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ABSTRACT

The large-scale spatial distribution and temporal variability of cloud liquid water path (LWP) over the
world’s oceans and the relationship of cloud LWP to temperature and the radiation budget are investigated
using recent satellite measurements from the Special Sensor Microwave/Imager (SSM/I), the Earth Radiation
Budget Experiment (ERBE), and the International Satellite Cloud Climatology Project (ISCCP). Observa-
tions of cloud liquid water on a 2.5° X 2.5° grid are used over a 53-month period beginning July 1987 and
ending in December 1991. .

The highest values of cloud liquid water (greater than 0.13 kg m™2) occur largely along principal routes of
northern midlatitude storms and in areas dominated by tropical convection. The zonally averaged structure is
distinctly trimodal, where maxima appear in the midlatitudes and near the equator. The average marine cloud
LWP over the globe is estimated to be about 0.113 kg m™2. Its highest seasonal variability is typically between
15% and 25% of the annual mean but in certain locations can exceed 30%. Comparisons of cloud LWP to

~ temperature for low clouds during JJA and DJF of 1990 show significant positive correlations at colder tem-

peratures and negative correlations at warmer temperatures. The correlations also exhibit strong seasonal and
regional variation.

Coincident and collocated observations of cloud LWP from the SSM/I and albedo measurements from
the Earth Radiation Budget Satellite (ERBS) and the NOAA-10 satellite are compared for low clouds in
the North Pacific and North Atlantic. The observed albedo—LWP relationships correspond reasonably well
with theory, where the average cloud effective radius (r,) is 11.1 pm and the standard deviation is 5.2 um.
The large variability in the inferred values of r, suggests that other factors may be important in the albedo—
LWP relationships. In terms of the effect of the LWP on the net cloud forcing, the authors find that a 0.05
kg m~? increase in LWP (for LWP < 0.2 kg m~?) results in a ~25 W m™2 change in the net cloud forcing
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at a solar zenith angle of 75°.

1. Intreduction

The importance of cloud liquid water in global cli-
mate has been a topic of recent debate. In particular,
the cloud—climate feedback mechanism involving
cloud liquid water is thought to be potentially signifi-
cant to the problem of global climate change (Paltridge
1980). Several modeling studies have emphasized the
temperature dependence of cloud liquid water as being
the driving force behind this feedback (e.g., Charlock
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1982; Somerville and Remer 1984; Betts and Harsh-
vardhan 1987). Some of these studies used in situ mea-
surements of cloud liquid water over limited continen-
tal regions to conclude that cloud liquid waier might
provide a relatively large negative feedback on climate.
However, the latest modeling efforts using general cir-
culation models (GCMs) (e.g., Taylor and Ghan 1992)
suggest that the cloud liquid water feedback may be
more neuiral since cloud longwave radiative effects
tend to compensate for the increased albedos. Also,
Twomey (1991) has raised doubts about whether a
strong dependence of liquid water content on temper-
ature actually exists, following a reinterpretation of the
in situ measurements. Furthermore, even if the adi-
abatic liquid water content were to increase with tem-
perature, there is no assurance that the clouds would
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possess greater liquid water in a warmer atmosphere
since other, nonadiabatic, microphysical processes
might offset the adiabatic increase in liquid water, such
as increased precipitation efficiency (Twomey 1991).
Other evidence contrary to the idea that cloud liquid
water generally increases with temperature comes from
recent satellite measurements of cloud optical depth
from Tselioudis et al. (1992), which demonstrate that
optical depth and temperature are anticorrelated over
most areas of the globe.

Cloud feedback processes in general have been
identified as one of several components of the climate
system that must be understood before we can reli-
ably predict climate change. Unfortunately, there are
presently large gaps in our knowledge about such
fundamental questions as, What is the global distri-
bution of cloud liquid water and ice water? What are
the main physical processes that determine their dis-
tribution? and even more importantly, What are their
respective radiative effects? Of course one of the ma-
jor reasons for these deficiencies is that global ob-
servations of cloud properties have only recently be-
come available. In an effort to address these and
other related issues, the Global Energy and Water
cycle Experiment (GEWEX) has proposed strategies
to monitor cloud water and other cloud properties on
a global scale.

A full understanding of the cloud liquid water feed-
back and to what extent it will ultimately affect climate
and climate change will perhaps be possible only
through the use of GCMs. Nevertheless, observations
can play a key role in improving our understanding of
the factors that govern cloud liquid water and also pro-
vide descriptions of the interactions of cloud liquid wa-
ter with other variables of the climate system. These
descriptions can also serve as sources of parameteriza-
tion for simple climate models or as tests for the new
generation of GCMs that explicitly include the predic-
tion of cloud liquid water.

