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ABSTRACT

Satellite measurements of liquid water path from SSM/I, broadband albedo from ERBE, and cloud char-
acteristics from ISCCP are used to study stratus regions. An average cloud liquid water path of 0.120 + 0.032
kg m™2 is derived by dividing the average liquid water path for stratus areas by the fractional area coverage of
cloud in the region. The diurnal range in this average cloud liquid water path is about 25%. Stratus cloud liquid
water is positively correlated with cloud amount and is negatively correlated with low cloud-top temperature.

Cloud liquid water path (LWP) and cloud albedo measurements are used to derive an effective droplet radius
using the plane-parailel cloud albedo model of Slingo. The 2.5° by 2.5° grid boxes are first screened for completely
overcast scenes in an attempt to justify the plane-parallel assumption. The mean effective droplet radius for
this sample is 10.1 + 4.4 um. This serves as an upper bound since small-scale LWP variability is estimated to
affect the average albedo by up to 0.07, corresponding to an overestimate in the derived droplet size of up to
almost 6 um. The authors find larger droplet sizes in the evening than in the morning, along with smaller LWPs
and lower albedos. No correlation is seen between effective radius and liquid water path, reinforcing the inde-
pendence of these two parameters. Small droplet sizes are only derived in conjunction with high albedos, but
this may simply reflect the effect of LWP inhomogeneity on the albedo and hence the derived droplet size.
Individual case studies both support the validity of the methodology given high spatial homogeneity and yet
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demonstrate the common occurrence of nonhomogeneous conditions within stratus regions.

1. Introduction

Stratus' clouds provide about 60% of the total global,
annually averaged net cloud radiative forcing, or about
15 W m™2 net cooling on the radiation balance at the
top of the atmosphere (Hartmann et al. 1992). This
is explained by the high albedo of stratus clouds relative
to the ocean surface and their warm emitting temper-
atures and their large (24%) global area coverage
(Warren et al. 1988). The potentially large impact on
climate of changes in stratus clouds has stimulated
much recent research. Some research has focused on
changes in cloud cover (e.g., Slingo 1990), although
changes in the reflectivity of the existing cloud cover
- from droplet size or liquid water path (LWP) changes
may prove to be of equal importance.

Several studies now point to such impacts from mi-
crophysical changes. Ship-track effluents, by affecting
both the mean droplet size and the total liquid water

' We use the word stratus as a shorthand notation to mean the
sum of stratus, stratocumulus, and fog.
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amount, provide one demonstrated mechanism for
changing cloud albedo (Coakley et al. 1987; Radke et
al. 1989). A more theoretical study has hypothesized
that increased production of dimethylsulfide (a main
source of cloud condensation nuclei (CCN) in clean
marine environments) by phytoplankton can lead to
a decreased mean particle radius in marine boundary-
layer clouds and thereby to increased cloud albedo,
given constant liquid water concentration and cloud
thickness (Charlson et al. 1987). A model demonstrat-
ing the possibility for two stable CCN regimes raises
the possibility that the current low-CCN marine regime
can shift to a high-CCN regime with its associated
higher albedo (Baker and Charlson 1990).

To allow for the modeling of such climate feedbacks,
climate modelers increasingly use cloud liquid water
as a predictor of cloud optical properties. These sim-
ulated liquid water contents, cloud albedos, and droplet
sizes then introduce new assumptions about droplet
size and liquid water spatial distribution into the mod-
els and the way these properties correlate with each
other. The parameterizations also tend to be based on
surface and aircraft data specific to a few locations and
a small spatial scale. Within oceanic stratus regions,
the current high quality of satellite microwave data
makes possible a reliable, physically direct measure of
cloud liquid water that can provide a more appropriate
basis for general circulation model stratus cloud pa-
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rameterizations. Broadband satellite albedo measure-
ments have long been available, though the large-scale
albedo is sensitive to the liquid water path, as well as
the spatial distribution of the liquid water and the
droplet size. An important consequence of this is that
it requires a verification of the radiative transfer mod-
eling assumptions linking large-scale LWPs to their al-
bedos.

To address the large-scale characteristics of cloud
liquid water and albedo, we analyzed satellite mea-
surements for the regions and seasons of maximum
stratus development throughout a period of two years.
The monthly averaged in-cloud LWPs and their cli-
matology are contained in section 3. We then linked
the satellite albedo and LWP through a plane-parallel
radiative transfer parameterization after screening the
data for overcast scenes. This leaves the effective radius
as a free parameter with which to make the calculated
albedo agree with the observed albedo for the observed
LWP. The mean and variations of the inferred effective
particle radius provide a consistency check on the cal-
culations. The methodology has been used with some
success on data from the First ISCCP (International
Satellite Cloud Climatology Project) Regional Exper-
iment, or FIRE (Young et al. 1992; Minnis et al. 1992).
For the investigation presented here, we have sought
to address the validity of this approach for a larger
scale. These results are presented and discussed in sec-
tion 4. Case studies demonstrating the variation pos-
sible between comparisons of satellite-derived LWP
and albedo for differing air masses are shown in section
5. The next section describes the data and methodology,
including an extensive discussion of the Petty 37-Ghz
LWP algorithm. This section includes the details of the
error analysis.

2. Data, metheds, and errors

The ISCCP data (Rossow and Schiffer 1991), in
conjunction with the Warren et al. (1988) cloud atlas,
defined the overcast stratus regions for study. The Spe-
cial Sensor Microwave /Imager (SSMI) satellite data
was used to determine cloud liquid water path (Petty
1990). The albedo dataset was supplied by the Earth
Radiation Budget Experiment (ERBE), and the radia-
tive parameterization used in this study was developed
by Slingo (1989). A sea surface temperature (SST)
dataset at 2° by 2° resolution, the Comprehensive
Ocean-Atmosphere Data Set (Woodruff et al. 1987),
allowed us to investigate the dependence of cloud liquid
water path on the SST, and when combined with the
cloud top temperature, on a proxy for the boundary-
layer depth.

The dataset used in section 4 is more restricted than
that of section 3 because it is utilized expressly for a
droplet size derivation, while the dataset used in section
3 is meant for the more general purpose of a clima-
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tology. The primary dataset used within the droplet
size retrieval in section 4 contained all the LWP and
ERBE albedo measurements that occurred within two
hours of each other and for which the cloud coverage
was deemed complete. For a particular region this col-
location occurred about once a month and usually
lasted a few days. Only those 2.5° by 2.5° grid boxes
for which 90% data coverage was available were kept.

