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ABSTRACT

Inhomogeneous distributions of liquid water like those observed in real clouds generally reflect less solar
radiation than idealized uniform distributions assumed in plane-parallel theory. Here the authors determine cloud
reflectivity and the associated plane-parallel albedo bias from distributions of liquid water path derived from 28
days of microwave radiometer measurements obtained on Porto Santo Island in the Madeiras during June 1992
as part of the Atlantic Stratocumulus Transition Experiment (ASTEX). The distributions are determined for
each hour of the day, both for composites of the full set of 28 days and for a subset of 8 days having a high
fraction of relatively thick cloud. Both sets are compared with results obtained from California stratocumulus
during FIRE [First ISCCP (Intemational Satellite Cloud Climatology Project) Regional Experiment].

In FIRE the albedo bias was dominated by the variability of the cloud optical depth, as measured by a fractal
parameter, 0 < f < 1, while the ASTEX results are more complex. Mean cloud fraction above a 10 g m™?
threshold is about 50% in the 28-day set, compared to 76% in the 8-day subset and 82% in FIRE. Cloud fraction
is sensitive to the threshold for the 28 ASTEX days, probably due to a large fraction of thin cloud below the
threshold, but this is not the case for the 8-day subset or for FIRE. Clear fractions during ASTEX are generally
of shorter duration than those in FIRE, as are those in the 8-day subset. The diurnal mean fractal parameter is
about 0.6 in ASTEX compared to 0.5 in FIRE, while the 8-day subset has nearly the same mean but a wider
range. The diurnal cycle in cloud albedo and albedo bias is computed from the cloud parameters for both sets,
assuming zero clear-sky albedo. The total absolute albedo bias rises to values above 0.3 at sunrise and sunset,
but since there is little incident energy at that time, the reflected flux is more affected by the midday bias. The
total albedo bias has a 1000 LST maximum of about 0.3, largely due to a cloud fraction contribution of 0.2,
absent in FIRE because in that case cloud fraction remains near 100% until after 1000 LST. The albedo bias
has a second maximum of about 0.2 at noon, again mainly from cloud fraction, and then drops to a minimum
of about 0.1 at 1400 LST, when cloud fraction and fractal structure contribute about equally. Finally, a third
maximum due to cloud fraction occurs at 1600 LST.

In the 8-day subset, the 1000 LST maximum becomes dominated by the fractal structure, since the cloud
fraction remains near 100% until 1000 LST, as in FIRE. The noon maximum receives roughly equal contribu-
tions, while the 1400 LST minimum bias is mainly due to fractal structure. Finally, the 1600 LST maximum
and the evening limb bias are similar to those of the full 28-day set. These results show that cloud fractal and
radiative properties can vary considerably from one site and time to another, and at different times within the
same site, as meteorological conditions change.
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1. Introduction

Computations based on observations of California
stratocumulus during FIRE {First ISCCP (International
Satellite Cloud Climatology Project) Regional Exper-
iment] have shown that stratocumulus have significant
fractal structure and that this ‘‘within-cloud’’ structure

* Additional affiliation: Hughes-STX, Lanham, Maryland.

Corresponding author address: Dr. Robert F. Cahalan, Code 913,
Laboratory for Atmospheres, Goddard Space Flight Center, Green-
belt, MD 20771.

can have a greater impact on average albedo than cloud
fraction (Cahalan and Snider 1989; Cahalan 1994; Ca-
halan et al. 1994a; Cahalan et al. 1994b). These studies
distribute the cloud liquid by a ‘‘bounded cascade,’’ in
which a fraction 0 < f*c" < 1 of liquid water is trans-
ferred at cascade step n and the parameters ¢ and fare
adjusted to fit the scaling exponent of the power spec-
trum of liquid water path W and the standard deviation
of log(W), respectively. [Scaling properties of this
model were discussed by Marshak et al. (1994).] The
bias in plane-parallel albedo estimates was determined
from the model as an analytic function of ¢ and f, as
well as the cloud fraction A., mean vertical cloud op-
tical thickness 7,, and sun angle 6,. For values typical
of the diurnal mean in FIRE (¢ ~ 0.8, f =~ 0.5,
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A~ 0.8, 7, =~ 15, and 6, ~ 60°) the absolute bias was
found to be about 0.09, or 15% of the plane-parallel
albedo of 0.69. A surprising result of the FIRE study
was that the largest bias occurs in the morning when
A, =~ 1, so that the bias is dominated by the within-
cloud fractal structure.