Observations of cloud liquid water from satellite-
based systems have been restricted almost exclu-
sively to total column estimates using optical (e.g.,
Lin and Rossow 1994 ) and passive microwave meth-
ods (e.g., Petty 1990; Greenwald et al. 1993). De-
spite their limitations these types of measurements
can be extremely useful in understanding the hori-
zontal distribution of cloud liquid water [ information
about the detailed vertical structure of cloud liquid
water from satellite measurements may be possible
in the future using cloud profilers, such as the 94-
GHz radar proposed for TRMM-2 ( Tropical Rainfall
Measuring Mission)]. The chief weaknesses of the
optical methods include the effects of ice clouds and
multilevel clouds and the nonlinearities arising from
cloud brokenness/inhomogeneities within the field
of view (FOV) of the instrument. The microwave
techniques by comparison represent a more direct ap-
proach but are less accurate in areas of precipitating
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cloud systems, involve relatively coarse resolution
measurements, and are usually restricted to water
surfaces, though retrievals may be possible over land
when combined with IR measurements (Jones and
Vonder Haar 1990). With the emergence of new
spaceborne microwave instruments of improved cal-
ibration and high stability, such as the Special Sensor
Microwave/Imager (SSM/I), it has become possible
to monitor successfully cloud liquid water on a
global scale since July of 1987.

This study presents a multiyear survey of cloud lig-
uid water over the oceans and examines the relation-
ships of this bulk cloud property to atmospheric tem-
perature and the Earth’s radiation budget using obser-
vations from the SSM/I, the International Satellite
Cloud Climatology Project (ISCCP; e.g., Rossow and
Schiffer 1991), and the Earth Radiation Budget Ex-
periment (ERBE; e.g., Barkstrom 1984 ). Our primary
aim is to address some of the scientific concerns out-
lined by GEWEX. These include describing the spatial
distribution and temporal statistics of cloud liquid wa-
ter and also providing insight into the factors that shape
its distribution. Moreover, we wish to determine the
coupling of cloud liquid water to the temperature field
and the radiation budget in order to provide important
clues as to the role of cloud liquid water in global cli-
mate.

A similar temperature sensitivity analysis was con-
ducted by Tselioudis et al. (1992) using observations
of cloud optical depth. Assuming that variations of op-
tical depth are primarily due to changes in liquid water
path, the results of Tselioudis et al. can be used to infer
the relationship of cloud liquid water to temperature.
The advantages of this study in determining this rela-
tionship are the use of measurements of cloud liquid
water and the elimination of possible effects from ice
clouds at middie and high latitudes during the winter.
In addition, this study differs from earlier comparisons
of liquid water and the radiation budget, such as by
Stephens and Greenwald (1991), in that we collocate
instantaneous measurements of cloud liquid water and
the radiation budget and focus only on low-level
clouds.

The first part of this paper gives a description of
the cloud liquid water datasets and includes an esti-
mate of their expected errors. We also explain some
of the shortcomings of these types of datasets. In sec-
tion 3 we describe the spatial and temporal charac-
teristics of cloud liquid water across the world’s
oceans over a 53-month period. Section 4 deals with
the global, regional, and seasonal aspects of the re-
lationship of cloud liquid water to temperature. In
section 5 we explore the relationships of cloud liquid
water to albedo and compare these observed rela-
tionships to theory in selected regions. In addition,
we investigate the effect of cloud liquid water on the
net cloud forcing. Finally, in section 6 we present the
important conclusions of this work.
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2. Cloud liquid water data

The cloud liquid water datasets are derived from
SSM/I measurements on the Defense Meteorological
Satellite Program (DMSP) F-8 satellite over a nearly
continuous period from 9 July 1987 to 31 December
1991 (the entire month of December 1987 is missing
due to a shutdown of the instrument). The SSM/I is a
seven-channel polarimetric radiometer that detects ra-
diation at 19.35, 22.235, 37, and 85.5 GHz (see Hol-
linger et al. 1990 for a detailed description of the SSM/
I). The datasets used in section 3 of this study consist
of monthly mean quantities on a 2.5° X 2.5° grid.

The physical model used to retrieve vertically inte-
grated cloud liquid water simultaneously with water
vapor over water surfaces is a modified form of the
method outlined by Greenwald et al. (1993). This tech-
nique is analogous to the physical methods used in the
retrieval of water vapor and liquid water from ground-
based microwave radiometers (see, e.g., Westwater
1978). The present model is also conceptually similar
to the physical models used, for example, by Wentz
(1983) and Petty and Katsaros (1992).

