haar (1990) recently completed a similar
study of the southeastern states using cloud
compositing, which revealed intricate patterns of cloud
development near the coasts. Weaver et al. (1987),
Kelly (1983), and Kelly et al. (1989) refined the cloud
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The greatest advance in cloud compositing in the last
10 years was introduced by Klitch et al. (1985). They
constructed cloud composites entirely in the digital
domain. Digital GOES images collected at the Colorado
State University Satellite Earthstation were processed to
remove registration (navigation) problems and digitally
composited by selecting a threshold brightness to
discriminate cloudy from cloud-free areas.

compositing technique to that used in this study and
applied the results to short-range forecasting.

3. Cloud compositing procedure

Producing a cloud composite climatology is con-
ceptually simple but operationally time consuming.
Each pixelin eachimage to be composited is classified
as either clear or cloudy; then, the frequency of occur-
rence of cloud at that pixel location is calculated as the
fraction of the pixels that were classified as cloudy
during the composite period. Figures 1—4 illustrate this
process.

Figure 1 shows a typical GOES visible image of the
western United States. This image was taken by
GOES-7 from geostationary altitude (35 790 km) over
the equator at 98°W longitude. We used visible radi-
ance data to achieve the highest possible resolution.

Using such high-resolution data poses some prob-
lems, which can be overlooked at global scales (>200
km). Because the navigation parameters for each
GOES image can be in error, each image must be
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checked by comparison with landmarks to see whether
it was properly navigated. We have found that errors
of only a few kilometers will produce over- or underes-
timates of cloud cover by as much as 80% over areas
with a sharp contrast gradient such as land/water
boundaries. Those images that are found to be
misnavigated are adjusted until the landmarks match
as closely as possible. (We are currently evaluating an
automated alignment routine, which will eliminate much
of the time consumed in this step.) The images are
mapped into a standard map projection prior to being
aligned (Mercator in the present study).

A “background” image is constructed for each time
period being composited. The background image rep-
resents the cloud-free brightness count detected by
the satellite, i.e., the cloud-free scene of the earth’s
surface. Because variations in sun angle and surface
composition produce changes in background bright-
ness (Minnis and Harrison 1984), a different back-
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ground image must be constructed for each observing
time and is used only for a fraction of a year. We
constructed a background image for each hour of the
day and for a one-month period. Figure 2 is a back-
ground image for 2100 UTC, September 1989, repre-
senting the cloud-free scene for that specific hour and
month. A minimum-value analysis was used to con-
struct the background image, based on the assump-
tion that the darkest (warmest) pixel during the month
will represent the cloud-free radiance at that location.

Next, each pixel mustbe classified as either clear or
cloudy. This is done by comparing the pixel brightness
of each raw image with the background brightness
image for that same time. Those pixels that are more
than a specified number of counts brighter than the
background are classified as cloudy. Figure 3 shows
the resultant cloudy/clearimage produced from Fig. 1.
We selected nine GOES visible brightness counts as
the optimum threshold based on work done by Rossow
etal. (1985). Thatis, pixels that are nine counts higher
than the background are classified as cloudy. The
cloud discrimination technique has difficulty with thin
clouds and with clouds over very bright backgrounds,
as do virtually all cloud discrimination algorithms.

Finally, the monthly satellite cloud composite clima-
tology (SCCC) is constructed from the daily cloud/
clear images. This process involves a simple compu-
tation of the number of days during the month that
each pixel was classified as cloudy. Figure 4 shows a
completed cloud frequency composite. The colors
represent the frequency of occurrence of cloud (0%—
100%) at that time (2100 UTC) during the month of
September 1989. To date, cloud composite
climatologies have been produced over the United
States west of the Mississippi for the months of March
(1988-1990), July (1988-1990), September (1988-
1990), and December (1989). In addition, a full United
States composite was produced during April 1989.
Figures 8-11 show a sequence of composites from
July 1988 at 1500 UTC, 1800 UTC, 2100 UTC, and
0000 UTC. Note the diurnal “explosion” of cloudiness
over the mountains in the west.