Our model’s assumption of homogeneous cloud
cover required us to successfully identify low overcast
stratus clouds. ERBE classifies low overcast clouds as
mostly cloudy, for reasons explained in section 2¢, and
the ERBE scene identification alone cannot ensure that
we are only viewing overcast regions. The ISCCP C1
dataset provides a more accurate cloud amount esti-
mate. In the worst-case scenario, however, the ISCCP
C1 three-hourly (daylight) data nearest to the SSMI
overpass are gathered five hours before or after the
SSMI overpass time. This raises the possibility that the
ISCCP and SSMI sensors are viewing different cloud
fields. Thus, a combination of ERBE and ISCCP in-
formation was used to find overcast boxes. Only grid
boxes in which every ISCCP pixel was classified as low
cloud, and every ERBE pixel was classified as mostly
cloudy or overcast, were retained. Although this selec-
tion process is crude by necessity, our final selection
of 84 grid boxes, or 11% of the total sample, is consis-
tent with frequency distributions of overcast conditions
reported elsewhere (Coakley and Kobayashi 1989).
The mean cloud-top temperature for this sample is 284
K and ranges from 280 to 290 K, confirming that they
are primarily liquid water clouds.

a. Cloud data

The Warren et al. (1988) cloud atlas, compiled from
ground-based reports, defined the regions containing
high stratus cloud amounts. The advantage is that
ground-based observations have an improved view of
low clouds. The analysis of ship reports comes from a
30-yr period (1952-1981) and includes the amounts
of eight distinct cloud types, as well as of the total cloud,
all as a function of season. The spatial resolution is 5°
by 5° except in regions with sparse data. We used their
cloud-type designation stratus + stratocumulus + fog.

Using the Warren cloud atlas, we selected those geo-
graphical regions with a climatological stratus amount
of greater than 60% and low amounts of higher clouds
(middle clouds < 25%; cirrus < 10%; nimbostratus
< 3%) for the analysis in section 3. We used slightly
larger areas for section 4 in the hope of capturing a few
more collocated ERBE and SSMI measurements. The
three regions will be referred to as the Californian, Pe-
ruvian, and Namibian regions.? For the Peruvian and

2 While the largest stratus amounts occur in the northern oceans,
these regions were excluded because of the presence of precipitation
and possible mixed-phase clouds.
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Namibian regions, our data span July through No-
vember of 1987 and June through November of 1988
and 1989. For the California region, only boreal sum-
mer data were used. These locations are given in
Table 1.

Table 1 also contains the monthly average ISCCP
amounts of low, middle, and high clouds. The ISCCP
dataset is at present possibly the best available satellite
cloud dataset because .of its high resolution and the
variety of cloud information available (Rossow et al.
1991). We used ISCCP data to help select regions with
only low clouds and to provide a cloud-top tempera-
ture. ISCCP uses narrowband spectral radiances from
the operational weather satellites, together with at-
mospheric water vapor and temperature profile data
from the Tiros Operational Vertical Sounder (TOVS).
After applying a bispectral threshold technique to de-
termine if a pixel is cloudy or clear, ISCCP uses a ra-
diative transfer model to discern cloud information at
the 5-8-km pixel size.

Cloud amount is defined as the number of cloudy
pixels divided by the total number of pixels. A cloud-
top temperature is retrieved from the infrared radiance
after the effects of atmospheric water vapor absorption
have been removed, and cloud-top pressure is inferred
from the TOVS atmospheric temperature profile. The
analysis here focuses on clouds with cloud-top pressures
greater than 680 mb. The ISCCP pixel data, initially
sampled every 30 km, is further summarized at 280-
km resolution for every three hours, forming the stage
C1 data used in section 4. The monthly summary of
the C1 data is the stage C2 data that is used in section
3. The C1 and C2 data state the distribution of the
pixels and their mean properties according to classes
based on optical thickness and cloud-top pressure. We
estimate the error in ISCCP monthly mean cloud
amount at 5%, although individual pixels may have
larger errors (Rossow and Garder 1993; Wielicki and
Parker 1992).
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For the analysis in section 3, a random overlap as-
sumption was used to correct the ISCCP low cloud
amount for the obscuration caused by upper-level
clouds. We used the daytime-only data for the low
cloud amount, as nighttime stratus cloud amount re-
trieval is difficult. We selected only those grid boxes
for which the corrected low cloud amount formed at
least 70% of the total cloud cover. So doing should not
bias our dataset in favor of a particular type of bound-
ary-layer cloud, as clouds above the inversion layer are
thought to form by separate processes from the clouds
below. The analysis in section 3 used the daily average
of ISCCP quantities, except when deriving the diurnal
change in cloud LWPs.

b. Liquid water path dataset

We used the SSMI onboard the F-8 satellite of the
Defense Meteorological Satellite Program. The satellite
was in a near polar, sun-synchronous orbit, with a
swath width of about 1400 km. The ascending equa-
torial crossings occurred at 0612 local time and the
descending equatorial crossings at near 1900 local time.
The SSMI had dual-polarization channels at 19.35-,
37.0-, and 85.5-GHz frequencies and a vertical-polar-
ization-only channel at 22.235 GHz. The 85-GHz
channel failed in mid-1988 and was not included in
our analysis. The pixel size ranges from about 70 km
by 45 km for the 19-GHz channels to 37 km by 28 km
for the 37-GHz channels. We obtained the data from
Remote Sensing Systems Inc. in a format described by
Wentz (1991a).

Liquid water droplets emitting unpolarized radiation
will diminish the positive brightness temperature dif-
ference AT, between the vertically and horizontally
polarized radiation emitted by the ocean surface. This
forms the physical basis for the Petty liquid water path
retrieval (Petty 1990, 1994). The influence of other
atmospheric parameters can be factored out by ex-
amining a normalized polarization difference P:

TABLE 1. Regions used within section 3.

Averagé ISCCP Average ISCCP Average ISCCP
Region Location Season® low cloud amount® middle cloud amount® high cloud amount®
Californian 20°-35°N JJA 69% 9% ' 1%
120°-130°W
Namibian 10°-20°S JJIA 66% 6% 3%
0°-15°E
Peruvian 5°-20°S JJIA 69% 15% 1%
) 70°-90°W
Namibian 5°-20°S SON 76% 11% 2%
5°W-10°E
Peruvian 0°-25°S SON 58% 24% 1%
70°-90°W

# SON: September, October, and November; JJA: June, July, and August.
1987, 1988, and 1989 if JJA; 1987 and 1988 if SON. Low cloud-top pressure > 680 mb > middle cloud-top pressure > 440 mb > high

cloud-top pressure.
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= AT
B AT'b,clear

= AT, exp(0.015U + 0.00607WVP — 4.40), (1)

where U refers to a wind speed in units of meters per
second derived using the Goodberlet algorithm
(Goodberlet et al. 1989); WVP is a water vapor path,
in units of kilograms per squared meter derived from
a statistical algorithm similar to the Alishouse algo-
rithm (Alishouse et al. 1990). The stated accuracy of
the wind speed is within 2 m s™! outside of areas con-
taining precipitation, while the water vapor retrieval
has a stated accuracy of 2 kg m~? or 0.13W VP, which-
ever is greater. Petty fitted the clear-sky polarization
difference by regressing observed AT, values against
retrieved wind speed and water vapor values in a sep-
arate cloud-free dataset. Thus, P equals 1 if the pixel
contains only clear sky and 0 if the surface is obscured
by clouds and rain.