The purpose of this paper is to study the plane-par-
allel albedo bias as a function of time of day during the
Atlantic Stratocumulus Transition Experiment (AS-
TEX) in the Azores—Madeira Island region during
June 1992. Like the FIRE region over the subtropical
Pacific off California, the ASTEX region is usually
controlled by a subtropical inversion in summer, the
wind is generally northerly, and the clouds are mainly
a mixture of stratocumulus and fair weather cumulus.
However, the meteorology of the ASTEX region is
much more varied than that off California. Coastal Cal-
ifornia has influences such as the ‘‘Catalina Eddy,”’ but
away from the coast in summer the northerly wind is
relatively persistent, and the cloud climatology consists
primarily of a high fraction of marine stratocumulus.
By contrast, the ASTEX region in summer experiences
frequent incursions of midlatitude or tropical distur-
bances, which produce clouds having significant ver-
tical development, sometimes with overlying cirrus, so
that the relatively simple boundary layer structure is
replaced by multilayer structures sometimes extending
to the tropopause. As a result, the distributions of cloud
liquid water and the resulting cloud radiative properties
are quite different in ASTEX than in FIRE, as we shall
see. In particular, we show that while mean cloud liquid
water and optical thickness in ASTEX are similar to
that in FIRE, there is wider variability due to a greater
percentage of both thicker and thinner cloud. The cloud
fraction is also much lower, and the albedo bias in
ASTEX is more strongly influenced by cloud fraction,
although the within-cloud fractal structure also makes
a significant contribution, especially on days having a
high fraction of relatively thick cloud.

The results presented here reinforce earlier studies
showing that cloud fraction alone is insufficient to pa-
rameterize dependence of the large-scale albedo and
other radiative properties on subgrid-scale cloud struc-
ture (e.g., McKee and Cox 1974; Welch and Wielicki
19885; Stephens et al. 1991; Wielicki and Parker 1992).
Cloud fraction is not only difficult to define because of
the complex geometrical structure of clouds (Schertzer
and Lovejoy 1987; Cahalan 1989; Cahalan and Joseph
1989; Coakley 1991), it also gives no information on
cloud shape or internal variability. Even when shape is
not an important factor, as with extensive stratocumu-
lus decks, a minimal additional cloud parameter is
some measure of the width of the probability distribu-
tion of liquid water (e.g., Lin and Rossow 1994 ) or of
optical thickness (e.g., Pincus 1994), such as the vari-
ance of log(W), or equivalently the bounded cascade
parameter f (Cahalan and Wiscombe 1993; Cahalan
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1994). The present study shows that mesoscale-aver-
age albedo in ASTEX is sensitive to both A, and f.

The current study focuses on the continuous time
observations made by the National Oceanic and At-
mospheric Administration (NOAA) microwave radi-
ometer on Porto Santo Island. Porto Santo Island
(33.1°N, 16.3°W) is in the Madeira Island region. This
is about 900 km southeast of the Azores and 500 km
north of the Canary Islands. Variations in W inferred
by these observations are caused both by the advection
of cloud spatial structures across the observing site and
by the temporal evolution of these cloud fields. This
Eulerian view is complemented by the ASTEX La-
grangian experiments that attempt to isolate the tem-
poral evolution (see, e.g., Bretherton and Pincus 1995;
Bretherton et al. 1995a), as well as by ASTEX satellite
studies that clarify the synoptic situation (e.g., Breth-
erton et al. 1995b).

The outline of the paper is as follows. Section 2 de-
scribes the microwave radiometer data, the separation
of the data into ‘‘clear’’ and ‘‘cloudy’’ segments, and
the identification of an 8-day subset of mainly strato-
cumulus clouds. Section 3 describes the diurnal cycle
in the various cloud parameters derived from the
ASTEX microwave dataset and from the 8-day subset.
Section 4 discusses the diurnal cycle in cloud reflectiv-
ity, in the plane-parallel albedo bias during ASTEX,
and during the 8-day subset, and compares these to the
same quantities found previously in FIRE. Finally, sec-
tion 5 summarizes the results and discusses their im-
plications.

2. Data

Measurements from Porto Santo were taken at 10 Hz
and averaged over 30-s intervals by the NOAA up-
ward-looking three-channel microwave radiometer
during 1-28 June 1992. The microwave channels at
20.6 and 31.65 GHz are used to estimate the cloud lig-
uid water path. The accuracy of these estimates has
been discussed by Snider (1988) and Albrecht et al.
(1990) in relation to measurements of primarily stra-
tocumulus cloud during FIRE, and the instrument itself
is described in Hogg et al. (1983). A precipitation flag
is provided with the data to indicate occasions when
the antenna reflector is wet due to rain or condensation
and therefore may not be representative of nonprecip-
itating cloud. More than 78 000 observations were
made during the 28-day period, and fewer than 700
(0.9%) were discarded due to precipitation. While the
noise level for a single measurement is around 20 g
m™2, grouping the data for the histogram analysis dis-
cussed later reduces this uncertainty by the square root
of the number of observations in each bin.

To perform an analysis of the ASTEX data, it was
necessary to define a threshold level to separate the data
into clear and cloudy regions. To maintain consistency
with the FIRE study, the same assumption was made
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to establish the cloud—clear threshold at 10 g m™2; val-

ues below this level are considered ‘‘cloud free.”’
Hourly cloud fractions for all 28 days were determined;
a histogram of this result is displayed in Fig. 1a. A wide
distribution of hourly cloud fractions exist, indicative
of the more complex atmospheric conditions of the AS-
TEX region including vertically developed cumulus
and cirrus cloud. The mean cloud fraction for the entire
set of data is 50%. To examine the sensitivity of cloud
fraction to threshold specification, the same calcula-
tions were performed with a lower threshold of 6
g m~2. For this decreased threshold, mean cloud frac-
tion for the 28 days rose to 58%. This is a substantial
increase for such a small shift in threshold and is related
to the existence of numerous small liquid water
amounts.