4. Intercomparison with surface-based
observations

The new satellite cloud composite climatologies
were compared with ground-based cloud observa-
tions. To ourknowledge, this is the first time a compari-
son between satellite and surface cloud observations
has been made in this manner. Data from over 250
surface stations were obtained from the National
Center for Atmospheric Research (NCAR) and were
composited for the months of July 1988, September
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1988, and March 1989. Images shown in Figs. 5-7
were used in the comparison for July 1988 for the hour
of 1500 UTC. The figures contain: (in Fig. 5) the
satellite cloud composite climatology, (in Fig. 6) the
frequency of occurrence from surface observations
(the circles are 50 km in diameter, plotted on the
satellite image projection), and (in Fig. 7) the absolute
difference between the satellite-derived frequency
and the surface observation—derived frequency.

The frequency of occurrence of cloud from surface
observations was determined by assigning a cloud/no
cloud value for a specific hour of each day. If a station
reported 5/8 or more of opaque cloud, it was consid-
ered cloudy. The satellite frequency was computed by
averaging all of the composite pixels (from Fig. 5)
within a 50-km—diameter circle about the geographic
location of the surface observation site. This distance
was selected to approximate the surface observer's
“sky dome,” which is the imaginary hemisphere that
the observer reports to be obscured by cloud.

Several observations may be made from the com-
parison between SCCCs and surface observation—
based cloud frequencies:

a) The satellite data are vastly superior to the
surface data in revealing spatial details. The relative
minimum cloudiness in the Snake River Valley of
Idaho and the relative maximum over the central and
southern Rocky Mountains are only suggested by the
surface data (Fig. 5); they are dramatically portrayed
in the satellite composite (Fig. 6). The general pattern
of cloudiness is certainly evident in the composite
made from surface reports, but not to the detail shown
in the satellite composites (note the “empty spaces” in
the surface composite shown in Fig. 6).

The increased resolution allows us to depict the
striking effects of topography on the diurnal cycle of
cloudiness, and the sharp gradients in frequency of
occurrence of cloud that are associated with topo-
graphic boundaries such as mountains and coast-
lines. Figures 8—11 show a sequence of SCCCs from
July 1988 at 1500, 1800, 2100, and 0000 UTC. Note
the diurnal explosion of cloudiness over the southern
Rocky Mountains in contrast with a general decrease
in cloudiness over the Pacific Northwest. The stratus/
stratocumulus clouds over western Washington and
Oregon are dissipated by the same heating that gen-
erates cloud cover over the Rocky Mountains. The
1500 UTC image (Fig. 8) shows how the atmosphere
has stabilized during the nighttime hours, with fre-
quencies generally less than 30% over the central and
southern Rockies. Contrast that with the dramatic
increase in cloud cover at 1800 and 2100 UTC (Figs.
9 and 10), and the large expanse of cloudiness (most
likely due to the tops of cumulonimbus spreading over
large geographic areas) by 0000 UTC (Fig. 11). Note
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TasLe 1. Comparison between satellite and surface-observation cloud frequen-
cies. Shown are the mean frequency of occurance of cloud, the mean absolute
difference between the satellite- and surface-derived frequencies, and the correla-
tion coefficient. Note the low correlation for March at 1500 UTC, due to darkness on

the western third of the region.

observations. The mean cloud frequency
from surface observations will not iden-
tify the sharp boundaries between cloudy
or clear conditions occurring within the
station circle. Elimination of these areas
of sharp gradient from our sample set