An improved analytic form for the upwelling vertical
(v) or horizontal (h) polarization brightness tempera-
tures at the top of the atmosphere, based on a reworking
of the results of Tjemkes et al. (1991), can be ex-
pressed at frequency v as

Tu/h,u = Ts[]- - (1 - 6ulh,u)grlzl] - F[Z:

+ (1 - Eu/h,l/)Z ;gu] + Tcos(l - 6w’h.l/)glzl’ (1)
where
Z: = % (gox.unTw,u + Hl"’rf"’g}‘”) (2)
— 9'1/ 2
Z =2 W Ho(Tus + el ) + HruT] - (3)

are the atmospheric terms, 7, is the surface skin tem-
perature, p is the cosine of the viewing angle, ¢, , is
the surface emissivity at v- or h-polarization, ¥, is the
total transmission of the atmosphere (7,,,9, ,9,..), Tw..
is the water vapor optical depth (defined as the water
vapor mass absorption coefficient, «,,,, times the in-
tegrated water vapor), I is the temperature lapse rate,
H,, is the water vapor scale height, and T, is the cosmic
background temperature. The transmission terms for
water vapor, oxygen, and liquid water are defined, re-
SpeCtiVCIY’ as gW.V = exp( - Tw,ulp/)’ Q;JX.V = eXP(_ Tox,u/
p) and 9, = exp(—7,,/p), where 7,, is the liquid
water optical depth (defined as the liquid water mass
absorption coefficient, «;,, times the integrated liquid
water) and 7,,, is the oxygen optical depth. The con-
tribution from the effective height of the liquid water
is included in (2) and (3) by assuming that the cloud
is a delta function, whereby the liquid water is concen-
trated at a height H,. The contribution from the cosmic
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background, although very small, is included as the last
term in (1). Finally, the quantity c72,/u is a second-
order term in the expansion of Z , that was required as
aresult of discrepancies of the analytic expression with
more detailed calculations of 7, . The expansion yields
a value for ¢ of 0.25; however, a much larger value of
3.2 was found to provide the best agreement. This value
was used for the three lowest frequencies, but is only
important at 22.235 GHz.

One simplification in (1) is that the downwelling
radiation is always specularly reflected by the sea sur-
face, even when the surface becomes rough. This as-
sumption is likely to be violated under windy condi-
tions and particularly for the h-polarization component
of the reflected sky radiation. Several investigators
have attempted to estimate and account for the non-
specular behavior of the reflected sky radiation (e.g.,
Wentz 1983; Petty and Katsaros 1994). This effect,
however, is less important for the v-polarization com-
ponent, but could be incorporated into the present
model if needed. Another simplification is that the
surface air temperature (7,) is set equal to 7,. The
expression in (1) could be easily generalized to in-
clude 7,.

Using measurements at two different frequencies,
the integrated water vapor (W) and cloud liquid water
(L) can be derived iteratively from Egs. (1)-(3).
Specification of the unknown variables and a detailed
account of the retrieval procedure are outlined in the
appendix. The v-polarization channels are used as op-
posed to the h-polarization channels since they are
much less sensitive to sea surface roughness effects for

- viewing angles typical of the SSM/I (i.e., =~53°). A

combination of measurements at 19.35v and 37v GHz
is used for the liquid water retrievals since it results in
lower variability in clear regions and compares better
against surface observations than for the 22.235v and
37v GHz pair. Measurements at 85.5 GHz would pro-
vide greater sensitivity to changes in cloud liquid water
for lower liquid water and water vapor amounts. We
did not take advantage of these measurements since,
unfortunately, both channels failed during the 53-
month period of interest. In future work it will be
straightforward to include measurements at 85.5 GHz
as well in the retrieval model.

Estimates of the retrieval errors are derived from two
different sources. First, using a limited set of ground-
based microwave measurements of liquid water from
the study of Greenwald et al. (1993 ), the retrievals are
found to have an rms difference of 0.040 kg m™ over
San Nicolas Island and the North Sea. Second, an error
analysis for nonprecipitating clouds, similar to the one
presented by Greenwald et al. (1993), shows the re-
trievals have errors of roughly 30% on average but
which vary depending primarily on the atmospheric
conditions and the amount of liquid water. The water
vapor retrievals, on the other hand, have estimated er-
rors of about 5 kg m~? for both the 19v/37v and com-
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bined 19v/22v/37v methods based on an extensive
comparison with radiosonde observations by Jackson
and Stephens (1995).