To isolate those days within the 28-day ASTEX
study that appeared to be similarly insensitive to the
threshold, as in the FIRE cases, a criterion of *‘thresh-
old insensitivity’” was established to identify appropri-
ate days. The criterion is that the cloud fraction in-
creases by less than 8% as the threshold is lowered
from 10 to 6 g m™?. This criterion is important because
it serves to eliminate from consideration those days
where the exact placement of the threshold has an im-
pact on the determination of key parameters as large as
it does when all 28 days are considered. The 8 accepted
days by this criterion are 1, 12, 13, 17, 18, 21, 22, and
24 June. As one might expect, these days tend to have
thicker clouds and larger cloud fractions. Specifically,
on the threshold-insensitive days 1) clouds are thicker,
so that log(W) > 1.5, and 2) cloud fraction exceeds

- the mean, so that A, = 50%. Four other days also sat-
isfied these two conditions but failed the threshold in-
sensitivity criterion. Over 22 000 observations (29% of
the 28 day total) are included in the 8-day subset. Using
the 10 g m™2 threshold throughout, histograms of
hourly cloud fraction for this 8-day subset are displayed
in Fig. 1b and hourly cloud fractions for the 18 days of
the FIRE-I campaign are shown in Fig. 1c. It is readily
apparent that the 8-day subset of hourly cloud fractions
more closely resembles the FIRE case than the 28-day
ASTEX set, with a greater percentage of hours having
the largest cloud fractions and decreased percentages
of both zero and intermediate cloud fraction values.

The contrast between the three groups of data is
clearly defined in Fig. 2, which displays the cumulative
distribution of the duration in minutes of series of con-
secutive cloud-free observations. (Note that this is not
merely a cumulative distribution of hourly clear frac-

- tion, which is computable from Fig. 1; it is a cumulative
distribution of the durations of clear intervals.) The
solid lines are from the 28-day ASTEX set, the dashed
lines are from the 8-day subset, and the dotted lines are
from the 18 days of FIRE. Two normalizations are
shown for each line: the upper three curves are nor-
malized by the total duration of all clear observations,
so that each reaches a maximum of 100% at the largest
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Fic. 1. Histogram of hourly cloud fractions derived from micro-
wave radiometer measurements in (a) the June 1992 ASTEX obser-
vations on Porto Santo in the Azores; (b) the 8-day ASTEX subset
defined in the text; and (c) the July 1987 FIRE observations on San
Nicolas Island. In all cases, cloud fraction is defined to be the fraction
of time the liquid water path exceeds 10 g m™>. To facilitate com-
parison of the three cases, the counts in each bin have been multiplied
by 100/N, with N the total number of counts, so that each bin gives
the percentage of total counts.
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Cumulative Clear Fraction vs Duration
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F1G. 2. Cumulative distribution of the duration in minutes of series
of consecutive cloud-free observations. The same 10 g m™ threshold
is used as in Fig. I. The solid lines are from the 28 days of ASTEX;
the dashed lines are from the 8-day subset discussed in the text; and
the dotted lines are from the 18 days of FIRE. Two normalizations
are shown for each line. The upper three curves are normalized by
the total duration of all clear observations, so that each reaches a
maximum of 100% at the largest observed duration. The lower three
curves are normalized by the total duration of all observations and
thus reach a maximum equal to the overall clear fraction, which is

50% for ASTEX, 24% for the 8-day subset, and 18% for FIRE.

observed duration. The lower three curves are normal-
ized by the total duration of all observations and thus
reach a maximum equal to the overall clear fraction
values of 50% for ASTEX, 24% for the 8-day subset,
and 18% for FIRE. The ‘‘clear’’ regions over Porto
Santo were generally of much shorter duration than in
FIRE, with 50% lasting less than 40 min. In compari-
son, only 37% of the cumulative clear fraction in FIRE
is of 40-min duration or less. This distinction in gap
distribution may be directly related to differences in
cloud type with more temporally variant vertically de-
veloped cumulus in the ASTEX region compared with
the more horizontally extensive cloud cover of a coastal
Californian stratocumulus regime.

3. Cloud parameters

To determine the cloud parameters needed to esti-
mate the cloud reflectivity, we need to compute the
mean and variance of the logarithm of the cloud liquid
water path, as discussed in Cahalan et al. (1994a). We
illustrate this first for the distribution of liquid water
path from all 30-s average microwave measurements
made during ASTEX, and then for the 8-day subset.
Although there is cloud structure not resolved by the
30-s averaging time, studies in California stratocumu-
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lus observed in FIRE-I (e.g., Cahalan and Snider 1989)
show that there is much less variability at the higher
frequencies, which thus should not strongly affect
cloud parameters determined from the low-order mo-
ments of the one-point distributions. However, we shall
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FiG. 3. Histograms of liquid water path W for (a) ASTEX, (b) the
8-day subset described in the text, and (c) FIRE. Only values ex-
ceeding 10 g m~? are included. To provide a common normalization,
each histogram bin was multiplied by 1/Ndx, with N the total number
of counts above the threshold, and dx the bin width, so that the result
integrates to unity, like a probability density. The listed u and o are
the mean and standard deviation of the binned values. The standard
deviation o determines the fractal parameter f. The smooth curves
are lognormal, with parameters determined as discussed in the text.
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see that these parameters are likely to be affected by
the high frequency of thin cloudiness, observed in
ASTEX down to the detectability threshold of the mi-
crowave radiometer, but not in FIRE-I.