Petty used a closed-form quantitative atmospheric
brightness temperature model, neglecting scattering, to
show that P at any frequency is well approximated by
the effective microwave transmittance 7 associated with
liquid water alone raised to a power « (about 2) that
depends only weakly on other variables:

P =~ 7% ~ exp[— akLWP/cosf], (2)

where LWP is the liquid water path, 6 is the SSMI
viewing angle (=~53°), and « is the effective mass ex-
tinction coefficient of the liquid water. This is deter-
mined as a polynomial fit to temperature for each fre-
quency and relies on the index of refraction for water
of Ray (1972). Here we assume a cloud temperature
of 285 K. The higher-frequency channels are most sen-
sitive to cloud water. For the 37-Ghz channel, inverting
(2) yields

LWP = —1.42 In(P) in kg m™2. (3)

This algorithm is not valid for precipitating clouds,
requiring us to identify and exclude precipitation cases.
Some precipitation was flagged through the normalized
polarization difference value itself: we took a P value
of less than 0.7 to indicate rain. This threshold was
chosen based on experience with the Scanning Mul-
tichannel Microwave Radiometer (Petty and Katsaros
1990). We found that our results were insensitive to
the choice of either 0.8 or 0.7 for P. Although values
of P higher than 0.7 may contain rain, the error intro-
duced by underestimating the true extinction coefh-
cient remains small because the total precipitation wa-
ter mass within stratus clouds remains a small fraction
of the total cloud water mass (Petty 1990). Other pixels
were excluded if the wind speed and water vapor path
values could not be accurately determined. The water
vapor path is not strongly sensitive to rain and was
only considered inaccurate if the polarization difference
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at 19 Ghz was less than 24 K. Wind speed values are
easily influenced by precipitation, however, and were
considered indeterminate if the 19 Ghz horizontally
polarized brightness temperature was greater than 215
K or if the 37 Ghz vertically polarized brightness tem-
perature was greater than 221 K. Pixel footprints over-
lap at the 19-Ghz frequency, and wind speed values of
pixels adjacent to flagged pixels were also excluded.

Stratus clouds contain relatively little precipitation.
Convective precipitation is suppressed by subsidence
from the Hadley cell circulation and by the cool sea
surface temperatures, while stratiform precipitation is
mostly a light drizzle for which retrieved LWPs are still
accurate. In light of this consideration, and because
stratus clouds are shallow, ice free, and relatively ho-
mogeneous over a large area, stratus clouds provide
the best cloud type for this type of study.

Validation of the liquid water path algorithm is dif-
ficult because of the lack of surface-truth data. Petty
verified the liquid water algorithm on a cloud-free da-
taset and found a mean liquid water path of zero?
+ 0.025 kg m™~2, which is smaller than Petty’s model-
derived error. The Petty algorithm compares well to
other physically based algorithms, such as those of
Greenwald et al. (1993) and Wentz (1991b). A com-
parison of 62 2.5° by 2.5° stratus-region precipitation-
free spatial averages yielded mean differences of about
0 + 0.0138 (+0.0169) kg m~2 between the Petty and
Greenwald (Wentz) retrieved LWPs. Most of the dif-
ference can be attributed to varying assumptions about
the cloud temperature, and either an inaccurate cal-
culation of the polarization difference existing under
clear conditions by the Petty algorithm or an undue
influence by surface effects within the Greenwald and
Wentz algorithms. In an independent check, Young et
al. (1992) compared SSMI LWP retrievals made using
the Petty algorithm to nearly simultaneous surface-
based microwave radiometer LWPs. They found a high
correlation (R = 0.97) and a positive offset of 0.61
kg m~2 that can be explained by island contamination
of the satellite microwave brightness temperatures.

We set a systematic LWP error of 0.035 kg m™2, or
almost 30% for a stratus LWP of 0.130 kg m~2, solely
using Petty’s model results for an atmosphere with a
water vapor path somewhere between 10 and 30 kg m™2
and excluding the 85-Ghz channel. Though we ex-
amined other sources of error, such as spatial vari-
ability, varying cloud temperature, drizzle, and uncer-
tainty in the water vapor path value, each contributed
errors of not more than 10%.

In summary, the strengths of the Petty LWP algo-
rithm include a strong theoretical foundation, an ex-
plicit accounting of surface effects and atmospheric

3 Wherever plus and minus limits are given, these will indicate
plus or minus one standard deviation unless otherwise noted.



1642

water vapor, and a predominantly linear response to
spatial inhomogeneities. A drawback is that the algo-
rithm will not work if thick but nonprecipitating clouds
obscure the surface, preventing a wind speed calcula-
tion. The main weakness from this study’s point of
view, however, is a high sensitivity to precipitation.
For this reason, we applied a threshold value to P to
exclude rain-containing pixels. For the analysis in sec-
tion 3, only those bins within which the SSMI sensor
did not register any precipitation throughout the entire
month formed the final dataset. During an average
month this amounted to about one-third to one-half
of the total potential number of bins.

c. Albedo data

We used the ERBE S-8 dataset from the ERBS sat-
ellite. This satellite is in an orbit with a 57° inclination,
which precesses 5° a day relative to the sun so that
complete coverage of local time is provided every 36
days. The ERBE experiment and its algorithms are de-
scribed in Barkstrom and Smith (1986) and Smith et
al. (1986). The albedo scanner is broadband, measur-
ing all radiation from 0.2 to 5 um. We restricted the
viewing zenith angles to not more than 45°, so that
the maximum pixel size is about 80 km by 80 km. We
excluded pixels with sun angles larger than 72.5°, for
which it is difficult to distinguish albedo differences
caused by droplet size. Bidirectional functions relate
the radiances measured at the spacecraft L to the ra-
diant exitances at the top of the atmosphere M through
M = wL/R, where R is the bidirectional model. These
models, given in Suttles et al. (1988 ), were determined
a priori through the ERB instrument flown on Nimbus-
6 and -7 (Taylor and Stowe 1984, 1986). Similarly
derived directional models quantify the dependence of
albedo on solar zenith angle for each underlying scene
type (Suttles et al. 1988). We have used these to nor-
malize the albedo measurements to a solar zenith angle
of 60°.

The models discriminate between four cloud classes:
clear (<5% cloud cover), partly cloudy (between 5%
and 50% cloud cover), mostly cloudy (between 50%
and 95% cloud cover), and overcast (>95% cloudy).
The cloud class is chosen by the given pair of shortwave
and longwave radiance measurements using a priori
statistics (Wielicki and Green 1989). Although the
primary purpose is to select the appropriate bidirec-
tional function, a crude measure of the cloud amount
is generated. This best approximates the true cloud
cover for “average” cloud heights and optical depths
and may not be accurate for a region containing only
a few specific cloud types. Because the cloud classifi-
cation algorithm is sensitive to the longwave measure-
ment, scenes overcast with low, relatively warm clouds
are often classified as mostly cloudy.

