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ABSTRACT

A hybrid bispectral threshold method (HBTM) is developed for hourly regional cloud and radiative
parameters from geostationary satellite visible and infrared radiance data. The quantities derived with the
HBTM include equivalent blackbody temperatures for clear skies, for the total cloud cover and for the cloud
cover at three levels in the atmosphere; the total fractional cloud cover and the fractional cloud amounts at
three altitudes; and the clear-sky and total cloud reflectance characteristics. Geostationary satellite data taken
during November 1978 are analyzed. A minimum reflectance technique is used to determine clear-sky
brightness. A visible bidirectional reflectance model is derived for clear ocean areas. Clear-sky radiative
temperature is found with a bispectral clear radiance technique during daylight hours. An empirical model
is derived to predict clear-sky temperature at night. A combination of previously published infrared threshold
and bispectral techniques is used to determine the remaining parameters. Sources of uncertainty are discussed
and means to minimize them are proposed. Monthly mean, regional fractional cloudiness determined with
this method agrees well with more conventional subjective techniques. On the average, the present results
are approximately 0.05 less than corresponding surface observations; this is consistent with previous
comparisons of satellite- and surface-based nephanalyses. Comparisons between subjective analyses of satellite
photographs and the HBTM yielded average differences in mean regional cloudiness, mean hourly cloudiness
and instantaneous cloud amounts of 0.04, 0.05 and 0.11 respectively. Root-mean-square differences in these

same quantities derived by two satellite data analysts were 0.03, 0.04 and 0.08 respectively.

1. Introduction

The accuracy of Earth radiation budget (ERB)
estimates derived from satellite-based measurements
is highly dependent on how well cloud variability is
taken into account. Because of its dynamic nature
and pronounced optical characteristics, cloud cover
is one of the most important variables affecting the
radiation balance and, ultimately, the global climate.
Recent ERB measurements (Raschke et al, 1973;
Vonder Haar er al, 1981) have been taken from
satellites in sun-synchronous orbits. This type of orbit
limits observations of a given nonpolar area to only
two local times, 12 hours apart at the equator. In the
analyses of the above ERB data sets, it was necessary,
because of the sampling limitations, to implicitly
assume that the average monthly cloudiness in a
given region is independent of the time of day. Thus,
radiation budgets computed for regions having sys-
tematic diurnal changes in cloud distribution or cloud
optical characteristics may contain substantial bias
errors. It is well-known that diurnal cloud cycles
occur in many areas (Sherr ef al., 1968; Short and
Wallace, 1980), but the magnitude and timing of
these daily cloud oscillations and their radiative prop-
erties are poorly known.

Cloud cover has been observed from space since
the launch of the first weather satellite (Arking, 1964;
Clapp, 1964; Miller and Feddes, 1971; Sadler et al.,
1976). Most satellite nephanalyses have provided a
global view of seasonal cloud patterns and weather
systems, but their applicability to ERB calculations
is limited by the subjectivity in most of the analysis
procedures, by sampling constraints, and by a lack of
definitive data about the radiative properties of the
cloud cover. Sherr et al. (1968) developed a global
cloud-cover model from ground- and satellite-based
observations. Although their model has global cov-
erage and diurnal resolution, they provide no infor-
mation about the cloud radiative properties, and they
assume that data from a single station are represen-
tative of a much larger (>10* km?) region of clima-
tological homogeneity. More recently, Bean and So-
merville (1981) developed a global cloud model from
Tiros satellite measurements, but diurnal variability
and radiative properties were not included. A more
comprehensive description of cloud cover was con-
structed by Cox and Griffith (1979b) from a combi-
nation of radar and satellite observations for use in
radiative divergence calculations. Their data, though,
were limited to the A/B array and Phase III of the
GARP Atlantic Tropical Experiment (GATE).
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The radiative properties of isolated clouds have
been researched extensively with various models (Dave
and Braslau, 1975; McKee and Klehr, 1978; Davis et
al., -1979). The reflectance properties of certain cloud
combinations have also been examined in an analog
experiment (Kuenning et al., 1978).-Cloud modeling
‘efforts have been effective in demonstrating the com-
plexities of cloud radiative interactions and in the
development of cloud radiative parameterizations
(Liou and Wittman, 1979). In addition, aircraft ob-
servations have provided some empirical data for the
shortwave (e.g., Griggs, 1968) and longwave properties
(e.g., Herman, 1980) of certain cloud types. However,
observations and comprehensive models of the radia-
tive effects of time-varying, extended cloudiness are
scarce. : : ,

Conflicting reports on the effects of cloud-albedo
feedback (Paltridge, 1980) are also indicative of the
dearth of information on the distribution of clouds

and their radiative properties. Without more compre- .

hensive observations of cloudiness and its properties,
it will not be possible to accurately account for the
radiative influence of clouds in climate models (Han-
sen et al., 1981).

This paper examines several aspects of the effects
of extended cloudiness using hourly visible and in-
frared data from the Geostationary Operational En-
vironmental Satellite (GOES). A methodology called
the hybrid bispectral threshold method is developed
in Part I to extract regional cloud amounts at three
levels in the atmosphere, effective cloud-top temper-
atures, clear-sky temperature and cloud and clear-sky
visible reflectance characteristics from GOES data.
Part II examines the diurnal variations in low, middle,
high and total cloudiness determined with this meth-
odology for November 1978. In Part III, the bulk,
broadband radiative properties of the resultant cloud
and clear-sky data are estimated to determine how
the diurnal variability of regional cloudiness might
influence the interpretation of ERB measurements.

2. Data

This analysis utilizes hourly digital data from the
GOES-2 Visible and Infrared Spin Scan Radiometer
(VISSR) for November 1978. GOES-2 (East) was
located over 0° latitude and 75°W longitude. Infrared
(unispectral) data were obtained between 0000 and
1100 GMT, while colocated visible and infrared
(bispectral) counts were saved between 1200 and
2300 GMT.

Measurements in the infrared (IR) window (10.5-
12.5 pm) were taken at a nominal sub-satellite reso-
lution of 8 km and stored as counts ranging from 0

to 255. Equivalent blackbody temperature T* is

found for each IR count from a calibrated look-up
table. This temperature is closely related to the radia-
tive temperature of the underlying surface. A simple
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model is given below only to illustrate the relationship
between T* and the temperature of the underlying
background, 7). The background may be either a
terrestrial surface or a cloud surface, or a combination
of the two: -

(1)
where ¢, is the background emissivity, 74 the effective
transmittance through the entire atmosphere and 7,
the effective temperature of the atmosphere. Emissiv-
ities and transmittances, as well as the Planck function
BB and its inverse TBB are evaluated at 11.5 um.
Surface emissivity has a value close to unity. Cloud
emissivity varies with cloud thickness and water
phase and content. Most atmospheric attenuation of
IR window radiation results from water vapor contin-
uum absorption. Cox and Griffith (1979a) indicate
that 7* may differ from the emissivity-corrected
value of T} by up to 12 K for very moist atmospheres.
The magnitude of atmospheric attenuation of the
background IR window radiation varies. with the
amount and vertical distribution of absolute humidity,
the temperature profile and the slant path through
the atmosphere. No attempt is made to derive T,
here, since it does not affect the results. A correction
for slant path is applied, however, since each region
has a different value of 8. All measured temperatures
are normalized to an overhead satellite-viewing zenith
angle, § = 0°, by applying a general theoretical limb-
darkening function +y(8). This normalization yields
the corrected temperature

T* = TBB[e, BB(T,)r4 + (1 — 74)BB(T )],

T = TBB{BB(T*)/v(6)} @
which is the temperature value used throughout this
study. The function used here was derived from the
results of radiative transfer calculations for 45 aerosol-
free atmospheres and 7 satellite zenith angles for the
spectral interval 10.0-12.0 um. This function is shown
in Fig. 1 with the average Nimbus-3 empirical broad-
band (5.0-30.0 um) function (Raschke et al., 1973).
Visible (VIS) channel (0.55-0.75 um) measurements
are stored as counts ranging from 0 to 63 with a
nominal resolution of about 1 km. To achieve an 8
km resolution, only those VIS data at every eighth
pixel element and eighth scan line were retained.
Thus, only one of the eight VIS sensors was used.
Throughout this paper, “brightness” will refer to the
VIS count value of a given scene. The VIS count D
is related to the square root of the instrument voltage
response ¥V, which is linear with the incident radiant
power P, or, :

D?
V=" 3
X’ 3)

P=GV - V), 4
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LIMB-DARKENING FUNCTION, ¥ (8)
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FIG. 1. Limb-darkening models.

where K is a constant, G is the gain, and Vo the offset
voltage. Substituting for ¥V and ¥V, in (4) from (3)
yields

P = G(D? — DY/K, &)

where D, is the offset count. Although the VIS
channel is not calibrated in terms of absolute radiant
power, it is a fairly stable instrument useful for
measuring relative brightness.