produces evenbetteragreementbetween

Month/Year/Time Mean Freq Mean Abs. Correlation the satellite- and surface observation—
Obs./Sat. Difference Coefficient derived composites.
c) The satellite cloud frequencies
July 1988, 1500 UTC 30.0/24.1 7.5% 0.905 generally compare well with surface ob-
servations on a site basis. Figure 13is a
July 1988, 1800 UTC 23.8/20.2 7.2% 0.829 scatter plot of the satellite versus surface
ies. obser-
July 1988, 2100 UTC 23.8/22.6 6.5% 0.867 frequencies. Note that the surface
vations consistently show a somewhat
July 1988, 0000 UTC 27.5/23.2 7.0% 0.894 higher frequency of occurrence of cloud
than do satellite observations. This same
Sept 1988, 1500 UTC 32.9/27.3 7.4% 0.905 feature' discussed by Henderson-Sell-
ers and McGuffie (1990), is due, in part,
Sept 1988, 1800 UTC 28.5/23.6 .79 0.915 o
op1 1988 8.7% to the tendency for overestimation of
Sept 1988, 2100 UTC 21.4/18.4 4.9% 0.917 cloud amounts by ground-based observ-
ers when looking at the sky dome at
Sept 1988, 0000 UTC 21.2/14.2 8.2% 0.876 increasing[y |arge ang[es from local ze-
nith.
Mar 1988, 1500 UTC 54.0/7.3 46.79 582 . -
ar 1968, 150 6.7% 0 Table 1 shows comparison statistics
Mar 1988, 1800 UTC 45.8/37.3 9.8% 0.930 between the surface-observed and sat-
ellite-observed frequency of occurrence
Mar 1988, 2100 UTC 51.6/44.3 11.1% 0.887 of cloud. The mean absolute difference
- ite-derived
Mar 1988, 0000 UTC 63.5/47.1 16.8% 0.891 between surface- and satellite

frequencies was consistently less than
20% (except for March 1989), and during

also the sharp gradient in frequency that exists along
the California coast and between the mountains and
southwestern deserts in Arizona.

b) Some of the largest differences between the
satellite- and surface observation—derived frequen-
cies occur in areas of high cloud-cover gradient, such
as the coastal area of southern California. Figure 12
shows a blowup of two 50-km circles taken from the
July 1988, 1500 UTC satellite cloud composite
climatologies (extracted from the image in Fig. 5).
Note the strong gradient across both circles, with
values ranging from a frequency of <10% (blue) to
>90% (red). The left circle represents the SCCC
centered on San Diego, California, and the right circle
is centered on Oceanside, California. The surface
observations from San Diego produce a frequency of
occurrence of cloud of 96%, while the SCCC fre-
quency was 71%. This is most likely due to the fact that
low stratiform overcast conditions are common over
the observation site, and the view of clear skies
several miles inland was obscured by cloud cover.
These blowups highlight the increased spatial resolu-
tion that can be obtained from the satellite cloud
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the months of July and September was
less than 10%. The mean frequency, shown in Table
1, is the mean of all reporting sites. The mean differ-
ence is based on absolute differences, and the corre-
lation coefficient is based on the first-order regression
line shown in Fig. 13 (solid line). The statistics shown
in Table 1 are based on the comparison of only those
synoptic stations for which reports were available to
match each satellite image used in the composite.
An item of interest is the mean frequency of occur-
rence of cloud. The values shown in Table 1 are taken
from synoptic observation sites only, and represent
the mean frequency of occurrence that would be
determined from historical surface observations of
cloud. Table 1 valuesindicate that the mean frequency
of occurrence of cloud in July 1988 decreased be-
tween 1500 and 0000 UTC (from 30.0 to 27.5 for
surface-based frequencies and from 24.1 to 23.2 for
satellite). One would conclude from these numbers
(taken from samples at synoptic reporting sites only)
that there is a net decrease in cloud occurrence from
1500 to 0000 UTC. The satellite image shows clearly
that there is in fact a dramatic overall increase (see
Figs. 8 and 11). When we produce the mean fre-
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Fic. 1. GOES-East visible image for 2100 UTC, 15 September
19¢

Fia. 3. Cloud/no cloudimage for2100 UTC, 15 September 1989. Fia. 4. Cloud frequency composite for 2100 UTC, September

1aa

Fta. 5. Cloud frequency composite from the GOES satellite for Fia. 6. Cloud frequency composite from surface observations for
July 1988, 1500 UTC. Image resolution is approximately 2.5 kmper  July 1988, 1500 UTC. Circles represent a 50-km diameter centered
pixel. on the reporting station.
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Fia. 7. Difference image. Colors represent the absolute differ- Fic. 8. Cloud frequency composite from the GOES satellite for
ence (in percent cloud cover) between the satellite-derived cloud  July 1990, 1500 UTC. Image resolution is approximately 2.5 km per
frequency and the frequency computed from surface observations  pixel.