The identification of overcast regions as mostly
cloudy regions has implications for the calculated al-
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bedo. It is not clear which bidirectional model is more
appropriate to apply to our sample*; we have used the
difference in the two calculated albedos to provide an
uncertainty estimate. The fractional difference in
albedo® that results if an overcast scene is classified as
mostly cloudy is

Rov

R - L (4)

The magnitude will depend on the sun and satellite
viewing geometry that is most likely to occur. For our
range of satellite azimuth, satellite zenith, and solar
zenith angles, the mean fractional difference is an
overestimate of 6.4% of the total albedo, with an un-
certainty of 9% about the new mean. Measurements
taken near nadir can have differences of up to 15% of
the total albedo. The overestimate occurs because
overcast cloud fields are more isotropic than mixed
cloud and sea surface scenes. A similarly derived dif-
ference in the overcast and mostly cloudy directional
models can compensate the above overestimate by up
to 0.023. In section 4, we will rely on an estimate of
the total uncertainty of 10% of the measured ERBE
albedo.

d. Albedo parameterization and the validity of the
plane-parallel assumption

Two separate parameterizations contribute to the
modeled planetary albedo: one to describe the cloud
albedo (Slingo 1989) and another to emulate the effects
of solar absorption in the atmosphere ( Thompson and
Barron 1981). The dependence on liquid water path
and equivalent radius is explicit in the Slingo param-
eterization, allowing us to derive an equivalent (also
referred to here as effective) droplet size r,. The Slingo
parameterization is strictly valid only for droplet sizes

‘between 4 and 16 um but follows the same functional

form for larger droplet sizes.
The planetary albedo for a cloudy sky is determined
from Thompson and Barron (1981) as

Oplanet = a(l - Aoz)

X{rlSu+(1_rlSu)(l_rZAw)acloud}: (5)

where agouq 1 the cloud albedo as seen directly above
the cloud, a = 0.95 accounts for the neglected absorp-

tion of the outgoing reflected and scattered radiation,
and A, is the absorption by ozone. Here r; = 0.4 is

4 As pointed out by one of the reviewers, if overcast stratus regions
form a large fraction of the sample from which the mostly cloudy
bidirectional model is derived, then perhaps this may be the appro-
priate anisotropic factor to use.

5 This is determined as [albedoy,. — albedo,,]/albedo,,, where the
subscripts ov and mc stand for overcast and mostly cloudy, respec-
tively.
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the approximate ratio of upward clear-air-scattering
above the clouds to that for clear skies, and r, = 0.5 is
the approximate ratio of absorption by water vapor
above the clouds to that for clear skies. Term S, is the
fraction of the incident solar radiation that is scattered
upward, and 4,, is the absorption of the solar radiation
by water vapor, both for clear skies. We added to this
a surface albedo of 0.07 for the ocean surface and as-
sume a WVP of 20 kg m~2, roughly the mean WVP
for our dataset. We estimate an uncertainty in the
complete parameterization of about 5% in a planetary
albedo of 0.5, mainly caused by uncertainties in 4,,,
r, and g (and assuming no uncertainty in ooud).
Aspects of the relationship between apaner, LWP,
and effective radius are shown in Fig. 1. The albedo is
fairly insensitive to LWP changes for LWPs higher than
about 0.120 kg m™2. The albedo is also seen to be more
sensitive to droplet size at the smaller droplet sizes.
Lastly, because the curves are concave, for a given
droplet size the parameterized albedo will always be
greater than or equal to the average measured albedo:

albedo[LWP] < albedo[LTWP], (6)

where albedo[LWP] corresponds to the mean ERBE
albedo measurement, and albedo [LWP] is the modeled
albedo for the mean liquid water path of a grid box.

We made a quantitative estimate of the impact of
pixel-scale variations in LWP about the grid-box mean
LWP on the grid-box mean albedo. We assumed that
the albedo of each LWP pixel is sensitive only to the
vertically integrated liquid water contained within that
pixel, the so-calied independent pixel approximation
(Cahalan et al. 1994a). We fitted a Gamma function
frequency distribution freq(lwp) to the data and fitted
a curve to the albedo model corresponding to an ef-
fective radius of 10 um, albedo(lwp). The average al-
bedo (albedo ) is then
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FiG. 1. Parameterized planetary albedo versus liquid water path
for different effective droplet radii in units of microns. (Solar zenith
angle: 60°.)
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FIG. 2. Parameterized planetary albedo versus effective droplet radii
for different liquid water path values in units of kg m™. (Solar zenith
angle: 60°.)

(albedo) = J:o albedo(lwp)freq(lwp)d(lwp). (7)

We found a mean estimated correction of only 0.6%
in the absolute albedo. Fairall et al. (1990), using sur-
face-based measurements of stratus LWP and albedo,
also deduced a small impact on albedo from one-min-
ute variations in a hemispherically averaged LWP.

Similarly, spatial variations in droplet size will
slightly increase the measured albedo above the mod-
eled albedo. This can be inferred from Fig. 2, which
shows that the planetary albedo is a slightly concave
function of droplet size. Stratus droplet radii typically
range between 4 and 15 um, for which the relationship
is substantially more linear than the dependence of the
albedo on LWP. The impact of pixel-scale droplet size
variations on albedo should then be even less than that
calculated above for LWP variability.

Other studies have brought out the importance to
the albedo of subpixel variations in LWP (Cahalan et
al. 1994b) and in cloud morphology (McKee and Cox
1974; Reynolds et al. 1978; Davies 1984; Welch and
Wielicki 1984, hereafter WW; Coakley and Kobayashi
1989; Kobayashi 1993). The influence of a broken
cloud geometry is minimized for this study by the near-
horizon solar-viewing angle and near-nadir satellite-
viewing geometry (Kobayashi 1993). The theoretical
study of WW allows for a somewhat more quantitative
estimate. If we assume that the effective cloud fraction
(the cloud cross-sectional area normal to the sun angle)
is unity in their results, then for a cloud fraction of 0.9
(0.7) at overhead sun, the plane-parallel flux will exceed
the true reflected flux by less than 10 (25) W m™2 (WW,
Fig. 12) at a solar zenith angle of 60°. This will reduce
our modeled albedo by at most 1.5% (4%).

In contrast, subpixel variations in LWP can sub-

. stantially influence the average albedo. Cahalan et al.
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{1994b) applied a fractal model fit to variations in one-
minute averages of LWP® sampled over 18 days during
FIRE after excluding cloud-free samples and found a
decrease in the absolute albedo of about 0.07 for our
range of solar zenith angles (their Fig. 6). The large-
scale LWP variability effect we calculated previously
1s thus only one contributor to the total effect. Evalu-
ating the impact of subpixel LWP variations is beyond
the scope of this study, but the results of Cahalan et
al. (1994b) suggest that we cannot ignore it.
Likewise, variations in droplet size occurring at scales
larger than the photon mean free path but less than
the ERBE pixel size could also impact albedo. Some
evidence exists, for example, that cloud edges may be
composed of smaller drops than cloud centers (Coakley
1991). To date no measurements are available of the
dependence of effective droplet size on scale. Unless

© These averages, in contrast to those used by Fairall et al. (1990),
relied on a narrowbeam instrument.
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FIG. 3. Histograms of cloud liquid water path by region
and season (kg m™2); JJA: June, July, August; SON: Septem-
ber, October, November. Low clouds compose at least 70%
of the total cloud amount.

droplet size variability is far greater than that of LWP,
this effect remains subordinate to that caused by LWP
variability.