These data were randomly sampled at the 50%
level, and earth-located with a method developed by
E. Smith (personal communication, 1978) which has
a precision of =8 km. The data were then associated
with one of the 1504 250 X 250 km? regions in the
grid shown in Fig. 2. This grid represents nearly 20%
of the globe and includes two-thirds of the cloud
climate categories established by Sherr et al. (1968).

3. Methodology for parameter estimations

The methodology for extracting the desired param-
eters from an hourly VIS-IR data base can be divided
into three parts: VIS clear-sky brightness, IR clear-
sky temperature and cloud fractions and radiative
parameters. The objective of this study is to derive
these parameters from the GOES data set itself using
a minimum of auxiliary information for the purpose
of measuring the effects of clouds on the earth’s
radiation budget. Accurate retrieval of cloud param-
eters from such data requires good estimates of the
radiative properties of a given scene in the absence
of cloud cover since the basic assumption is that the
presence of clouds in the sensor field of view alters
the clear-sky radiance. Therefore, considerable effort
is devoted to the diurnal, geographical and directional
variations in the clear-sky radiative parameters. The
IR channel is the preferred sensor in this study since
the results are needed in a continuous fashion both
day and night. However, the VIS brightness for a
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clear scene is relatively stable and predictable, and
usually contrasts well with a cloudy scene. Therefore,
it is used to “calibrate” the IR channel hourly during
the day to establish a cloud/no-cloud threshold. At
night, models are utilized to estimate the IR thresholds
using the daytime values as boundary conditions.

Cloud cover is estimated initially from a two-
dimensional VIS-IR (day) or one-dimensional IR
histogram using an adaptation of the threshold meth-
ods of Koffler et al. (1973) and Cox and Griffith
(1979b). The determination of the IR cloud/no-cloud
thresholds by the present technique differs from these
earlier methods in that the IR and degraded resolution
VIS data are used simultaneously to estimate clear-
sky temperature. The threshold is then found by
computing the same value of clear-sky temperature
from IR data alone. This allows the distribution of
the IR data to determine the threshold so that broken
clouds may be taken into account. A standard lapse
rate of I' = —6.5 K km™! is used to approximate the
vertical temperature profile. The 24-hour mean clear-
sky temperature T is employed as the lower boundary
when applying this lapse rate. Three atmospheric
layers are defined by altitude z as

lower: 1, (0 <z<2km)
middle: 2, (2 <z <6 km),
and
high: 3, (z> 6 km),

where z = (T — T,)/T. It is assumed for a given
cloudy pixel that the cloud emissivity is unity, the
cloud filis the field of view, and the measured tem-
perature corresponds to the physical cloud top. Clouds
directly underneath high or middle layer clouds will
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not be detected. After the initial cloud estimate is
made, the resultant parameters are checked against
certain constraints and adjusted if necessary. Details
of this process are described in the following subsec-
tions.

a. Visible clear-sky brightness

The clear-sky brightness D; is the mean VIS count
associated with the clear portion of a scene. Cloud
brightness D, is the mean VIS count of the cloudy
portion of the scene. Total brightness D is the mean
count of the entire scene.

Clear-sky brightness is determined from models
developed with a minimum reflectance technique. A
general, visible bidirectional reflectance model was
developed from measurements over clear ocean scenes.
For each land region, a set of coefficients was derived
for use in a simple reflectance model. These models
(see Appendix) estimate the clear-sky VIS count for
a given set of viewing conditions. The geometry of
the viewing conditions is depicted in Fig. 3 where the
principal directions are defined by the solar zenith
angle ¢, the satellite-viewing zenith angle 8 and the
viewing azimuth angle y, which is measured relative
to the solar azimuth.

The clear-sky brightness over water is

D, = {[85)xu($; 6, ¥) costBO°)/x] + Do’}'2,  (6)

where §, is the visible normalized directional reflec-
tance, x, the visible, anisotropic reflectance correction
factor and B(0°) the hemispherically integrated
brightness count at { = 0°. Examples of x, for ¢
= 41.4° and { = 69.5° are shown in Fig. 4. It is
apparent from this figure that most of the asymmetry
in the ocean reflectance patterns is the result of the
sunglint phenomenon. Minimum brightness generally
occurs for 75° < ¢ < 135°. Some limb brightening
is also evident, particularly in the backscattering
direction. These results are similar to those found by
Raschke and Bandeen (1968).

]
LOCAL VERTICAL

SATELLITE
& SUN,
REFLECTED
RAY
\ REFLECTION
\
N

FIG. 3. Angular relationships for Earth radiation measurements.
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{a) Sun zenith angle = 41,40
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VIEWING ZENITH ANGLE, @ (deg)

(b) Sun zenith angle = 69,50

FI1G. 4. Ocean visible bidirectional reflectance models.

A model having the form
Dy(¢, N) = ag + a, cost + a, cosy sin{
+ a3 cos®y sin  (7)

(Tarpley, 1979) was employed to estimate the clear-
sky brightness D, over a given land region centered
at latitude ¢ and longitude A. The coefficients

a; = ai¢, N)

were found through multiple regression on a set of
minimum brightness measurements, Dyin, for each
region using the process described in the Appendix.
In almost all regions, the standard errors of the
estimated counts ranged from 0.1 to 0.9. Examples
of the data fit with this regression model are shown
in Fig. § for a region in northern Mexico at 30.4°N,
108.8°W. The viewing zenith angle is § = 50.7° and
the relative azimuth angle ranges from 20° in the
morning to 103° in the afternoon. The reflectance
anisotropy for this region is significant. For example,
the brightness at { = 63° [0848 Local Time (LT) and
1448 LT] varies by more than 100%, from a value of
192 in the morning to 132 in the afternoon. It was
found that maximum reflectance usually occurs in
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FI1G. 5. GOES-observed mean minimum visible brightness counts
and modeled estimates for a region in Mexico for November 1978
(latitude = 30.4°N, longitude = 108.8°W),

the backscattering direction, and anisotropy increases
with both increasing solar and viewing zenith angles.
For any region, the clear-sky brightness is

D? = D¢, 6, W1 — P(¢, N)]
+ Dg2(¢’ A’ g" ¢)P(¢’ x), (8)

where P(¢, \) is the land fraction in the region. In
general, the value of D; is within one count of the
original measured minimum brightness. These mod-
eling results indicate that the anisotropy in reflected
radiance patterns should be taken into account to
avoid diurnally biased estimates of cloud cover and
radiative parameters.