Figure 3a shows a histogram of log(W) for all
ASTEX measurements for which W = 10 g m™2, the
threshold value discussed in the preceeding section.
These values of log (W) have a mean of u = 1.75 and
a standard deviation of o = 0.5 [which corresponds to
fractal parameter f = 0.62, as discussed in Cahalan
(1994¢)]. A lognormal having the same values of y
and o and the same fraction above threshold is shown
by the dashed curve in Fig. 3a. This fits the tail of the
observed distribution above 150 g m~? quite well but
badly misses the observed peak at the low end, result-
ing in a large total squared error, or x 2, exceeding 4500
for the 28 bins.

The histogram in Fig. 3a shows a large probability
near the cloud threshold, suggesting the existence of a
large fraction of cloudiness below the threshold, which
may greatly impact any estimates of cloud parameters.
To quantify the impact of subthreshold cloudiness on
cloud parameters requires that the probability distri-
bution be extrapolated below the threshold. Since the
dashed curve is sensitive only to the mean and variance,
not the shape of the distribution, it is unlikely to provide
a good extrapolation. The solid curve is a lognormal fit
to the histogram in which g, o and the norm are freely
varied so as to minimize y 2, which is thus reduced to
less than 2000. This fit does better than the dashed
curve at the low end, although it underestimates the
fraction of thicker cloud. The important point is that
the estimated mean of the fit, u = 1.49, is much smaller
than the mean of the data, while the estimated standard
deviation of the fit, o = 0.67 (which corresponds to f
= (.79), is much larger.

Despite the inaccuracy of the least squares fit, let us
nevertheless imagine for a moment that the solid curve
is the true distribution of log(W), in order to determine
the accuracy of the estimated cloud fraction. The frac-
tion of the curve’s area above the 10 g m™ threshold
computed from the cumulative distribution is about
0.765, and this must correspond to the observed 50%
of the data exceeding the threshold, so that the true
cloud fraction A.(true) must satisfy 0.765 A (true)
~ 50% or A .(true) =~ 65%. In other words, the portion
of thin cloud below the threshold accounts for an ad-
ditional 15% cloud fraction, not included in the 50%
cloud fraction detectable by the radiometer. This can
be roughly verified by lowering the threshold to 6
g m~2. In that case, 0.85 of the curve’s area and 58%
of the data exceed the threshold, so that 0.85 A (true)
=~ 58% or A.(true) =~ 68%; in other words, 10% of the
cloud fraction is subthreshold. Of course, the true dis-
tribution is unknown and not likely to be a simple log-
normal. However, this exercise clearly indicates the ex-
tent to which the simple threshold estimate of ‘‘cloud
fraction’” may underestimate the true cloud fraction
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when one includes the days in ASTEX having very thin
cloud.

Figure 3b shows the same distribution and fits as in
Fig. 3a but now restricted to the 8 “‘thick cloud’’ days,
determined as discussed in the preceding section. In
this case the dashed curve having the same values of p
= 1.9 and ¢ = 0.46 as the data has x* = 856, while
the solid curve has nearly identical values of y = 1.87
and o = 0.51 but slightly reduced x> = 627. If the solid
curve is the true distribution, we find 0.955 A.(true)
=~ 76%, so that A.(true) =~ 80%. Thus, the threshold
approach underestimates the cloud fraction by only 4%,
due to the small fraction of cloud that is thinner than
the threshold. The decreased threshold sensitivity in-
dicates that the estimates of cloud parameters for the 8
thick cloud days are more trustworthy than those for
the full 28 days.

The 1987 FIRE observations had a smaller fraction
of thin cloud, as shown in Fig. 3c. In this case the
dashed curve has mean and standard deviation ;. = 1.8
and o = 0.39, as does the data, and x2 = 1045, while
the solid curve has nearly identical values of u = 1.78
and ¢ = 0.40, and slightly reduced x> = 956. If the
solid curve is the true distribution, then 0.975 A (true)
~ 82%, so that A.(true) =~ 84%, and the threshold
approach underestimates the cloud fraction by only 2%.
Thus, the cloud parameters estimated from 18 days in
FIRE, discussed in Cahalan et al. (1994a), are less sen-
sitive to the threshold than the ASTEX results dis-
cussed here.