3. Cloud liquid water paths

Monthly averages of the LWP derived from all the
(ISCCP) cloudy pixels were determined as follows. We
divided the monthly mean LWP value by the ISCCP
C2 total cloud amount for each 2.5° by 2.5° region
previously determined to contain mostly low clouds,
as outlined in section 2a. This derived monthly mean
cloud LWP is independent of cloud amount (we will
use the term “cloud LWP” to distinguish this quantity
from a simple LWP average over an entire region).
We estimate an upper limit of 5% to the errors in the
cloud LWP caused by errors in the cloud amount. We
examined the diurnal cycle of cloud LWP and corre-
lated cloud LWP to cloud amount, sea surface tem-
perature (SST), low cloud-top temperature (CTT), and
the difference between the SST and the CTT, referred
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to here as S. Term S can serve as a proxy for the
boundary-layer depth if one assumes a near-constant
boundary lapse rate. A comparison of ISCCP monthly
mean cloud-top temperatures to cloud-top tempera-
tures derived from GOES data using a hybrid bispectral
method (Minnis et al. 1992) revealed that the ISCCP
values are 5 K warmer in the mean but that the spatial
patterns matched reasonably well (S. Klein 1994, per-
sonal communication).

Figure 3 contains histograms of the cloud LWP
by region and season, along with their respective
means and standard deviations. The overall mean
cloud LWP, for this data sample, is 0.120 kg m™2 +
0.032 kg m™2. From Fig. 1 we see that this average
cloud liquid water falls in the region where cloud
albedo is sensitive to cloud droplet size but relatively
insensitive to further increases in LWP. The Nami-
bian stratus region shows a strong seasonal cycle with
greater cloud LWP in autumn (SON) than in sum-
mer (JJA), whereas the Peruvian region does not.
The Peruvian region had much higher cloud LWPs

Namibia, JJA

N=83
mean=77 (14)

100

40 50 60 70 80 20
total cloud amount (%)

Peru, JJA
40 —
. N=107
30 mean=87 (6)
20¢
10F
(1] 3
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total cloud amount (%)

California, JJA

N=73
30F mean=78 (6)
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in 1988 (mean = 0.142 kg m~?) than in 1987 (mean
= 0.121 kg m~?) (not shown in Fig. 3), coinciding
with warm SST anomalies in mid-1987 and cold SST
anomalies in 1988.

Figure 4 contains histograms of the total cloud
amount for each region and season, while Fig. 5 is a
scatterplot of cloud LWP versus total cloud amount,
with symbols indicating the region and season. Figure
5 shows a significant but weak positive correlation be-
tween cloud LWP and cloud amount. This is mirrored
in the differences between the mean values for each
region and season. The June, July, and August season
in the Namibian region has the lowest cloud LWPs
and also the lowest mean cloud amount of any of the
regions and seasons. The Namibian region shows a
large boreal summer-to-fall change in both cloud LWP
and in cloud amount (from 77% to 89% mean cloud
amount), whereas the Peruvian region has negligible
seasonal variation in either. An interesting exception
is the interannual change in the Peruvian region, which
showed only a slight increase of 2.5% in mean low

Namibia, SON
40 A
. N=84
30 mean=_89 (6)
20F
10F
(1]

40 50 60 70 8¢ 920
total cloud amount (%)

100

Peru, SON
40
. N=102
30F Imean=84 (6)
20E ;
10F
ok

40 5¢ 60 70 80 %0 100

total cloud amount (%)

FiG. 4. Histograms of total cloud amount by region and
season; JJA: June, July, August; SON: September, October,
November. The standard deviation for each mean is given
within the parentheses. Low clouds compose at least 70% of
the total cloud amount.
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the Californian region. Low clouds compose at least 70% of the total
cloud amount.

cloud amount from 1987 to 1988, whereas cloud LWPs
increased by over 15%.

The dawn/dusk SSMI orbit permits a two-point
sampling of the stratus diurnal cycle. Though stratus
cloud amount is known to peak in the morning (e.g.,
Minnis and Harrison 1984; Heck et al. 1990), the ac-
companying large-scale daily changes in cloud liquid
water are not as clearly documented. The SSMI samples
these regions between 0500 and 0700 (1700 and 1900)
local time, coincident with or slightly lagged to the
maxima (minima) in the daily cloud amounts, respec-
tively. The cloud LWP diurnal cycle may not corre-
spond exactly to the cloud amount diurnal cycle (e.g.,
Heck et al. 1990; Minnis et al. 1992), but the two cycles
are probably near each other. Table 2 describes the
morning and evening mean cloud LWPs, along with
their respective low cloud amounts. The largest diurnal
change in cloud liquid water occur in Namibia and
Peru during their seasons of maximum stratus devel-
opment. A slight diurnal cycle in mean cloud-top tem-
perature was evident in the ISCCP dataset also, with
colder temperatures occurring in the morning.
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a. Dependence of cloud LWP on SST, cloud-top
temperature, static stability

Previous studies have shown a strong negative cor-
relation between seasonal subtropical marine stratus
cloud amount and seasonal-mean SST (Hanson 1991;
Oreopoulos and Davies 1992). However, the seasonal
changes in low cloud amount correlate better to vari-
ations in lower-tropospheric static stability than in SST
(Klein and Hartmann 1993). It is likely that cloud
LWP, because it is related to cloud amount in our in-
terregional, seasonal, and diurnal comparison, also de-
pends on these variables. We found the same relation-
ships to hold for each of the regions, as well as similar
ranges in SST and low CTT values for each region,
and in Fig. 6 we show only the analysis for all of the
data combined. The mean low CTT for the combined
dataset is 286 K, close to Petty’s LWP algorithm choice
of 285 K, and the mean value for Sis 6.9° + 1.5°C.
As shown in Fig. 6, cloud LWP is most strongly cor-
related to low CTT (correlation coefficient r = —0.50)
rather than to either SST (r = —0.17) or S (r = 0.36).
The highest LWPs occur at low CTT, low SST, and a
high value for S. The low correlation between cloud
LWP and S may be in part due to the large expected
error in instantaneous values of S. The LWP-CTT
correlation is higher for the Namibian and Californian
regions, with explained variances of 31% and 42%, re-
spectively, possibly because they were less contami-
nated by middle and high clouds than the Peruvian
data sample.

Regional differences in cloud LWP mirrored the
same relationships to SST, CTT, and S. The Peruvian
region’s higher cloud LWP average, when compared
to the Namibian region (0.135 kg m™2 versus 0.099
kg m~?), corresponded to a lower average CTT (285.3
K versus 286.8 K) and a larger .S (7.4° versus 6.5°C).
Summer to fall variation in cloud LWP was anticor-
related to CTT in Namibian stratus (explained variance
of 52%). In the Peruvian region, much higher cloud
LWPs in 1988 were associated with the ENSO-affected
decrease in mean SST (explained variance of 59%).
This corresponds to a SLWP/8SST of —-0.01 (kg m™2)/
°C + 0.005, or almost an 8% decrease in cloud LWP
from the mean with a rise in SST of 1°C.

TABLE 2. Diurnal cycle in cloud liquid water path, derived from SSMI data.

Morning cloud

Evening cloud AM/PM

Region/season

LWP? (kg m™?)