Most natural surfaces do not have a constant
albedo for a given solar elevation. The albedo of land
surfaces, especially bare soils, varies as a function of
surface dampness (Idso et al., 1975) or vegetative
growth stage (Kondratyev, 1973). Wind speed, turbid-
ity and depth can affect the albedo of water surfaces.
While the minimum brightness technique may not
always yield the most accurate instantaneous surface—-
atmosphere reflectance, it is useful for detecting the
presence of clouds and may be the best approximation
of clear-sky brightness available without the use of
auxiliary data.

b. Clear-sky temperature

Clear-sky temperature T is the measured or mod-
eled temperature of a cloud-free scene. When both
IR and VIS data are available, the clear-sky temper-
ature is estimated with a clear-radiance technique.
This approach assumes that there is no cloud contam-
ination in a given measurement 77, if the colocated
VIS count D; does not exceed a specified threshold
D,. That is,
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T, = TBB[S, BB(T)/n],

i=1

9

where T; has a colocated VIS count, D; < Dy, n; is
the number of clear radiance measurements for the
region, D, = D,, + 2 for ocean regions and D, = D,
+ 2 for land or mixed land and ocean regions. If
¢ > 82° the measured value of T is not retained.
The addend of 2 roughly corresponds.to the standard
deviation allowed in the determination of D;. It also
permits some partially cloud-filled pixels to affect T
when they are present. In those cases, T; may actually
be lower than the true clear-sky temperature. The
actual difference between T, and the true value will
depend on the particular cloud type size and spacing
and the cloud fraction.

To reduce the probability of cloud contamination
in sunglint-affected areas, values of T, measured over
ocean regions are eliminated whenever D; > 14 and

£<37° |t—0]<26° and ¥ = 90°
37° < t<46°, |¢—0/<28° and ¢ =120°%
or
¢>46°, |§—0/<30° and ¢ = 140°.

At times when no clear-radiance temperatures are
available, another method is needed to estimate T
for a given region. A diurnal clear-sky temperature
model is employed which uses the measured clear-
sky temperatures to determine the best estimate of
T, at any time during a 24-hour period. The model,
used for land and mixed regions only, is divided into
two parts: daytime and nighttime (see Appendix). In
the first part, clear-radiance temperatures are used to
estimate 7, and T, the sunrise and sunset clear-sky
temperatures respectively. Nocturnal clear-sky tem-
peratures are estimated using 7, and T in the second
part of the model.

Missing daytime clear-sky temperatures T and Ty
are estimated with a segment of a cosine function,

T5(6) = To + AT coskwAt, (10)

where w = w/2H, At = |12 — ¢|, H is the half-day
length in hours, ¢ is the local time in hours and k has
a value of 1 or 2. The two coefficients Tp and AT are
found through regression using the clear-radiance
temperatures measured for the given time period (see
Appendix). Here T, and T are the values of T(H)
when the coefficients are determined for the morning
and afternoon hours respectively.

" Nocturnal land clear-sky temperatures are found
with the empirical model, »

T(t) = bo + bu(An)~>, an

where T, and T are used to derive the coefficients
by and b,. When T, exceeds T,, simple linear
interpolation between T and T, is used instead of
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(11). These models predicted hourly temperatures
with a relative uncertainty which is less than 2.3 K.
Simple linear interpolation or extrapolation between
clear-radiance measurements is used to find T(?) for
ocean regions in all conditions and over land regions
when overcast conditions, missing data or erroneous
data preclude the use of (10) and (11). While T is
not used in overcast conditions, its value is approxi-
mated with interpolation to provide a continuous
data base. In all cases, the measured and modeled
clear-sky temperatures must meet certain conditions
before they can be used ($ee Appendix).

Some results of this modeling procedure are shown
in Fig. 6. These examples depict T, (f) for several
surface and climate categories. The diurnal variations
in clear-sky temperature illustrated here are typical
of the regions found in the GOES field of view.
Desert areas show the highest diurnal range, while
oceanic regions have the lowest diurnal variations.

The diurnal range of 7 is usually greater than the
diurnal range of the corresponding surface air tem-
perature T,. An example of these two temperatures
for a region centered at 34.8°N, 111.5°W is given in
Fig. 7. The air temperature shown here is the average
monthly mean shelter temperature for Flagstaff,
Phoenix and Winslow, Arizona. Air temperature varies
by only 7.7 K, while T, changes by 11.6 K on the
average. Fritz (1963) found similar differences in the
diurnal ranges of the two temperatures over the
United States. The lag between 7 and T, is typical
of the time required for the transfer of sensible heat
from the surface to the air at shelter level. The
difference between T; and T, in a given region will
depend on the level of atmospheric moisture, wind
speed and surface type. When computed from
monthly means, this difference will also depend on
the number of days with overcast skies. Air temper-
ature can vary diurnally under overcast skies, but the
model for T varies linearly in those same conditions.
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FIG. 6. Monthly mean clear-sky temperatures
from GOES for November 1978.
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FI1G. 7. Shelter air and GOES-observed clear-sky temperatureé
for November 1978 (latitude = 34.8°N, longitude = 111.5°W).

'

Clear-sky temperatures derived with the techniques
described above are used as a first approximation of
the effective clear-sky radiating temperature. These
temperatures are used as inputs in the cloud threshold
determinations. Final values of 7, will come from
the cloud cover algorithm, but, in general, they will
not differ significantly from the original estimates.

¢. Infrared threshold cloud estimation procéa’ure

Cloud amounts and cloud temperatures are found
in the following manner for a given value of 7, and
an IR histogram. The threshold IR count values k
and m corresponding to the temperatures at the bases
of layers 2 and 3, respectively, are found from the
lapse rate. The base of layer 1 is given by the count
J. This count value is computed by progressive sum-
mation of count frequencies beginning with the lowest
observed count (highest temperature) until the count
value j, which satisfies the following inequality, is
reached, i.e., )

j j
TBB{Y BB(T)KNT,/ % KNT;} < T,

i=1 i=1
where KNT; is the number of pixels having the ith
count. The fractional clear area is
J
CLR = 3, KNT;/n,
i=1

where 7 is the total number of pixels. The fraction
of cloud cover in the lowest layer is

. k
C| = Z KNT,-/n,

i=j+1

(12)
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and its temperature is

! k k
T, = TBB{ 3 BB(T)KNT,/ T KNT.}. (13)

i=j+1 i=j+1

Similarly, the cloud fractions and cloud temperatures
in layers 2 and 3 are found with Eqs. (12) and (13)
using the appropriate summation limits. Total cloud
amount is C = 1 — CLR, and the total effective
cloud-top temperature is

T, = TBB{[BB(T,)C, + BB(T,)C, + BB(T;)C;}]/C}.

If it is assumed that the mean VIS count measured
for the region at a given time is

D?=(1 - C)D2 + CDZ, (14)

then the regional average cloud brightness D, can be
calculated by using the threshold-derived values of C
and the value of D, determined earlier. The use of
(14) is a variation on the bispectral method of Reyn-
olds and Vonder Haar (1977) which assumes cloud
brightness and solves for cloud amount. In this case,
the value of D, represents the mean cloud brightness
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of the ensemble of data points and will vary according
to the cloud types in the region at the time of
measurement.

The basic cloud retrieval scheme is summarized in
Fig. 8 which shows a 4 X 8 km resolution, VIS-IR
histogram and the corresponding IR and VIS images
for a stratocumulus cloud field off the coast of Chile.
The numbers on the plot give the frequency of a
given IR-VIS pixel pair. The value of D, is 14 counts
based on D; = 12.2 counts from (8). Clear-sky tem-
perature, T, = 289.9 K, is computed from the 1347
pixels with D < 14, It appears that T is contaminated
by some partially cloud-filled pixels which are not
very bright, but are thick enough to reduce the
outgoing IR from the surface. The slow response time
of the IR sensor may also explain some of these
apparently mismatched VIS-IR pairs. To compute
this same temperature from the warmest IR pixels
according to (11) requires the 2049 pixels with T
> 286.5 K, the value of T which becomes the IR
threshold. This is equivalent to setting the VIS thresh-
old to 18 counts. The total cloud fraction in this case
is 0.63 and the mean cloud temperature is 283.0 K.
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FI1G. 8. Example of two-dimensional visible-infrared histogram analyzed with the hybrid bispectral
threshold method (4 km resolution).
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In this exaimple, only low clouds are present so C,
= C. Using the average VIS count of 25.0 for this
scene and the values of D, and C in (14) yields D,
= 30.2.