Observations made during a given hour of the day
may be composited over all 28 days, or over the 8-day
thick cloud subset, thus producing a histogram-like
those in Fig. 3 for each hour of the day. This averages
out interdiurnal variations such as those discussed by
Gollmer et al. (1995). The histogram for each hour
may be characterized by 1) the cloud fraction or frac-
tion of values above the W = 10 g m™* threshold, 2)
the mean p = log(W), and 3) the variance o’
= (log(W) — p)?. As discussed in Cahalan et al.
(1994a), o determines the fractal parameter f for a
cascade having a probability distribution that is log-
normal-like near the mean but vanishes outside a finite
range. The cascade also produces a power-law wave-
number spectrum, as observed in FIRE (Cahalan and
Snider 1989). The parameters f and u then determine
the mean of W, which is related to the mean vertical
optical thickness via 7, = 0.15 W, assuming a uniform
value of effective droplet radius given by r. = 10 ym.
[For discussion of variations in r.;, see Fairall et al.
(1990) and Nakajima et al. (1991). The same uniform
value is assumed in Cahalan et al. (1994a) and Lin and
Rossow (1994).]

The four panels in Fig. 4 show cloud parameters de-
termined from the hourly histograms of W during
ASTEX and may be compared with previous results
from FIRE, given by Cahalan et al. (1994a, Figs. 8a—
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FiG. 4. Diurnal variations in (a) mean vertical cloud optical thick-
ness (0.15 times cloud liquid water path W); (b) solar zenith angle
(for Porto Santo Island in June); (c¢) stratocumulus cloud fraction
(from fraction with W > 10 g m™?); and (d) fractal parameter [ from
Stdev(logW)]. The solid lines in (a), (c), and (d) are determined by
compositing histograms of W for each hour of the day during the 28-
day period of ASTEX, while the dashed lines are from composites
of the 8-day ASTEX subset described in the text. The same quantities
for FIRE are given in Fig. 8 of Cahalan et al. (1994a).

d). Figure 4a shows the values of 7, as a function of
local time (LST) for both the full 28 days of ASTEX
(solid line ) and for the 8-day subset (dashed line). The
mean thickness of the 28-day solid line decreases from
23 at 1000 LST to 9 at 1800 LST, and the diurnal mean
thickness is 7, = 16. These results are similar to the
previous FIRE results using the same threshold, which
decreased from 24 at sunrise to 6 at 1700 LST, with a
diurnal mean of 7, = 14. If the threshold is lowered to
6 g m~2in ASTEX, the maximum and minimum thick-
nesses decrease slightly, to 20 and 8, respectively, and
the di-~~al mean decreases to the same as that in FIRE,
T, = 14.

The 8-day dashed line in Fig. 4a shows a dramatic
rise from a minimum of 11 at 1800 LST to 42 at 2300
LST, with a diurnal mean of 7, = 21. The large 2300
LST values suggest that there may have been precipi-
tation events that were not flagged, because the water
drops did not reach the surface. Some of the rapid vari-
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ations here are probably also due to the limited 8-day
sample.

Figure 4b shows the diurnal variation in the solar
zenith angle at the location of the microwave radiom-
eter on Porto Santo Island. It reaches a minimum of
approximately 12° just after local noon and is similar
to the variation during FIRE.

Figure 4c gives the diurnal variation in cloud frac-
tion, with the 28-day solid line decreasing from 68%
near sunrise to 37% in late afternoon, with a mean of
51%. Again, we emphasize that the 28-day cloud frac-
tions would be much larger with a lower threshold. The
8-day dashed line in Fig. 4c decreases from 100% be-
fore sunrise to 42% at 2300 LST, and has a mean of
76%. By contrast, in FIRE, cloud fractions remained
near 100% until 1100 LST, then fell to a minimum of
57% at 1600 LST, rose again in the evening, and av-
eraged 82%. The fact that cloud fractions at sunrise and
sunset are smaller in ASTEX than in FIRE has a sig-
nificant impact on the albedo bias, as seen in the next
section.

Finally, Fig. 4d shows the fractal parameter, which
generally fluctuates in phase with the mean thickness
and has a diurnal mean value of f = 0.62 for the 28
days, corresponding to ¢ = 0.5. The 8-day subset has
a wider range, f = 0.44 to 0.71, but a similar diurnal
mean, f= 0.57, corresponding to o = 0.45. The largest
fractal parameter observed in FIRE was about equal to
the daily mean in ASTEX, f = 0.6, but in FIRE this
was reached only at about 0600 LST. A positive cor-
relation between 7, and fwas observed earlier in FIRE,
though no simple proportionality appears to hold.

4. Plane-parailel albedo bias

The cloud albedo as a function of local time may be
estimated from the cloud parameters given in Figs. 4a—
d, using the independent pixel approximation (Cahalan
et al. 1994a). This simply involves integrating over a
distribution of cloud optical depths and assumes that
net horizontal photon transport may be neglected when
computing average flux over the mesoscale, which has
been verified for bounded cascades (Cahalan et al.
1994b). The resulting cloud albedos for ASTEX, the
8-day subset, and FIRE are shown in Fig. 5a. Multi-
plying the cloud albedo by the cosine of the solar zenith
angle gives the cloud reflected flux in units of the solar
beam intensity (Fig. 5b). The average cloud albedos
are uniformly larger by 0.05 or more for the 8-day sub-
set than for the full 28 days. This albedo difference is
largest at 0800 and 1600 LST when the thickness dif-
ference in Fig. 4a is largest. Cloud thickness during
FIRE has about the same mean as the 28 days of
ASTEX and thus nearly the same cloud albedo, though
the greater cloud fraction in FIRE implies larger meso-
scale average albedo when clear sKy is included in the
average.