California/JJA

0.130 (0700, 70.3)

Namibia/JJA 0.094 (0900, 70.8)
Peru/JJA 0.157 (0900, 6.2)

Namibia/SON 0.140 (0900, 81.1)
Peru/SON 0.155 (0900, 70.1)

LWP? (kg m™2) difference (kg m™?)
0.108 (1600, 63.3) 0.022 + 0.023
0.069 (1500, 62.5) 0.025 = 0.023
0.119 (1500, 72.5) 0.038 + 0.029
0.098 (1500, 75.3) 0.042 + 0.019
0.117 (1500, 64.0) 0.038 + 0.033

2 Local time and its low cloud amount is given within parentheses. Low clouds compose at least 70% of the total cloud amount.
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These correlations are consistent with the cloud top
rising as the cloud LWP builds. Cloud-top temperature
depends not only on the SST but also on the inversion
height and subsidence rate, so its strong correlation to
cloud LWP is not surprising. Studies of the stratus
diurnal cycle have reached similar conclusions using
satellite inferences (Minnis and Harrison 1984) and
aircraft observations (Betts 1990; Hignett 1991; Minnis
et al. 1992). These studies also show that cloud-base
heights undergo an opposite diurnal cycle, with base
heights rising during the day and lowering during the
night. However, cloud-base heights vary little interre-
gionally and interseasonally (Warren et al. 1988). Rel-
atively constant cloud-base levels mean that .S can be
taken as a measure of the cloud thickness, explaining
its positive correlation to cloud LWP.

4. Effective droplet radius

The primary dataset of instantaneous, collocated
LWP, and albedo measurements had a mean LWP of
0.140 kg m—2 + 0.052 kg m~? and a mean albedo of
0.506 + 0.052. The larger LWP, as compared to the
average cloud LWP derived in section 3, comes about

because we selected only completely overcast 2.5° by
2.5° regions. Consistent with the results of section 3,
regions with mean cloud amounts of 100% have higher
cloud LWPs, To arrive at a unique value for the effec-
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FIG. 7. Parameterized fit and observations of albedo versus LWP
for the overcast stratus regions. The albedo parameterization for an
effective radius of 10 um is shown by the dot—dash line. N = 84.
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F1G. 8. Histogram of the derived effective radius for overcast stratus
regions. Mean effective radius: 10.1 pm *+ 4.4 pm.

tive radius of each LWP and albedo pair, we inserted
the LWP value into the parameterized albedo and it-
erated the effective radius until the modeled albedo
value agreed with the measured ERBE albedo. We
constrained the effective radius to not be less than 3.5
um, below which the Slingo parameterization becomes
multivalued.

Figure 7 contains a scatterplot of the albedo versus
liquid water path measurements for the overcast stratus
regions and the parameterized albedo-LWP relation-
ship for an effective radius of 10 um. The data show
considerable scatter. The fit made using the Slingo pa-
rameterization can explain about 28% of the variance
* within the observations. Figure 8 shows the derived
effective radii for each measured LWP-albedo pair in
the form of a histogram; the mean radius is 10.1 ym
+ 4.4 um.
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The effective radii derived using this method are
more sensitive to the albedo measurements than to the
LWP measurements. As shown in Fig. 9a, no corre-
lation exists between the effective radius and liquid
water path beyond, initially, a slight increase in the
radius with the LWP. The albedo, however, is well cor-
related to the effective radius (Fig. 9b). High albedos
occur only in conjunction with small droplet sizes. We
find a larger mean effective radius in the evening (12.1
wum) than in the morning (8.8 um), which is accounted
for by the lower mean evening albedo of 0.48 as com-
pared to the mean morning albedo of 0.52. Although
the mean LWP is larger in the morning (0.149 kg m™2)
than in the evening (0.128 kg m™2), this is not enough
to explain the change in albedo, and a substantial
change in effective radius is implied.

The effective radius calculations were repeated for
worst-case scenarios in which the total errors in LWP
and albedo were assumed to conspire to give over- and
underestimates of effective radius. These upper and
lower bounds on r, are displayed in Fig. 10. The range
afforded by these cumulative uncertainties is quite
large, with a difference between the mean minimum
and maximum radii of about 18 um. Table 3 lists pos-
sible sources of error and their effect on the derived
droplet size. Errors in albedo, though smaller than the
LWP uncertainties, have a more pronounced influence
on the derivation of the droplet radius.

We performed sensitivity tests of the derived droplet
size to the choice of ERBE bidirectional model and to
the plane-parallel assumption. By invoking the ERBE
mostly cloudy bidirectional model rather than the
overcast bidirectional model, we find a new mean ef-
fective radius of 10.3 um. If we estimate that an ac-
counting of subpixel LWP variability will diminish each
modeled albedo by 0.07 (0.05), consistent with the
findings of Cahalan et al. (1994b), we derive a new
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FI1G. 9. For all overcast stratus regions: (a) the derived effective radius versus liquid water path
and (b) the derived effective radius versus the measured albedo.
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F1G. 10. Maximum (dashed line), minimum (dotted line), and
unaltered (plain line) effective radius for each liquid water path—
albedo pair. The mean maximum radius is 24 + 7 um, and mean
minimum radius is 4 £ 1.5 um. An LWP error of 0.035 kg m™2, a
measured albedo error of 10% of the total albedo, and an error in
the albedo model of 5% are assumed.

mean droplet size of 4.4 (5.0) um. This will serve as a
crude estimate, as Cahalan et al. (1994b) found that
large LWPs are more spatially variable than small
LWPs.

a. Discussion

There are inherent difficulties in making compari-
sons between the droplet sizes derived here and those
found elsewhere. Our derived droplet size applies to
an entire 2.5° by 2.5° region and is not directly com-
parable to in situ measurements for which droplet sizes
can change dramatically on small spatial scales (Na-
kajima et al. 1991). While aircraft may be taking data
anywhere within the cloud, the ERBE shortwave sensor
is mainly responding to the upper 20% of the cloud
where the drops tend to be larger (Nakajima et al.
1991). Our sample is also not representative of all stra-
tus clouds, as the high mean liquid water path may
correspond to atypical droplet spectrums.

Yet, the mean derived effective radius is in general
accord with other studies, lending credibility to the
methodology employed here. Most aircraft measure-
ments within stratus regions have found effective radii
ranging between 4 and 8 um for nondrizzling stratus
and between 7 and 18 um in drizzling stratus (Naka-
Jjimaetal. 1991; Duda et al. 1989; Jensen 1990; Rawlins
and Foot 1990). In a study similar to this one, Minnis
et al. (1992) found general agreement between a mi-
crowave-derived and shortwave-derived LWP, assum-
ing an effective radius of 8 um.

A derived effective radius that is larger in the evening
than in the morning is consistent the results of another
satellite study of droplet sizes (Han et al. 1994 ) done
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using a different technique. Though Minnis et al.
(1992) found larger drops in the morning rather than
in the evening during FIRE, this appears to reflect a
site-specific continental influence (Han et al. 1994).
Luo et al. (1994), applying yet another satellite-re-
trieval method, calculated slightly larger drops at 0230
local time than at 1430 within Peruvian stratus, neither
contradicting nor supporting our findings. Cahalan et
al. (1994b) found that the higher morning LWP is as-
sociated with increased LWP variability. This effect
implies a greater reduction in the value of the mean
morning effective radius than in the mean evening
droplet radius, reinforcing the diurnal cycle we find
here.

Models that parameterize drizzle as a function of
LWP, following Nicholls (1987), can find increased
amounts of drizzle present in the morning (e.g., Breth-
erton 1990). This would suggest that the effective radius
should be larger in the morning than in the evening,
contrary to our results. Our sample may simply not
contain enough drizzle to have a significant impact on
our results. Drizzle concentrations are generally low,
and small effective radii have been measured even when
drizzle is present (e.g., King et al. 1990). At present
no observational evidence exists of such a drizzle diur-
nal cycle, however, and it may be that a parameteriza-
tion of drizzle based solely on the LWP is not sufficient.