There are certain situations which require some .

further processing to minimize errors and avoid un-
realistic values. Adjustments in the temperature
thresholds are made for bispectral data whenever the
total cloud cover is less than a minimum amount.
This lower limit is the equivalent amount of optically
thick (brightest) cloud cover as determined from the
VIS data. Because of the distinct temperature contrast
between thick, high- and middle-level clouds and the
surface, cloud cover at these levels may usually be
determined with relative ease. Low-cloud temperatures -
may be difficult to distinguish from the clear-sky
temperature, especially over land at night. Therefore,
several additional constraints are employed to mini-
mize the ambiguities which may arise when low-
cloud cover is estimated from unispectral data.’
After initial estimates of CLR and C are made, the

temperatures T and 7, are differenced to ensure that
the result is not less than an allowed minimum
temperature difference ATy, derived from the bi-
spectral results. Another correction is made whenever
the daily minimum clear-sky temperature is less than
T, — 10. This occurs most often in desert areas and
causes considerable confusion for both low- and
-middle-cloud estimations. In these situations, 7 and
. T, are not permitted to exceed the nearest estimates
of T, and T,, respectively, made from preceding
bispectral data.

: w -
by w
a7 =
[ 35 M
=

3 50 30 §
=5 =
S B
S ] ] ] 20
o 0 6 12 18 24

LOCAL TIME (hr)
(a) Total cloud cover

N
3 8
S

~n
[=2+3
(=]

no
[~
p~

EQUIVALENT BLACKBODY
TEMPERATURE (OK)
N
o

250 ! [
0 6 12 18

LOCAL TIME (hr)
(b) Temperature

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 23

The monthly mean diurnal variability of regional
cloud cover and its associated radiative characteristics
can be determined by applying this methodology to
hourly GOES data and averaging each quantity at
each local hour over the course of the month. Ex-
amples of these monthly mean hourly quantities are
given in Fig. 9 for a region straddling the eastern
edge of the Andes centered at 21.4°S, 63.8°W. Al-
though each parameter has been evaluated at 24
points on each plot, the data are represented here
with continuous lines to enhance the clarity of each
feature. Fig. 9a shows the mean total cloud cover C
and the mean values of reflected brightness D, asso-
ciated with the cloud cover. The cloud cover is at a
minimum shortly before noon and reaches a maxi-
mum in the evening about 9 hours later. It appears
to be relatively constant all night and diminishes
rapidly after sunrise. Cloud brightness is at a maxi-
mum around noon and decreases rapidly with in-
creasing solar zenith angle, although cloud reflectance
probably increases.

This apparent convective cycle is more evident in
Fig. 9b which shows T, T and 7. All three temper-
atures reach peak values near noon coincident with
low values of C. Afound noon, T; and T begin to
diverge until the maximum cloud cover occurs. These
two quantities then converge until the lowest value
of cloud amount is reached. The mean total cloud
temperature T, follows a curve which is more parallel
to the total measured temperature than T,. As cloud
cover builds, both 7 and 7, decrease, indicating
increases in cloud height. Around sunset, 7 and T,
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begin to increase, but C is fairly constant. This may
correspond to the dissipation or thinning of a cirrus
shield over the main body of clouds. At sunrise, T,
begins to flatten and diverge from T as the cloudiness
decreases and is confined to the lower layers of the
atmosphere.

A more detailed view of this is shown in Figs. 9¢
and 9d. Cloud amounts and cloud temperatures are
stratified here. Cloud temperatures in the two lower
layers are somewhat constant, although T is lowest
around 1800 LT and both 7, and 7, reach maximum
values around noon when C, is at its peak value and
C, is at a minimum. Cloudiness in the upper layers
is least extensive and warmest between sunrise and
noon. After noon, thick high-altitude clouds build
quickly, covering 25% of the region by evening and
lowering the cloud-top temperature 73 by nearly 15
K. The total high-altitude cloud fraction may actually
be greater since thin clouds will appear warmer than
thicker clouds at the same height. As these apparent
cumulonimbus clouds gradually break up, more mid-
dle-level clouds or thin, low-emissivity clouds such
as cirrus are manifest in the increased values of C;.
When the middle-level clouds begin to diminish, C,
appears to increase.

4. Errors

Certain simplifying assumptions and values of un-
certainties have been noted during the development
of this methodology, and some comparisons with
other empirical results have also been given. An
overview of some potential errors and their qualitative
implications is presented in this section, and a more
quantitative evaluation of relative cloud amount un-
certainty is given in the next section.

Estimates of 7, may be biased in certain areas,
such as deserts or mountains, where cooling and
heating rates may differ significantly from the model
predictions. Underestimation of clear-sky brightness
can cause overestimation of D, and of T in the
daytime if the brighter portion of the region absorbs
significantly less solar radiation than the darker areas.
Cloud contamination will cause some underestimation
of T, (see Fig. 8). In ocean areas, the nocturnal
estimates of T should be nearly as accurate as the
daylight values since there appears to be only a slight
diurnal ocean-surface temperature cycle (see Fig. 6
and the Appendix). Nighttime estimates of T over
land are highly dependent on the prediction of T at
sunrise and sunset. Therefore, any bias in either of
the latter quantities may yield a bias in low-cloud
cover for the entire night. These effects should be
diminished with the use of the constraints derived
from the bispectral data. Uncertainties in cloud-top
temperature and total cloud amount are highly de-
pendent on the accuracy of 7. Errors should be
relatively low for thick, middle- and upper-layer
cloud amounts during the day and at night. Low
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clouds and fog may be mistaken as clear areas at
night, but are detectable with bispectral data. Very
thin, isolated cirrus clouds may not be detected,
especially over bright land, since the VIS brightness
and radiating temperatures of areas covered with
these clouds may not be significantly different from
the cloud-free areas. Although cloud height may be
in error in some cases, it should be noted that the
determination of total cloud amount and the radiative
effects of clouds are the primary concerns of this
study.

The basic assumptions of the threshold method
may result in large uncertainties in some parameter
values. Occasionally, warm, low clouds may overrun
a cooler surface such as cold water off a continent,
thereby negating the implicit assumption of warmer
clear skies. The spatial resolution of the GOES in-
struments may cause some overestimation of total
cloud fraction. Shenk and Salomonson (1972) dem-
onstrated that the average cloud size in a given region
can influence the error in the cloud fraction estimated
with two types of threshold techniques. In general,
they found that the estimated cloud amount tends to
increase relative to the true cloud fraction as the ratio
of cloud areal size to sensor areal resolution decreases.
This tendency, the problem of partiaily cloud-filled
pixels, is addressed to some degree with the present
method by allowing D, to yield an IR clear/cloud
threshold which falls between the totally clear and
totally cloudy temperatures. In order to see if the
present method overestimates C in broken cloud
fields, the methodology of Coakley and Bretherton
(1982) was applied to 11 region hours of IR data
taken over stratocumulus clouds off the coast of
Chile. The Coakley and Bretherton (1982) technique
was developed to account for the effects of partially
cloud-filled pixels for single layer cloud systems such
as stratocumulus. The average difference in cloud
fractions derived with the two methods was 0.007
with a standard deviation of 0.07 for cloud amounts
ranging from 0.12 to 0.97. While these limited com-
parisons indicate that the partially cloud-filled pixels
may be taken into account equivalently with either
method (neither method may yield the true, absolute
cloud amount), they do not address the problem of
small diameter cumulus clouds, which will probably
be overestimated whenever the cloud-top temperatures
are close to T,;. Comparisons with results from very
high resolution sensors (e.g., Landsat) are required to
quantify the problem of small cloud effects. Other
effects related to the interpretation of satellite data,
such as the effect of sensor response time, are discussed
by Cox and Griffith (1979a), Davis et al. (1979),
Clapp (1964) and Stamm and Vonder Haar (1970).