While the cloud albedo itself (Fig. 5a) depends
mainly on the values of mean cloud optical thickness
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Diurnal Variation of Cloud Albedo
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FiG. 5. (a) Diurnal cycle of cloud albedo computed by the inde-
pendent pixel approximation for ASTEX and the 8-day ASTEX sub-
set discussed in the text, with the parameters from Fig. 4, and also
for FIRE, with the parameters given in Fig. 8 of Cahalan et al.
(1994a). (b) The diurnal cycle of the reflected flux in units of the
solar beam intensity, or equivalently cosine of the solar zenith angle
times the cloud albedo, computed as in (a) for ASTEX, the 8-day
ASTEX subset, and FIRE.

and solar zenith angle given in Figs. 4a,b, corrections
to the albedo associated with inhomogeneity, the al-
bedo biases, depend primarily on the cloud fraction and
fractal parameter given in Figs. 4c,d. The total albedo
bias is defined as follows: the albedo of the average
optical thickness, the average being taken over both
clear and cloudy regions, minus the average of the al-
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bedos, including both the clear-sky albedo and the
probability distribution of cloud albedo.

Current practice is to approximate the average of the
albedos by the sum of a single cloud albedo times the
cloud fraction plus a clear albedo times the clear frac-
tion. With this approximation, the total albedo bias re-
duces to a contribution depending only on cloud frac-
tion. It may be written in terms of the reflectance R as
a function of mean vertical cloud optical thickness 7,
as follows:

B(A.) = R(A.1,) — [A.R(7,) + (1 — A)R(0)],
(4.1)

where A, is the cloud fraction, R(0) is the clear-sky
reflectance, and the dependence of R on solar zenith
angle and microphysical parameters has been sup-
pressed. Note that the cloud is assumed to be thinner
by a factor A, in the first term. This is so that the mean
thickness for the uniform cloud is identical to the mean
over both clear and cloudy regions of the fractional
cloud case. This also implies identical total cloud liquid
water. The term B(A,) will be referred to as the “‘cloud
fraction bias.”” Although each of the two terms in Eq.
(4.1) depend upon 7,, the difference has only a weak
dependence, which has thus been suppressed. [ The in-
sensitivity of the bias to 7, occurs because the curvature
of R(log(7)) is small, as shown in Cahalan et al.
(1994a).]

. Real clouds, however, do not have a uniform cloud
albedo, and thus, there is an additional contribution to
the total albedo bias, which may be written as follows:

B(f) EAC[R(TU) —f R(T)P(T)dT] » (4.2)

0

where p(7) is the full probability distribution of cloud
optical thickness 7 normalized to integrate to unity.
Note that the distribution of optical thickness in the
clear sky is not included in p(7). Here p(7) will be
approximated by the histograms of W shown in Figs.
3a—c, assuming 7 = 0.15W. The term B(f) will be
referred to as the ‘‘fractal structure bias,”” and again its
weak dependence on 7, is suppressed.

The total albedo bias is the sum of B(A.) and B(f).
Note that both contributions represent biases in the
area-averaged albedo, not only the cloud albedo. In
particular, B(f ) here is averaged over the full area and
is thus weighted by the cloud fraction. Nevertheless, it
makes a significant contribution to the total, as will be
seen below. There may also be an additional contri-
bution from 3D radiative effects, which has been
termed the ‘‘independent pixel bias.”” However, this
tends to be small for area-average fluxes over strato-
cumulus clouds (Cahalan et al. 1994b).

The clear-sky albedo will be neglected in the follow-
ing so that

R(0) = 0. (4.3)
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This is a reasonable approximation over dark ocean
surfaces, as long as the solar zenith angle is not too
large. However, when the sun approaches the horizon,
the clear-sky albedo can become quite large, due not
only to surface reflection but also to haze and clouds
that are too small and/or too thin to be observed. As a
result, satellite threshold estimates of cloud fraction
more often misclassify clear pixels as cloudy near the
limb than near the zenith. Such methods estimate an
“‘effective cloud fraction’ that differs from the actual
fraction by a ‘‘limb bias’’ having a zenith angle de-
pendence resulting from the distribution of subresolu-
tion clouds and haze, etc. In contrast, here the cloud
fraction is known from the cloud liquid water distri-
bution, but the estimated albedo has a limb bias due to
inaccuracies in the assumed clear-sky albedo at large
angles. This can make a large contribution to the total
albedo bias if there is significant clear sky at sunrise
and sunset. However, since the incident solar flux is
approaching zero at sunrise and sunset, as seen in Fig.
5b, the large limb bias in albedo will be found to have
little impact on the bias in reflected flux.