We sought an explanation for the diurnal cycle of
the effective radius. It may be that our observed droplet
size reflects a differing sampling of the morning and
evening mean values. OQur evening sample is smaller
than our morning sample (29 bins versus 55 bins) be-
cause overcast conditions are more common in the
morning than in the evening. Cloud decks that remain
overcast by evening may be those that contain larger
drops in the morning than the mean of the clouds
forming our morning composite. Yet larger drops are
more likely to form drizzle, absorb more shortwave
radiation, and allow the radiation to permeate deeper
into the cloud (Wiscombe et al. 1984). As a result,
morning clouds with extraordinarily large drops are
more likely than the general population to warm the
subcloud layer, be cut off from the surface moisture
flux, and dissipate. While we cannot completely ignore
the impact of the sampling, the increased solar ab-

TABLE 3. Parameter uncertainties.

Parameter
Parameter uncertainty r. Uncertainty®
LWP (section 2b) 0.04 kg m™2 (40%)* 3 um
ERBE albedo (section 2c) 10% (0.05)* 4 um
Planetary albedo
parameterization
(section d) 5% (0.025)* 3 um

* Evaluated at mean LWP and albedo values.
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FiG. 11. ERBE albedo versus LWP, California region, for July
1987. X corresponds to grid boxes containing one or more pixels
with normalized polarization differences (P) between 0.7 and 0.8.
Dot-dashed line is the Slingo-parameterized albedo for an effective
radius of 9.3 um.

sorption and likelihood of precipitation will diminish
the importance of this effect.

Another explanation presents itself in the following
picture of the diurnal evolution of a stratus cloud. The
thick morning clouds absorb shortwave radiation
throughout the day (Stephens 1984) and entrain dry
air from above the cloud top (Nicholls 1984). Short-
wave absorption can warm the cloud layer enough to
introduce a subcloud temperature discontinuity that
discourages the upward mixing of moisture into the
cloud. Cloud-top entrainment of warm, dry air then
dominates, and the cloud at least partially dissipates
(Rogers and Olsen 1990). This leads to a reduced liquid
water path and a decreased droplet number density
that encourages droplet sizes to grow. The larger droplet
sizes derived in conjunction with lower evening albedos
(and hence smaller optical thickness) may thus be gen-
uine.

The independent variations of LWPs and droplet
sizes (Fig. 9a) seen here corroborate similar results from
the cloud composite studied by Nakajima et al. (1991)
and from arctic stratus clouds (Herman and Curry
1984). The lack of correlation must reflect variations
in either cloud thickness or surface-averaged droplet
radius. The observed relationship between the albedo
and the droplet size in Fig. 9b can be explained either
by true droplet size variations or by small-scale LWP
inhomogeneities. High albedos can indicate homoge-
neous cloud cover as well as small droplet sizes, whereas
low albedos can be caused either by deviations from
plane-parallel homogeneity or by larger drops. The
LWP-variability overestimate is greater at higher LWPs
(albedos), strengthening the apparent r.~albedo rela-
tionship. Since the impact of small-scale LWP vari-
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FI1G. 12. The 0000 UTC 17 July (1600 local time) 1987 850-mb
geopotential heights (dekameters) and wind vectors (m s™").

ability is embedded within the droplet size derivation,
the two effects cannot be separated.
5. Case studies: July and August 1987

The results from the previous section relied on the
selection of large, completely overcast regions. Such a
best-case dataset allowed us to establish that the meth-
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FIG. 13. GOES visible image for 0000 UTC 16 July
(1600 local time).
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FIG. 14. The derived effective radius over 2.5° by 2.5° grid boxes
for (a) 16 July 1987, evening, and (b) 17 July 1987, evening,

odology for retrieving droplet radius is valid, except
that ideally LWP variability ought to also be accounted
for. When we attempted to extend the application of
this methodology to a more general sample of collo-
cated measurements containing high but not neces-
sarily complete cloud cover, we found a reduced de-
pendence of albedo on LWP. We binned the data by
collocation event and examined the California data
more closely using National Meteorological Center
analyses, satellite imagery, and the microwave-retrieved
water vapor path values.

These case studies support and extend the conclu-
sions of section 4 but stress the importance of spatial
inhomogeneity. Even within stratus regions, significant
airmass variability can exist, and often this can be as-
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sociated with a particular meteorological situation. The
two case studies presented here help illustrate that 1)
the methodology is valid when an air mass appears to
be homogeneous but that 2) the more common case
does involve spatial inhomogeneities, whether they be
in cloud morphology or LWP, that play an important
role in influencing the large-scale albedo.

Eight collocation events occurred in the California
region during our time period of study. In four of these,
moist (WVP > 30 kg m™2) air masses moved south-
ward from the midlatitudes until they intruded into
the stratus regions. These air masses generally had
higher LWPs and lower albedos than the neighboring
cloud decks, and a droplet size cannot be satisfactorily
derived. Such a case occurred in August 1987. A con-
trasting case is that of July 1987, for which the param-
eterized albedo with a fixed effective radius provides a
good fit between the LWP and albedo measurements.
In fact, the California data from July 1987 accom-
modated the best fit to the albedo parameterization of
any of the data.

a. July 1987

July may be the month of the year providing the
most conducive large-scale physical environment for
California stratus cloud development (Klein and
Hartmann 1993). Certainly, the conditions present
during 16-17 July 1987 confirmed its selection for
FIRE. Much of our albedo-LWP data came from these
day’s evenings (Fig. 11). The fit made using the Slingo
parameterization for an effective radius of 9.3 um is
able to explain 83% of the variation in the observations,
after grid boxes containing possible precipitation
(plotted with an “X”’) were excluded from the corre-

August 1987
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FIG. 15. ERBE albedo versus LWP, California region, August 1987.
The X corresponds to grid boxes containing one or more pixels with
normalized polarization differences (P) between 0.7 and 0.8. < is
pointing to the data from just north of 30°N.
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FI1G. 16. The 1745 UTC 14 August 1987 GOES visible image.

lation.” A typical 850-mb pressure pattern for these
three days (Fig. 12) shows the subtropical high centered
near 145°W and 45°N, slightly north of its climato-
logical position for July, and winds within the stratus
region are predominantly northerly (Fig. 12). As can
be deduced from the visible image (Fig. 13), much of
the stratocumulus region was heavily overcast.

The derived radii (Fig. 14) for these grid boxes av-
erage 9.3 + 3.3 um. The effective radii south of 30°
tend to be somewhat larger, probably because the
clouds are more broken. Young et al. (1992), using a
similar technique, found derived radii exceeding 10
um north of 30°N for the morning of 17 July (their
Fig. 3c¢). Nakajima et al. (1991) found larger drops
and even drizzle from aircraft data in the area around

7 Grid boxes containing pixels with polarization differences between
0.7 and 0.8 tend to have lowered albedos if the mean LWP is low,
but not if the mean LWP is high. When the LWP is low, the possible
precipitation is probably associated with a low fractional cloudiness,
but not so at high LWPs. In this case, the grid boxes containing
possible precipitation all came from 19 July.