Sampling errors are likely in some areas since data
are missing for 17% of the month. At this level, the
sampling error would be insignificant if the missing
data occurred in a random fashion. However, dropouts
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were more frequent at particular- hours (e.g., 1100
GMT) and, at certain hours, data gaps occurred for
three or four consecutive days. In a few regions,
entire synoptic-scale events may have been missed
with substantial bias errors in total cloudiness. To
partially alleviate this type of bias and to construct a
complete hourly data set for other applications, linear
interpolation was used to fill in missing hours.

Another type of sampling error may result from
the use of the 50% random sampling. To examine
this error, a set of full resolution VIS and IR data
equivalent to 11 500 region-hours was sampled to
obtain an 8 km data set. The data were then sampled
at the 50% level to simulate the sampling employed
in the present study. The rms differences between D,
T and C for the full resolution case and the sampled
case are. 0.4 counts, 0.4 K and 0.08 respectively.
When averaged over 30 days, these differences are
negligible. In the case of clouds, it is also not certain
which cloud fraction, sampled or full-resolution, is
closer to the true value.

The presence of snow may cause some €rrors in
T, and in cloud cover estimates. Because it is as
bright as clouds, snow may be interpreted as clouds,
resulting in overestimation of cloud cover. Areas in
the United States where snow depths greater than
one inch were reported for five days or more during
November 1978 are delineated in Fig. 10. Atmospheric
haze may also be interpreted as cloud cover since it
tends to increase the total brightness in low albedo
areas. No attempt is made here to distinguish haze
or snow from clouds.
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5. Comparisons of total cloud cover

There are several methods which may be used to
derive empirical estimates of cloud amount uncer-
tainty. For monthly means, comparisons may be
made with subjective observations from the ground
or from satellite photographs. While the latter tech-
nique tends to miss thin cirrus (Malberg, 1973), the
former method tends to overestimate total cloud
amount in scattered or broken cloud fields (Hoyt,
1977). In this section, comparisons are made with
results from both subjective techniques in order to
evaluate the relative uncertainties in total cloud cover.

To compare surface-based cloud observations with
the present results, it is necessary to account for the
differences in temporal and spatial resolution between
the two data sources. If it is assumed that monthly
mean surface-based cloud observations C; in a given
region are representative of the mean for the entire
region, then it is possible to directly compare monthly
mean cloud amounts from both techniques. Monthly
mean cloud amounts from all first-order land stations
within a given GOES-grid region were averaged to
obtain a mean regional value of C;. These cloud data
were taken from monthly summaries of local clima-
tological data published by the Environmental Data
and Information Service. Ship observations from
London et al. (1981) were averaged over 5° latitude
by 5° longitude regions. Corresponding GOES results
were averaged into these larger regions. All regions
included in this comparison are shown in Fig. 10.
Both surface data sets contain some notable limita-
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FiG. 11. Correlation of mean cloud amounts from land surface
observations and from GOES-East using the HBTM for November
1978. (Line indicates perfect agreement.)

tions. The number of ground stations in a given
region varies from 1 to 7 and may not be distributed
very evenly. For example, the stations may all lie on
the coast or in valleys in a given area. Ship data may
also contain similar local biases if the shipping lane
hugs-a coastline, passes through the corner of a
particular box, or the observations are actually taken
from continental or island stations. In addition, the
ship data used here include only 1-23 November
1978.

The 50 data pairs for land areas are given in Fig.
11 with the line of perfect agreement. It is apparent
that there is a tendency for the ground observations
to be greater than the satellite estimates. The mean
difference between the land- and satellite-derived
cloud amounts is AC, = 0.05 with a standard
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FIG. 12. Correlation of mean cloud amounts from ship obser-
vations and from GOES-East using the HBTM for November 1978
(latitude band 30-45°N). (Line indicates perfect agreement).
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F1G. 13. Comparison of mean cloud amounts from ship observations
and from GOES-East using the HBTM for November 1978 (latitude
= 40-45°N, longitude = 35 to 40°W).

deviation of 6(AC,;) = 0.05. Fig. 12 shows the results
for all ocean regions between 30 and 45°N latitude.
For these data, the_agreement is quite good with
ACy, = 0.004 and o(AC,,) = 0.05 for 41 samples. An
example of these results is shown in Fig. 13 for a
region between 40 and 45°N and 35 and 40°W at a
satellite zenith angle of 63°. The diurnal trends as
well as the monthly averages are much the same for
both data sets. Between 10 and 30°N the close
agreement is not as evident, as seen in Fig. 14. On
the average, the ship data in this figure tend to be
higher than the satellite estimates by 0.09 with
o(AC,) = 0.09. Agreement seems to be best at the
lower and higher cloud amounts and worst around
C; = 0.50. For both land and ocean measurements,
AC,, = 0.05 and a(Ang) = 0.05.
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The good agreement over water north of 30°N is
probably due to the higher cloud amounts and the
types of clouds in this area. Clear and overcast
situations with stratiform cloudiness, conditions which
are easily quantified, are probably more frequent than
broken and scattered cloudiness which is difficult to
quantify. South of 30°N, the cloud fraction is lower
by about 0.15 and is probably composed primarily
of broken or scattered convective clouds (Sherr et al.,
1968). Given the findings of Malberg (1973), Hoyt
(1977) and Clapp (1964), it is expected that the
ground-based observations in areas dominated by
broken and scattered cloudiness will be higher by
0.06 to 0.16 than satellite- or aircraft-based, or sun-
shine-derived values of cloud cover. Some of these
differences may also be due to the presence of cirrus
clouds which are not thick enough to significantly
alter the visible clear-sky radiances and the fore-
shortening effects which increase with increasing
viewing zenith angle.

Differences between all surface observations and
GOES results are summarized in Table 1. The greatest
bias errors in cloud cover occur when the mean
surface-observed cloud cover is between 0.46 and
0.55. These bias errors are about half of those found
.by Malberg (1973) and Hoyt (1977). One reason for
_ the smaller biases may be the fact that no nighttime
data were used in the earlier analyses. A considerable
amount of evidence (e.g., Riehl, 1947; Haragan,
1970; Ball et al., 1980) indicates that surface observers
underestimate total cloud cover at night relative to
their estimates made during the day. Nocturnal surface
observations of middle- and upper-level clouds are
especially difficult, particularly when there is little
moonlight, when haze is present, or when surface
lighting is significant.

Visual estimates of cloudiness were also made from
GOES imagery for comparisons with cloudiness found
with the hybrid bispectral threshold method (HBTM).
Although estimates from photographs are also subject
to some inherent biases (e.g., Young, 1967), they
provide values from the same data set derived in a
more conventional manner. Using a torn paper test,
Young (1967) was able to show that qualified weather
observers with no experience in photographic inter-
pretation or satellite picture analysis tended to over-

TABLE 1. Mean differences (AC,,) between total cloud fractions
from surface observations C;, and from the hybrid bispectral threshold
technique using GOES digital data. Standard deviations are included.

Range of C, ACq ¢
0.26-0.35 0.02 0.06
0.36-0.45 0.04 0.06
0.46-0.55 0.07 0.08
0.56-0.65 0.06 0.08
0.66-0.75 . 0.05 0.07
0.76-0.90 -0.01 0.04
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TABLE 2. Mean cloud fraction difference AC derived from pho-
tographic analysis and the hybrid bispectral threshold method
(HBTM) with the standard deviation of: the regional hourly differences
oy, the mean regional hourly difference o,, and the regional mean
cloud cover difference o5. The rms difference is approximately equal
to the value of o in all cases.