The diurnal cycle of albedo bias for the 28 days of
ASTEX is shown in Fig. 6a, a plot of the total bias
(solid line), as well as the contributions from B(A,)
(dotted) and B(f) (dashed), versus local mean time
in hours. These may be compared with previous results
from FIRE, given by Cahalan et al. (1994a, Fig. 9). A
large limb bias is found at both sunrise and sunset,
when the total exceeds 0.3. This effect was seen only
at sunset in FIRE, since very little clear sky occurs in
FIRE until after 1000 LST. The total albedo bias for
ASTEX also has a 1000 LST maximum of about 0.3,
due mostly to a cloud fraction contribution of 0.2, also
absent in FIRE because of the large cloud fraction at
1000 LST. The total albedo bias for ASTEX has a sec-
ond maximum of about 0.2 at local noon, again mainly
from the cloud fraction contribution. The total then
drops to a minimum of about 0.1 at 1400 LST, when
cloud fraction and fractal structure contribute about
equally. Finally, a third maximum due to cloud fraction
occurs at 1600 LST. The fractal structure contribution
is slightly smaller in ASTEX than in FIRE, because the
lower values of A, more than offset the larger values
of f. Although still not negligible, the importance of the
within-cloud fractal structure is secondary to that of the
cloud fraction, when all 28 days of ASTEX are con-
sidered.

The total albedo bias in the 8-day subset is shown in
Fig. 6b and behaves quite differently than the 28-day
bias. The cloud fraction for the 8 days remains above
90% until after 1000 LST, as seen earlier in Fig. 4c,
and as a result, the bias at 1000 LST becomes domi-
nated by the fractal structure, as in FIRE. There remains
anoon maximum in the cloud fraction contribution, but
this now receives a roughly equal contribution from the
fractal structure. The 1400 LST minimum bias is
mainly due to fractal structure. Finally, the 1600 LST
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FiG. 6. (a) Diurnal cycle of absolute plane-parallel bias in area-
averaged albedo for ASTEX. (b) The 8-day ASTEX subset discussed
in the text, computed from the respective cloud parameters shown in
Fig. 4. The dotted curve is the contribution due to the cloud fraction,
using only plane-parallel computations, computed as in Eq. (4.1). The
dashed curve is the additional bias associated with the within-cloud
fractal structure, computed using the histograms in Fig. 3, as in Eq.
(4.2). The sum of the dotted and dashed curves equals the total plane-
paralle] albedo bias given by the solid curve. The same quantities for
FIRE are given in Fig. 9 of Cahalan et al. (1994a). Subtracting the
total albedo bias, as shown by the solid curves in (a) and (b), from
the plane-parallel albedo gives the area-averaged albedo, equal to the
cloud fraction times the cloud albedo shown in Fig. 5a (the solid and
dashed curves, respectively).



3010

maximum and the evening limb bias are mainly from
the cloud fraction, similar to those of the full 28-day
set. These contrasting results from ASTEX, the 8-day
subset, and FIRE show that cloud fractal and radiative
properties can vary considerably from one site and time
to another, and even within the same site, as meteoro-
logical conditions vary.

Multiplying the albedo bias in Figs. 6a,b by the co-
sine of the solar zenith angle gives the bias in the area-
averaged reflected flux. The resulting diurnal cycle in
the reflected flux bias for the full 28 days of ASTEX
is shown in Fig. 7a, and that for the 8-day subset is
shown in Fig. 7b. The limb bias in the albedo is now
suppressed, since there is little incident solar flux at
sunrise and sunset. The peaks that occur at 1000 LST,
noon, and 1600 LST in the albedo bias in Fig. 6a are
also the dominant features of the reflected flux bias in
Fig. 7a, and similarly the noon and 1600 LST peaks in
Fig. 6b dorninate the total reflected flux bias in Fig. 7b.
Just as in Fig. 6a, the main contribution in Fig. 7a
comes from the cloud fraction, although the fractal
structure contribution is not negligible. Just as in Fig.
6b, the two contributions to the flux bias in Fig. 7b are
comparable in the noon and 1600 LST peaks, while the
fractal structure dominates in the morning and at the
1400 LST minimum, and the cloud fraction dominates
in the evening.

5. Results and discussion

The main results of this study are summarized as
follows.

1) When cloud fraction is defined by a threshold of
W = 10 g m~2, identical to that used in a previous study
of FIRE data, the diurnal mean cloud fraction during
ASTEX equals 50%, while that of a selected 8-day sub-
set is 76%, compared to 82% during FIRE. Cloud frac-
tion is sensitive to the threshold for the 28 days but not
for the 8 days or for FIRE.

2) ““Clear’’ regions over Porto Santo were generally
of much shorter duration than in FIRE, with 50% last-
ing less than 40 min, with roughly the same distribution
seen during the 8-day subset, while 50% lasted longer
than 140 min in FIRE.

3) The diurnal mean W in ASTEX slightly exceeds
that observed in FIRE, 107 g m™ compared to 92
g m~2, but there is a larger percentage of both larger
and smaller values, resulting in a larger variance of
log(W), 0.50 compared to 0.39, but a smaller mean of
log(W), 1.75 compared to 1.80. The 8-day subset has
the same fraction of large values as the full 28 days,
but the fraction of small values is reduced to roughly
the same as in FIRE, resulting in a larger mean W, 140
g m 2, and a larger mean and variance of log(W), 1.9
and 0.46, than in FIRE.