The major limitation of the cloud liquid water path
(LWP) datasets presented in this paper, as with all mi-
crowave-derived cloud LWP datasets, is the large un-
certainties of the estimates in regions of rainfall. When
the present method (based on 37 GHz) is applied to
measurements that have significant rainfall within the
sensor’s FOV, the retrievals will in most cases over-
estimate the actual cloud LWP, mainly as a result of
increased absorption/emission by raindrops.' Because
of this limitation, a simple liquid water threshold is
applied to discriminate between ‘‘precipitating’’ and
‘‘nonprecipitating’” FOVs, such as done by Greenwald
et al. (1993). If the retrieved liquid water exceeds 0.4
kg m™?, then it is flagged as possible precipitation and
excluded from the analysis. Although we are confident
that most retrievals suspected of being greatly contam-
inated by precipitation have been eliminated, an inde-
pendent method of detecting precipitation (which pos-
sibly takes advantage of multiple frequencies) may be
more desirable in future studies. One must bear in mind
that these datasets will inevitably contain low biases in
areas of precipitation because they exclude cloud liquid
water in precipitating cloud systems.

When producing cloud LWP datasets for climate
studies, it is a common and simple practice to include
all satellite retrievals in the averaging process, whether
or not the FOVs are clear or cloudy. As pointed out by
Lin and Rossow (1994), this type of averaging does
not, strictly speaking, yield the mean cloud liquid water
since FOVs that are free of water clouds are also in-
cluded. In their analysis, Lin and Rossow used non-
coincident (within 1.5 h) IR data to aid in screening
out clear FOVs.

How one averages the LWP data depends on the ap-
plication that is of interest to the scientist. For example,
when comparing observations to cloud liquid water
fields generated by GCMs, one might want to include
clear FOVs in the average. However, if one is specifi-
cally interested in cloud properties, then it might be
better to exclude clear FOVs. Thus, it is highly rec-
ommended that both types of datasets be produced.

Unless specifically mentioned, the cloud LWP re-
sults presented in this study include only cloudy FOVs.
Since for our purposes it would be clearly impractical,
given the volume of data, to use IR data to aid in iden-
tifying clear FOVs, we use instead a liquid water
threshold. This is similar to the scene identification ap-
proach of Bauer and Schluessel (1993), who used lig-
uid water retrievals below 0.05 kg m~2 as an indicator
of clear FOVs. Here, we use a threshold of 0.048

"This is ignoring, of course, the separate issue of beam filling,
which leads to underestimates of the cloud LWP.
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kg m~2, which is three times the standard deviation of
the retrievals from the clear sky dataset described by
Greenwald et al. (1993).

This threshold was selected for two reasons. First, it
covers nearly the entire spread of the clear sky retriev-
als. Second, monthly mean values of cloud amount de-
rived from the liquid water data using this threshold are
reasonably consistent with ISCCP cloudiness data. The
threshold works well under most conditions, except in
regions of rough seas and low water vapor as deter-
mined from comparisons of the liquid water variability
within 1° X 1° grid boxes. Thus, for W < 12 kg m™
and u# > 8 m s, where u is the retrieved near-surface
wind speed, the threshold is set to 0.024 kg m™.

The major disadvantage in using a liquid water
threshold is that the results will, to a certain extent,
depend on the chosen threshold (Lin and Rossow
1994). To test the sensitivity of the results to different
thresholds, we compared monthly mean quantities of
cloud LWP computed at the threshold pairs of 0.048/
0.024 kg m™? and 0.032/0.016 kg m™. The latter
threshold pair was chosen as an approximate lower
limit since smaller thresholds yielded unrealistically
high monthly mean cloud amounts. We find that the
differences in the results between these sets of thresh-
olds varied greatly depending on the cloudiness con-
ditions. As expected, the smallest differences occurred
in highly cloudy areas (>80% cloudiness), being less
than 10%. In areas of 50% cloudiness the differences
ranged from about 10% to 20%, whereas for the lowest
cloudiness (<30%) the differences were the greatest,
sometimes as large as 30%.

Despite the difficulties in identifying cloudy SSM/1
FOVs using only a liquid water threshold, the results
presented in the following section can still provide use-
ful information as long as it is recognized that the larg-
est uncertainties (~30%) occur generally in those
regions with the lowest cloudiness. Obviously, there is
a need for an independent method of detecting cloudy
SSM/I FOVs and, even more importantly, determining
the degree of cloudiness within the sensor’s FOV. One
possible candidate is visible and IR measurements from
the Operational Line Scanner (OLS) on the DMSP sat-
ellites, which might be useful in the future processing
of cloud liquid water datasets.

3. Spatial distribution and temporal variation of
cloud liquid water

Figure 1 shows the mean SSM/I cloud LWP for the
53 monthly averages. This figure suggests that the hor-
izontal distribution of cloud LWP is in many ways tied
to large-scale dynamical patterns. For example, an in-
dication of the path of northern midlatitude storms can
be observed, where the liquid water is often greater
than 0.125 kg m 2. Also, the signatures of the inter-
tropical convergence zone (ITCZ) are evident in the
Pacific and Atlantic, and high LWPs of over 0.125