Analyst [ Analyst I Analyst I
— Analyst II — HBTM — HBTM Samples
AC —0.006 0.003 0.018 571
a, 0.08 0.12 0.1t 571
K 0.04 0.06 0.04 44
a3 0.03 0.04 0.03 11

estimate cloud amount from satellite photographs.
To overcome this tendency, two satellite analysts
familiar with satellite imagery and Young’s results
were asked to estimate the cloud cover for several
regions using GOES-East VIS and IR transparencies
for 1400, 1600 and 1800 GMT, and IR images for
0500 GMT taken every second day between 2 and
30 November 1978. The 11 selected regions, shown
in Fig. 10, include five oceanic, four land and two
coastal regions. The analysts first performed a torn
paper test and found results similar to Young (1967).
They also found that they tended to overestimate the
amount of clear area when it was the desired param-
eter. Therefore, in the analysis of the GOES images,
each analyst estimated both clear and cloudy fractions
and reported cloud amount based on a compromise
of these two estimates.

The analysts estimated cloud amounts initially
from IR and VIS images separately using a four-part
grid over each region. In many situations, the analysts
noted significant problems in deciding what actually
constituted a cloudy or clear situation (possibly due
to the presence of thin cirrus, haze, small diameter
clouds, or an indistinct infrared background bright-
ness). An attempt was made to eliminate some of the
more extreme cases of indecision by having each
analyst make second estimates using the IR and VIS
infrared photographs together. Each set of readings
made by an analyst for a given hour and region was
eliminated if the range of cloud amounts exceeded
0.50. To ensure that the data could be compared
directly, each sample eliminated from one analyst’s
data was also removed from the other’s data. A total
of 571 samples or sets of readings, 91% of the original
set, still remained after this process. Averages were
computed for each set of readings to yield a single
cloud value for each sample.

Differences were computed between the cloud
amount estimates made by both analysts and the
corresponding values derived with the HBTM. A
statistical summary of these differences is shown in
Table 2. The mean cloud amount difference AC is
the average difference in all readings for any two
sources. This value plus or minus the standard devia-
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tion of the hourly difference, o;, is the relative
uncertainty in a single cloud amount estimate. The
relative error in_a_ 15-day mean hourly estimate is
represented by AC * o,, where o; is the standard
deviation of the differences in mean regional hourly
cloud amounts. The relative uncertainty in the 15-
day mean regional cloud amount is AC % ¢;, where
g3 is the standard deviation in the regional mean
cloud amount differences. Because the mean differ-
ences are close to zero, the root-mean-square differ-
ence is approximately equal to the standard deviation
in each time-averaging category.

These results indicate that the HBTM yields 15-
day regional mean hourly and mean total cloud
amounts which are nearly as precise relative to the
subjective estimates as the analysts’ estimates are to
each other. The hourly rms differences are actually
low compared to the standard deviations given by
Young (1967). This is probably due to the occurrence
of some totally clear or overcast conditions in the
images. An example of these results is shown in Fig.
15 for a region west of Chile centered at 21.4°S and
86.3°W. The diurnal trends and cloud amounts from
all the sources are much the same in this region
which is dominated by stratus and stratocumulus
clouds.

Some of the larger differences found between the
photo analyses and the HBTM were somewhat sys-
tematic with respect to region and/or time. Over the
tropical land areas, the largest errors occurred when
only IR data were available. The two analysts consis-
tently overestimated cloudiness relative to the HBTM
at 0500 GMT for areas which are comprised of
mixtures of high mountains and low jungles and are
dominated by deep convective processes. The analysts
noted difficulty distinguishing clear sky from low
clouds in these areas at night.

Another area showing a large difference between
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F1G. 15. Comparison of mean cloud amounts from photographic
analysis and from GOES-East using the HBTM for November
1978 (latitude = 21.4°S, longitude = 86.3°W).
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FiG. 16. Comparison of mean cloud amounts from surface
observations, photographic analysis and GOES-East using the HBTM
for November 1978 for a region in the mideastern United States.

observers is the region centered near 1.3°N and
40.0°W off the northeastern coast of Brazil. Analyst
I estimated daytime cloud amounts which were nearly
0.10 lower than those found by Analyst II and the
HBTM. Both analysts noted considerable difficuity
in arriving at firm cloud amounts in either channel—
only 76% of the daytime samples were retained. The
predominant cloud cover, described by the analysts
as diffuse and “stringy,” could have been thin cirrus,
small diameter cumulus streets (difficult to estimate
with 8 km data), or a mix of the two types. An
average noontime cloud reflectance of ~20% and
uncorrected clear-sky/cloud temperature difference,
T, — T,, of 9 K found with the HBTM for this region
could characterize thin cirrus (Shenk and Curran,
1973) as well as small cumuius with an occasional
occurrence of optically thick clouds.

A comparison of all three methods (surface obser-
vation, photo analysis and the HBTM) is shown in
Fig. 16. The surface observations for the region used
in this comparison are the averages of cloud amounts
estimated at St. Louis, Missouri; Nashville, Tennessee;
and Evansville, Indiana at the days and hours nearest
to those in the photo/HBTM comparisons. Differences
in average cloud amounts derived by satellite photo
analysts and the HBTM are generally small. All of
the satellite observations of cloudiness are less than
the corresponding surface observations.

6. Summary and concluding remarks

A comprehensive methodology has been developed
for deriving hourly regional cloud amounts and cloud
radiative parameters from geostationary satellite visible
and infrared radiance measurements. This technique,
termed the hybrid bispectral threshold method, com-
bines aspects of several previously developed cloud
quantification algorithms and improved albedo deter-
minations with an empirical clear-sky temperature
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prediction model. Data from GOES-East taken during
November 1978 were used to develop the technique
and were then analyzed with the HBTM.

Background brightness for each region is deter-
mined with a minimum reflectance technique. A
general, visible channel bidirectional reflectance model
was derived from minimum brightness data over
oceans for application to any visible geostationary
satellite data. Coefficients for a general land model
were determined for each land region but only apply
to the November 1978 data set.

Daytime equivalent blackbody clear-sky tempera-
tures T are estimated from infrared data correspond-
ing to measured visible clear radiances. Regional
cloud cover is estimated on an hourly basis using a
threshold method which employs the measured IR
histogram, the clear-sky temperature and a fixed lapse
rate. Cloud amounts and cloud temperatures are
estimated for three altitudes (low, middle and high)
by assuming that each pixel corresponds to a homo-
geneous scene having unit emissivity. The reflected,
visible brightness of the cloud-covered portion of the
region is then computed from a linear energy balance
model which uses the clear-sky VIS count, the average
measured VIS count and the infrared-derived cloud
amount. Cloud temperature and brightness are then
used to adjust the cloud amount whenever certain
prespecified limiting conditions are not met.

Objective quantification of cloud cover and related
parameters from visible and infrared data on a 24
hour basis over any given scene is a difficult and
.complex problem. Any quantification scheme, either
subjective or objective, suffers from a number of
limitations. Some of these limitations have been
addressed with the methodology given here. Other
aspects may be addressed in future refinement and
applications of the present technique. For example,
clear-sky brightness may be recomputed from the
data for each scene instead of using the prespecified
empirical value. Another refinement is the use of
cloud brightness to estimate cloud emissivity (if cloud
type is known). The relationship between these two
quantities is rather imprecise at present, although
several studies (e.g., Shenk and Curran, 1973; Reyn-
olds and Vonder Haar, 1977; and Paltridge and Platt,
1981) have produced some encouraging results for
cirrus clouds. Clear-sky temperatures may be im-
proved by eliminating much of the cloud contami-
nation left in the present calculations. The present
method for estimating clear-sky temperature would
be retained for the determination of the IR threshold.
Detection of cold, thin cirrus clouds may be accom-
plished with the use of a limiting, lower-bound, IR
threshold independent of the VIS data. Sensitivity
checks may be useful in identifying problems with
the technique and selecting an alternative approach
more suitable for the particular set of conditions. Use
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of additional auxiliary data, such as snow depth

maps, may also eliminate some sources of uncertainty.