(July 1988, 1500 UTC).

Fic. 9. Cloud frequency composite from the GOES satellite for Fia. 10. Cloud frequency composite from the GOES satellite for
July 1990, 1800 UTC. July 1990, 2100 UTC.

Fic. 12. Blowup of several 50-km—diameter circles from the
satellite cloud frequency composite for July 1988, 1500 UTC.
Circles represent satellite-derived cloud frequencies that varied

Fia. 11. Cloud frequency composite from the GOES satellite for  from surface observation—derived frequencies by more than
July 1990, 0000 UTC. 25%.
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Fia. 13. Scatter plot of satellite-derived cloud frequencies vs
frequencies from surface observations for data from July 1988 at
1500 UTC. The dashed line represents the first-order regression
line. Only stations that reported every day of the month are plotted.

quency of occurrence of cloud from the satellite com-
posites, by averaging each 2.5-km-resolution data
point, we obtain a mean of 23.3 at 1500 UTC and a
mean of 28.9 at 0000 UTC. We believe this to be more
representative of the diurnal change in cloudiness
than the historical surface reports would indicate.

We believe that these high-resolution
cloud composite climatologies are more
representative of the diurnal change in
cloudiness than the historical surface re-
ports would indicate.

To test our comparison, we included a composite
image that was known to be unreliable. Because of the
low sun angle, the 1500 UTC satellite images from
March are dark over the western third of the image. We
constructed a composite for March 1989 of 1500 UTC
and compared it with the surface observation—derived
frequencies. As can be seen from Table 1, the com-
parison was very poor, and additionally, the “differ-
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ence” image (not shown here) identified the regions of
unreliable data.

5. Applications of high-resolution
composites ‘

We envision a number of applications of the digital
cloud composites. One is the relationship between
cloud occurrence and the terrain (see also Gibson and
Vonder Haar 1990). The primary areas of interest are
land/water boundaries and mountainous terrain. A
second question involves the joint correlation between
two or more station locations or geographic regions.
For example, four stations may have a frequency of
occurrence of cloud of 50%. What is the probability
that at a given time all stations will be cloudy or,
conversely, clear?

Another application is in “conditional” cloud
climatologies (Reinke et al. 1990a). For example,
suppose that it is cloudy at 1500 UTC. What is the
probability that it will be cloudy at that location at 1800
or 2100 UTC? What is the probability that it will be
cloudy if it is initially clear? These questions can be
answered with high-resolution cloud composite data.

Still another area of interest is to examine how the
cloud frequencies vary in time. This comparison can
be done on a daily basis (derived variation as shown
in Figs. 8-11) to study cloud or cloud system “life
cycles” or by looking at the interannual or seasonal
variation of cloudiness (Reinke et al. 1990b).

Finally, we suggest that regional and local cloud
climatologies will complement global-scale satellite-
derived cloud frequencies such as ISSCP. Both cloud
datasets are needed for application to initialization/
validation of numerical models. Climate diagnostic
and cloud/radiation process studies definitely present
questions that demand the highest resolution
climatologies.

6. Conclusions

Satellite cloud composite climatologies (SCCC)
provide information on high space and time variation
of clouds that is not presently available by other
means. Satellite composites can be used in applica-
tions that have previously relied on cloud information
derived from surface observations. The new satellite
composites provide a higher spatial resolution and
adequate temporal coverage, and are more represen-
tative of the distribution of cloud cover.

High-resolution satellite cloud composite
climatologies will greatly improve our overall knowl-
edge of clouds and their effect on the earth’s climate.
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This is a primary objective of the U.S. Global Change
Research Program. Research lines of inquiry that
couple this new information on high-frequency cloud
occurrence with our new knowledge of small-scale
dynamics and thermodynamic processes will allow
better overall understanding of the complex linkage
between persistently cloudy (and cloud-free) regions
and local weather features.
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