4) The diurnal cycle in cloud fraction in ASTEX has
a morning peak of approximately 70% and falls to less
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Fic. 7. (a) Diurnal cycle of absolute plane-parallel bias in area-
averaged reflected flux for ASTEX. (b) The 8-day ASTEX subset
discussed in the text, computed by multiplying the zenith angle
shown in Fig. 4b by the respective albedo biases shown in Figs. 6a,b.
As in Fig. 6, the dotted curve is the contribution due to the cloud
fraction, while the dashed curve is the additional bias associated with
the within-cloud fractal structure, and the sum of the dotted and
dashed curves equals the total flux bias given by the solid curve.
Subtracting the total flux bias shown in (a) and (b) from the plane-
parallel flux gives the area-averaged refiected flux, equal to the cloud
fraction times the cloud reflected flux shown in Fig. 5b (the solid and
dashed curves, respectively).

than 40% in late afternoon. The morning peak in the
8-day subset is close to 100%, as in FIRE, but unlike
FIRE there is a local minimum of about 50% at local
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noon and an absolute minimum of 42% at 2300 LST,
much lower and later than the 57% minimum seen at
1600 LST in FIRE.

5) The diurnal cycle in the plane-parallel albedo
bias during ASTEX is more sensitive to the cloud frac-
tion than it is to the within-cloud fractal structure and
is dominated by the limb bias associated with the treat-
ment of the clear-sky albedo as the sun approaches the
horizon at sunrise and sunset. However, the flux bias
is quite small then, since there’s not much solar flux to
reflect at that time. Thus, the largest reflected flux bias
occurs in midday and has maxima at maxima of the
albedo bias. The diurnal cycle in the bias for the 8-day
subset is similar to that of FIRE except it has an addi-
tional noon peak in the cloud fraction contribution,
which raises the bias to 0.2, roughly twice the midday
peak observed during FIRE.

The ASTEX observations on which these estimates
are based were affected by the relatively high percent-
age of very thin cloud. Extrapolation of the LWP his-
togram using a lognormal fit suggests that 15% addi-
tional cloud fraction is below the threshold of detect-
ability of the microwave radiometer. Sensitivity of
cloud fraction to threshold is a common problem that
often arises due to the ubiquity of thin clouds and of
cloud structure not resolved by the observing instru-
ment. Here we have focused on the estimation of cloud
albedo, and find that the results for the full 28 days of
ASTEX, shown in Fig. 5a, are sensitive to cloud frac-
tion, especially as the sun approaches the horizon. Re-
moval of this limb bias will require careful treatment
of the so-called clear sky to include effects of haze and
thin cloud, as well as subresolution cumulus.

The threshold problem is less severe for the 8-day
subset and FIRE, which have relatively well-defined
cloud fractions. In the morning, when cloud fractions
approach 100%, the cloud albedo (Fig. 5b) and the
albedo bias (Fig. 6b) are nearly equal in the two cases.

However, the local minimum in cloud fraction that oc-.

curs at noon in ASTEX, and is most noticable for the
8-day subset, as seen in Fig. 4c, contributes a noontime
maximum to the albedo bias equal to the fractal struc-
ture contribution, as we have seen in Fig. 6b. Recall,
however, that these bias estimates are based on the in-
dependent pixel approximation, which neglects net hor-
izontal photon transport (Cahalan et al. 1994b). That
approach is most trustworthy when the cloud fluctua-
tions are separated by more than a photon mean free
path. This was justified in FIRE because of the steep
falloff of the power spectrum of cloud liquid water. The
shorter duration of the clear fractions in ASTEX sug-
gests that 3D radiative effects may be more important
here.

The sensitivity of the mesoscale albedo to the vari-
ance of log (W) shows that this quantity is as important
as cloud fraction in modeling the current climate and
can be more important in some situations. The fact that
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it exhibits significant diurnal variations in both FIRE
and ASTEX suggests that it may also play an important
role in climate change. Efforts are under way to allow
climate models to predict cloud liquid water in each
grid box (e.g., Sundqvist et al. 1989). Fractal models
have suggested parameterizations of both the variance
and resolution dependence of subgrid-scale liquid wa-
ter in marine stratocumulus, as determined by the pa-
rameters f and c in the bounded cascade model (e.g.,
Cahalan 1994c). These boundary layer clouds cover as
much as 25% of the earth’s surface (Hartmann et al.
1992) and are major contributors to cloud radiative
forcing (Ramanathan et al. 1989; Harrison et al. 1990).
More research is needed on the structure and variability
of clouds having significant vertical development (see,
e.g., Chertock and Fairall 1993). These are present on
many days of the ASTEX study. Compilation of a com-
plete climatology of cloud structure parameters, detail-
ing their diurnal, seasonal, and geographic dependence,
is an important task for the future (see, e.g., Lin and
Rossow 1994).
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