The limitations of subjective techniques exacerbate
the problem of evaluating the accuracy or compara-
bility of the results of a given objective technique
with subjective cloud estimates. Subjective ‘“cloud
truth” is fraught with its own set of rather large
uncertainties. Nonetheless, most cloud information
reported in the past and at present is based on
subjective methods. Therefore, it is necessary to know
how the cloud cover derived with a given objective
method compares with that derived with subjective
methods. To provide this sort of evaluation, relative
uncertainties in total cloud amounts derived with the
hybrid bispectral threshold method were estimated
by computing the differences in data derived with
two conventional subjective techniques and the
HBTM. It was found that monthly average regional
cloudiness determined with the HBTM was an average
of 0.05 £ 0.05 less than corresponding surface obser-
vations taken in many different regions. These results
are very similar to earlier comparisons between surface
observations and satellite photographic analyses.

Comparisons between photographic analyses and
the present technique were also performed. In this
case, two satellite data analysts estimated total cloud
cover for 11 regions having different climates using
15 days of GOES-East visible and infrared photo-
graphs. Root-mean-square in mean regional cloudi-
ness, mean hourly cloud cover and instantaneous
cloud amounts derived with the HBTM and from
the analysts are 0.04, 0.05 and 0.11 respectively. The
corresponding rms differences for the analysts’ results
relative to each other are 0.03, 0.04 and 0.08. While
evaluation of the absolute accuracy of this and other
techniques awaits the establishment of an absolute
standard, it may be concluded from the results of the
above comparisons that both individual and average
cloud amounts derived with the hybrid bispectral
threshold method are quite reasonable. Further study
of the results of this analysis should lead to a better
understanding of the diurnal variations of clouds and
the radiation budget.
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APPENDIX

Clear-Sky Brightness and Temperature Modeling °

1. Ocean clear-sky brightness modeling.

A model to estimate clear-sky brightness for the
GOES over water D,, is developed here. This model
consists of two parts: a bidirectional reflectance (BDR)
model which accounts for the anisotropic reflectance
characteristics of water surfaces and a directional
reflectance model which estimates the solar zenith
angle dependency of visible (VIS) directional reflec-
tance over water. The geometry and angular symbols
used here are explained in the main text.

The ocean BDR model was constructed on a basic
framework of 84 angular bins for each 0.1 increment
of the cos{. These bins were defined by seven 0.1
increments of cosf, where 0° < 8 < 72.5°, and by 12
15° increments of ¥ where 0° < y < 180°, and 180°
is the forward scattering direction. Photographs of
the November 1978 GOES-2 data were used to select
a set of 2.5° X 2.5° oceanic regions which appeared
to be relatively cloud free. Histograms of the VIS
counts were determined for the selected regions and
times. Data representing the minimum 25% were
extracted from each histogram. The mean squared
brightness, D*({, 6, ¥), and the corresponding standard
deviations were computed for each of the extracted
subsets. Data having a standard deviation greater
than 10% were eliminated. Those values corresponding
to the minimum 25% in a given angular bin were
used to compute the average brightness for that bin.

This procedure was designed to eliminate cloud
contamination and to determine the minimum
brightness. Average brightness values were obtained
for nearly 45% of the bins. Empty bins, outside of
the sunglint area, were filled by interpolating bilinearly

- between the filled bins unaffected by sunglitter. Those
empty bins subject to sunglint were filled using bilinear
interpolation with the assumption of symmetry about
the specular point.

An additional procedure was used to smooth the
model, to facilitate computer processing and to fill
the remainder of the hemisphere for 72.5° < 6
< 90°. This process used bilinear interpolation to
transform the cosf bins to a new bin system which
had 10° intervals of §. Linear extrapolation was used
to estimate values at § = 80° and § = 90°. From the
aircraft data of Brennan (1969), it appears that linear
extrapolation at those viewing angles is a good ap-
proximation. The model was developed for solar
zenith angles up to 81.4°. Although no water was
directly beneath the satellite, some data were obtained
at { = 0° for 20° < @ < 50°. Average values from
the results for ¢ = 18.2° were used to estimate the
reflected brightness at other viewing angles for { = 0°
after correction for the cos¢.
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To use these models for other times and data sets,
it was necessary to normalize the bin brightness
values, D*({, 0, ), to the hemispherically integrated
brightness,

27 /2
B(%) =fo fo [D($, 8, ¥) — Do’} cost sinfdbdy.
(A1)

Equation (Al) was evaluated numerically using the
derived bin values. Normalized bidirectional reflec-
tance correction factors

xS, 6, ¥) = 7[DX(S, 6, ¥) — DPY/B(),  (A2)

where the subscript v refers to the visible spectrum,
were then computed. '
The normalized 0.55-0.75 um directional reflec-

tance,
B(¢)
B(¢ = 0°) cos¢’

was also derived and is shown in Fig. Al with the
averaged normalized data of Raschke and Bandeen
(1968). '

Application of the clear ocean, visible bidirectional
reflectance models derived here requires an estimate
of B({) for an arbitrary value of {. The value of B(0°)
may be determined from Eq. (A3) using an estimate
of B({) and the value of 6,(¢) from Fig. Al. Knowing
B(0°) and Dy, it is possible to estimate the brightness
count D, for any clear ocean scene with the following
equation:

Dy = {[8.)xA8; 6, ¥) cos{BO°)/x] + Do’} (A4)

For the GOES data used here, B(0°) = 537.0 and D,
= 2.5,

of$) = (A3)

2. Land clear-sky brightness modeling

Land surfaces also exhibit anisotropic reflectance
characteristics. It is not possible to develop a single
representative bidirectional reflectance model for land
directly from the GOES data since a very limited
range of angles is covered. The absolute directional
reflectances also may vary considerably from region
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FIG. Al. Visible directional reflectance models.
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to region, and the satellite zenith angle is fixed for a
given region seen by the GOES. Therefore, the implicit
assumption of surface similarity used for the derivation
of the ocean model is not applicable to land.

A model having the form

Dy(¢, N\) = ap + a; cos{ + a; cosy sin{

+ a3 cos’y sin{  (AS) .

(Tarpley, 1979) was employed to estimate the clear-
sky brightness D, over a given land region centered
at latitude ¢ and longitude A. The coefficients ay, a1,
a, and a3 were found through multiple regression on
a set of minimum brightness measurements for each
region using the process described below.

A VIS count histogram was constructed for each
region which appeared to be nearly cloud free during
several days at the beginning, middle and end of the
month. The minimum brightness Dp,;, was determined
from each histogram in the following manner:

k nj k
Duin = (X 2 DY n)'2,
J

=1 i=1 j=1

where D; is the ith measurement in the jth percentile
and #; is the number of measurements in one percen-
tile. The above equation is satisfied when k > 25 and
the standard deviation of the extracted data or the
‘range of counts exceeds a set of thresholds, or, when
k = 100. For fairly uniform regions, a range, AD, of
8 counts and a standard deviation of op = 1.6 were
allowed. In less homogeneous areas containing a
variety of surface features, such as deserts and vege-
tated mountains, AD = 10 and op = 3.2. No data
for { > 85° were used. Only that portion of the
region classified as land was observed for the mixed
land~-water regions. Since it is unlikely. that all of the
land regions in this study, especially in tropical areas,
were completely cloud free for an entire day, it was
occasionally necessary to use data from less than
100% of the region.