31° to 32.5°N and 120.7°W at 1100 local time on 16
July. Their Fig. 8 suggests an average radius of between
7 and 9 um, with a maximum at 20 gm, while our
average radius for that area is 3.5 um. The difference
in the droplet sizes may reflect the different sampling,
as drizzle tends to occur on much smaller scales than
our grid boxes (Albrecht et al, 1990).

b. August 1987

The large-scale pressure and wind fields for 14-15
August 1987 (not shown) were similar to that for 16—
17 July, yet the albedo—LWP scatterplot for the August
case shows considerable scatter (Fig. 15). The visible
image (Fig. 16) shows a very inhomogeneous cloud
field, with a distinct dark strip of about 500 km by
2000 km along 29°-35°N. Figure 17a shows the ERBE
albedo image for this case, with the water vapor field
overlaid, while Fig. 17b shows the corresponding LWP
image, also with the water vapor field overlaid. The
dark strip just north of 30°N is seen to have higher
values of LWP than neighboring areas, along with a
much higher WVP,
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ERBE Albedo - 14 Aug 87 15:11
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FiG. 17. The 14 August case. (a) The ERBE albedo field (pixel data) with the overlaid water vapor path (WVP)
field (kg m™2). (b) the corresponding SSMI LWP (kg m™2) and the same overlaid WVP field.
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SSMI Water Vapor Path - 13 Aug 87 2:44
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FIG. 18. Water vapor path swaths from prior to and including the 14 August 1987 case. In local time, (a) 12 August evening, (b) 13
August morning, (c) 13 August evening, (d) 14 August morning (coincident with swaths in Fig. 17). Units are kilograms per square meter.

The time series of water vapor swaths (Fig. 18) pro-
vides a history of the air mass seen north of 30°N in
Fig. 14. On 13 August (Fig. 18a), a moist air mass is
seen around 45°N. As time progressed, this air mass
moved southward, losing moisture with time. On the
morning of 14 August, this air mass became the low
albedo-high liquid water path strip we see at 30°N in
Figs. 17 and 18d. Derived effective radii south of the
swath were less than 10 um, while within the swath
they were about 50 um.

From the visible image we can see that the frac-
tional cloudiness is less than unity within the high
moisture, low albedo strip. ERBE classified the scene
as “mostly cloudy,” while ISCCP found a fractional
cloudiness approaching unity.® The ISCCP data also

8 ISCCP data from the nearest daytime three-hourly dataset was
missing, so we examined ISCCP data from six hours later.

reveal that the cloud-top temperatures within the
swath are about 1°C lower than those of the clouds
lying to the south of it but are 2°-3°C higher than
those of the clouds lying to the north. This case is
puzzling and interesting. High WVP air was advected
southward, and as it passed through the stratus region
the character of the stratus clouds was greatly altered.
In the process the relationship between LWP and
albedo changed.

Other researchers have applied similar method-
ologies to data from FIRE and met with some success
(Minnis et al. 1992; Young et al. 1992). Using a
different database, we have found results consistent
with theirs. However, by looking at a larger data
sample, we are also led to conclude that some of this
success is fortuitous or, at least, a best case. Influential
variations within clouds may be a much more com-
mon feature than the results from FIRE would lead
us to believe.
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6. Conclusions

Microwave and albedo satellite data from three stra-
tus regions over a total of five seasons (boreal summer
and fall only) were collected and applied toward these
goals: first, 1o characterize the regions, and second, to
evaluate a satellite methodology for retrieving droplet
size and its implications. The data yielded a mean cloud
liquid water path of 0.120 kg m™ + 0.032 kg m™2.
The diurnal range in the cloud liquid water is about
25% of the mean LWP. For these cloud LWP values,
changes in both cloud LWP or droplet size are
important to determining subtropical stratocumulus
cloud albedo (see Fig. 1) along with changes in cloud
cover.

A positive correlation between cloud liquid water
path and cloud amount, apparent in the diurnal cycle
and summer to fall changes and in the interregional
differences, reinforces the intuitive idea that stratus
cloud amount and cloud liquid water path are influ-
enced by the same processes. A relatively strong JJA-
SON shift is seen in the Namibian cloud LWPs, and
interannual change in the Peruvian stratus LWP
coincident with an ENSO episode were evident.
Otherwise, interregional differences are small. We
found a negative correlation of 0.50 between cloud
LWP and low cloud-top temperature, consistent with
other studies, and with the interpretation of low CTT
as a cloud thickness proxy at timescales larger than
a day.

The 84 collocated albedo and LWP measurements
for 2.5° by 2.5° completely overcast grid boxes, input
into a radiative parameterization, yielded a mean ef-
fective radius of 10.1 £ 4.4 um. Throughout the
course of the day, the mean effective radius increases,
while the mean liquid water path and albedo de-
crease. The diurnal change in microphysics corrob-
orates the few other observational studies available
and may reinforce the importance of entrainment of
warm, dry, above-cloud air to droplet spectrum
changes.

Aspects of the derivation, along with correlations
between LWP, albedo, and droplet size, have im-
portant consequences for climate modeling. First,
although the range of derived droplet sizes is within
the range observed in other studies, the droplet sizes
may be overestimated by almost 6 um because of the
impact of LWP variability on the average albedo if
we rely on the findings of Cahalan et al. (1994b). A
related conclusion is then that LWP variability may
actually have a more pronounced influence on the
albedo, rather than the mean LWP value itself. This
1s because the modeled albedo is not a strong function
of LWP for the range of retrieved mean cloud LWPs.
LWP variability can thus have an impact on the av-
erage albedo that is equal in magnitude to that of
genuine microphysical changes. As we c¢annot sep-
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arate the two effects of droplet size and LWP vari-
ability on albedo from each other, either effect can
explain the strong negative correlation seen between
measured albedo and derived droplet size.

Second, negligible correlation is seen between LWP
and effective radius measurements. This reinforces
what other researchers have already observed, namely
that LWP and droplet size form two independent pa-
rameters that must be estimated separately when com-
puting a cloud optical depth. Thus, LWP measure-
ments alone are insufficient for validating parameter-
izations of the albedo of stratus clouds within climate
models.

Neither can cloud droplet size and cloud LWP mea-
surements together adequately validate climate model
albedo parameterizations. At the large scale utilized
here and by climate models, yet a third parameter,
providing some measure of the within-cloud LWP
variability, appears to be necessary. This is a direct
consequence of the nonlinear relationship between
LWP and albedo. One bright note is that such a LWP
variability measure does not appear to be required for
the smaller 1-8-km scales characteristic of some other
satellite resolutions, as evidenced by the results of Han
et al. (1994).

Case studies further the main results of this study,
namely that the methodology we have tested is valid
under conditions of strong spatial homogeneity and,
perhaps more importantly, that conditions of spatial
inhomogeneity actually occur rather frequently, even
within stratus regions. The conditions witnessed during
FIRE do not appear to be representative in this regard.
The case studies reinforce the need to properly account
for this effect within climate models as well. This would
include determining how LWP variability relates to
cloud fraction, cloud shape (or type), and droplet size
and its variability, and also include incorporating those
feedbacks into the present climate models.
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