3. Clear-sky température modeling

Clear-sky temperature 7, values are needed at
times (e.g., at night) when no clear-radiance temper-
-ature can be measured. The model developed here to
estimate 7, during these time periods depends on the
clear-radiance temperatures measured during the day.

Monthly mean, hourly, bispectral, clear-radiance
temperatures defined as

n(t)
Ty(t) = TBB{ . BBIT,(t)i}/n(1)},

i=1

where 7 is the number of measurements at hour ¢,
were first examined to determine any general trends,
Maximum and minimum values of 7,(z) were com-
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puted for each region. The differences between these
two values provides a rough estimate of the regional
diurnal variation of 7. In ocean regions, this variation
is typically less than 1.0 K, while in land areas the
average daily change in 7 may be as high as 30 K.
The time ty,,x when the maximum value of Ti(¢)
occurred was also determined for each region. These
results, given in Table Al, indicate that, on the
average, T, reaches a maximum shortly after local
noon for all surface types. The relatively high variance
in tnax for oceanic regions is probably due to the low
variation in T(f) and the inclusion of sunglint-
affected values. The relatively small lag in the maxi-
mum clear-sky temperature with the maximum in-
solation indicates that, in many cases, the radiating
surfaces (vegetation, soil, etc.) respond almost im-
mediately to solar input. For this study, the slight lag
of £.,ax With respect to noon is assumed to be negligible,
and the day is divided at noon for modeling purposes.

Clear-sky temperature over land and mixed regions
is modeled in three segments (morning, afternoon
and night) for each day. The basic approach for

" estimating T utilizes the available clear-radiance data.

Values of T,(f) found in the morning from bispectral
data are used to estimate 7(7) for missing hours in
the morning in addition to the sunrise temperature
T,,. Similarly, bispectrally-derived, afternoon values
of T(r) are employed to predict missing afternoon
temperatures and T, the sunset temperature. Esti-
mates of T and of T, for the following morning are
then utilized in a simple linear model to predict
surface temperatures during the night.

The prediction models were derived from a selected
set of hourly infrared measurements for 14 regions
representing several climate regimes. The mean tem-
perature,

Tw) = TBB{é BB(T;)/n},

i=1

where n is the total number of pixels in the region,
was determined for each region. Clear-radiance tem-
peratures and cloud amounts were also estimated for
each hour and region having bispectral data. The
bispectral results were then filtered to determine
which nights were most likely to be cloud free for a
given region. This was accomplished by ensuring that

TABLE Al. Average local time for maximum mean surface
(clear-sky) temperature from GOES-East for November 1978.

) Average time Standard ’
Surface of maximum T deviation Number of
type (LT) (h) regions
Ocean 124 2.5 983
Land 124 - 0.8 346
Mixed 12.5 2.1 175
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the last cloud cover estimate on a given day and the
first cloud estimate on the following day were both
less than 10%. If the bispectral data passed this test,
and the corresponding unispectral data showed no
extreme fluctuations, it was assumed that the inter-
vening night was essentially clear. An example of
these data is given in Fig. A2 with the corresponding
clear-radiance measurements. Unequal values of 7
and T indicate the presence of clouds. Differences
between T and T were substantial when cloud cover
exceeded 10%. When cloud amount was less_than
10%, the average difference between T and T was
1.2 K with a standard deviation of 1.7 K. Thus, T is
a biased estimate of T for this selected control data
set. To test the model it was assumed that 7 = T
during times when only unispectral data were avail-
able. The resultant values of T'(f) were compared to
the corresponding values of 7(f) to determine which
models produced the most precise results.

It was found that the missing daytime clear-sky
temperatures and 7, and T, could usually be deter-
mined with a segment of a cosine function,

T(¢) = To + AT coskwAt, (A6)

where w = w/2H, H is the half-day length in hours,
At = |12 — ], t is the local time in hours, and k has
a value of 1 or 2. In application, the two coefficients
Ty and AT are found through regression using the
clear-radiance temperatures measured for the given
time period. Regression analysis is then performed
for both values of k, and the model having the higher
correlation coefficient is used. Separate sets of model
coefficients are determined for morning and afternoon
because of differences in heating rates for the two
time periods.

For nocturnal surface temperatures, it was found
that the model

T(®) = bo + by(A1), (A7)

<
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FIG. A3. As in Fig. A2 but for measured and modeled temperatures.

where At = t — [, yielded the most precise results.
The T and T, found with (A7) were used to derive
the coefficients by and b;. When T, exceeds T,
simple linear interpolation is used instead of (A7).
The combined daytime and nighttime models pro-
duced values of T'(¢) which differed from 71(¢) by 1.3
K on the average with a standard deviation of 2.3 K.
Removal of the bias found in the “control” data set
[daytime 77¢)] yielded a mean error of 0.1 K for T7.
This modeling is illustrated in Fig. A3. The largest
differences here, 1.0 to 1.6 K, occur near sunrise.
Cooling rates at night are quite similar for both
curves. Overcast conditions, missing data and erro-
neous data may sometimes preclude the use of (A6)
and (A7) over land regions. In all of these cases,
simple linear interpolation and extrapolation between
clear-radiance measurements are used to find 77%(2).

Before any values of T%(f) are determined with
either approach, all clear-radiance data are filtered to
remove any gross cloud contamination. Since the
visible sensor “sees” only 1/64 of the area viewed by
the infrared sensor, it may look at a clear portion of
an otherwise cloudy 8 km X 8 km pixel. Therefore,
the values of T, taken from such observations may
be more representative of cloudy rather than clear
conditions. A similar result may occur when a cloudy
pixel is shadowed by a higher or taller neighboring
cloud. Thin cirrus clouds may also cause a lower
estimate of 7, when their reflectance in the visible
spectrum is negligible (Liou, 1974). Removal of all
such occurrences in the data is virtually impossible.
The more extreme errors may be eliminated with
some simple filters.

The first filter removes all temperatures which are
less than a limiting minimum 7T,,;,, which is depen-
dent on surface, location and season. A daytime limit
of 260 K was used for areas in the United States.
This value was based on air temperature data from
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TABLE A2, Constraints on clear-radlancc-denved values of surface
temperature used to eliminate suspect data for GOES-East, November
1978.

"JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

Trnin (AT/At)mn ATl ATd
Area (K) (Kh™" (K) (K)
United States 260 8.0 - 3.0 30.0
Oceans 273 1.5 0.7 3.0
Central and
South America 265 12.0 1.0 45.0
Mixed 265 12.0 3.0 25.0

monthly summaries of local climatological data. While
there were times when values less than 260 K did
occur, they were infrequent and, in many cases,
coincident with snow cover and overcast conditions.
A value of 273 K was used for ocean areas. In Central
and South America, Ty, was set to 265 K in order
to account for colder mountainous areas.

The second cloud-filtering procedure examines the
hourly rate of change in: T(¢). A set of values, (AT;/
At)max, dependent on surface type and location, is
established to limit AT,/Az. These are listed in Table
A2. They were derived from the monthly means 7(f)
and will also vary with season. If the difference
between temporally adjacent values of 7, exceeds
(AT;/ADmax, the lower value is eliminated. The third
cloud filter examines daily trends and checks for
unlikely discontinuities in the daily clear-sky temper-
ature curve. In this process, it is assumed that the
first, final and maximum clear-sky temperatures mea-
sured in a given day are not contaminated. Between
To(t;) and T(fmax), Ts(?) is not allowed to decrease
from one hour to the next by more than a specified
amount AT,, shown in Table A2.

One final limit, AT, was used to constrain the
predicted diurnal range of T since estimates based
on only two or three measurements may occasionally
yield unrealistic values. When this limit is exceeded,
the value of T, or T is set to the nearest measured
value. Linear interpolation is used instead of (A6)
whenever Ty > T(12) or Ty > T¢(12), and instead
of (A7) when T, < T,. This processing scheme
changed or eliminated only 5% of the original clear-
radiance estimates.
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