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Near-Global Survey of Effective Droplet Radii in Liquid Water Clouds Using ISCCP Data

1 . Introduction

A global survey of cloud particle size variations can provide crucial constraints on how cloud processes
determine cloud liquid water contents and their variation with temperature, and further, may indicate the
magnitude ofaerosol effects on clouds . A method, based on a complete radiative transfer model for AVHRR-
measured radiances, is described for retrieving cloud particle radii in liquid water clouds from satellite data
currently available from the International Satellite Cloud Climatology Project . Results of sensitivity tests and
validation studies provide error estimates . AVHRR data from NOAA-9 and NOAA-10 have been analyzed for
January, April, July, and October in 1987 and 1988 . The results of this first survey reveal systematic continental
and maritime differences and hemispheric contrasts that are indicative ofthe effects ofassociated aerosol con-
centration differences: cloud droplet radii in continental water clouds are about 2-3 gm smaller than in marine
clouds, and droplet radii are about 1 ALm smaller in marine clouds of the Northern Hemisphere than in the
Southern Hemisphere . The height dependencies of cloud droplet radii in continental and marine clouds are
also consistent with differences in the vertical profiles ofaerosol concentration. Significant seasonal and diurnal
variations of effective droplet radii are also observed, particularly at lower latitudes. Variations of the relationship
between cloud optical thickness and droplet radii may indicate variations in cloud microphysical regimes .

Cloud microphysical processes, which control the
conversion of water vapor to cloud particles (liquid
and ice) and precipitation, provide a key link between
the radiative effects ofwater vapor and clouds and the
hydrological cycle, and create several important cloud-
climate feedbacks. Study of variations ofcloud particle
size distribution with other cloud properties and me-
teorological conditions can be diagnostic of the pro-
cesses that control cloud radiative properties. Thus,
measurements of cloud particle size are usually made
during cloud field experiments. Information on cloud
microphysical properties is also necessary for better in-
terpretation of satellite remote sensing measurements
in terms of the optical properties that affect both the
shortwave and longwave radiative fluxes comprising
earth's radiation balance . Yet routine measurement of
cloud microphysical properties from satellites has not
occurred, so that interpretations of satellite observa-
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tions have been limited and not used to extend the
detailed knowledge gained from cloud physics studies
to the larger space and time scales relevant to climate .
The different cloud and radiation parameterizations

employed in general circulation models (GCMs) cause
them to predict widely different cloud radiative effects
on the model radiation balance resulting in a large
range of cloud-radiative feedbacks on model climates
(Cess et al. 1990) . One common aspect of these pa-
rameterizations is that they are loosely based on the
surface and aircraft measurements from several decades
of cloud studies, which are still generally limited to
daytime in midlatitudes at low altitudes and to land
areas or near-coastal marine areas . Cloud properties
observed in one region and in one season may differ
from those in other regions and in other seasons, how-
ever. A recent example of this limitation is the differ-
ence between the relationship ofcloud water path and
temperature inferred from aircraft measurements over
midlatitude land areas and that inferred over the whole
globe from satellite measurements (Tselioudis et al.
1992) . Another example is that some authors report a
correlation between cloud optical thickness and cloud
particle size (e.g ., Curry and Herman 1985), while
others find no such dependence (e.g., Stephens 1978) .
We do not yet know how to generalize our detailed
understanding of cloud microphysics.
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When considering cloud feedbacks on earth's radia-
tion balance, aerosols introduce additional complica-
tions (e.g., Charlson et al . 1992 ; Hansen and Lacis
1990) . Although aerosols can warm the earth under
some circumstances (MacCracken et al . 1986), their
direct radiative effect is generally a cooling of the sur-
face by reflecting sunlight back to space . Changes in
aerosols may also alter cloud microphysical properties
and change their effects on the radiation budget. Some
observations show aerosols increasing cloud reflectivity
by decreasing particle sizes, inhibiting rainfall and pro-
longing cloud lifetimes (Albrecht 1989), but we do not
know how other types ofclouds will respond to aerosol
changes . The possibility of both microphysical and
macrophysical changes in clouds, in general, means
that the proper interpretation of the causes of changes
in cloud radiative properties requires monitoring many
cloud characteristics together.

Satellite measurements of cloud properties began
with determinations of cloud amount and, sometimes,
cloud-top temperature (pressure or height) and have
been extended to inferences of cloud optical thickness
(Rossow et al. 1989 ; Rossow and Lacis 1990) . The
most extensive measurements of these three cloud
properties are being made by the International Satellite
Cloud Climatology Project (ISCCP) (Rossow and
Schiffer 1991). In the absence of global cloud micro-
physical information, the ISCCP analysis ofvisible ra-
diances to infer cloud optical thickness assumes that
the effective cloud particle radius of all clouds is 10
Am (Rossow et al . 1991). Such an assumption makes
the retrieved values uncertain by 15%-25% for water
clouds (Rossow et al. 1989 ; Nakajima and King 1990)
and by 30%-50% for thinner ice clouds because of dif-
ferent ice particle scattering phase functions (Minnis
et al. 1993) .
Remote sensing ofcloud drop size dates to the early

1970s (e.g ., Hansen and Pollack 1970; Pollack et al .
1978). Some information on the cloud microstructure
can be obtained by observing the spectral variation of
the intensity of reflected sunlight in the near infrared
(Blau et al . 1966 ; Hovis and Tobin 1967; Hansen and
Pollack 1970) . Since then, many case studies of cloud
drop size retrievals have been done using different
spectral bands (e.g ., Twomey and Cocks 1982, 1989;
Arking and Childs 1985; Prabhakara et al . 1988 ; Ack-
erman and Smith 1990; Wielicki et al . 1990; Nakajima
and King 1990 ; Rawlins and Foot 1990; Nakajima et
al . 1991) . One problem noted in aircraft investigations
is that remote sensing often overestimates droplet sizes
in comparison with the in situ measurements (e.g .,
Rawlins and Foot 1990; Nakajima et al . 1991) . This
problem is referred to as "abnormal absorption." Re-
cently, Taylor (1992) showed that the atmospheric
corrections calculated using LOWTRAN 5, a com-
monly used radiation code for analysis of remotely
sensed radiation, underestimate atmospheric absorp-
tion at some wavelengths by as much as ^--15% (rela-
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tive) compared with the newer LOWTRAN 7. He
shows that this discrepancy can produce the observed
overestimate of the effective cloud particle radius in-
stead of an "abnormal absorption."

Retrieval of cloud particle size in the visible and
near IR is accomplished by comparing the relative re-
flectivity of clouds at two wavelengths with different
amounts of cloud droplet absorption (Nakajima and
King 1990). The advantage of this ratio approach is
that since atmospheric effects are very weak at these
wavelengths and surface reflectivity can be specified
from clear observations, the relative reflectivity of the
clouds depends most on the total amount ofcloud ma-
terial present but not very sensitively on its macroscopic
distribution within the instrument field of view. The
only visible and near-IR wavelengths at which global
measurements from the same instrument are currently
available are the AVHRR (Advanced Very High Res-
olution Radiometer) channels with central wavelengths
of 0.6, 0.8, and 3.7,um. Radiation at 3.7,um also in-
cludes a contribution from thermal emission, which
can be determined from the other two AVHRR chan-
nels at 10.5 and 11 .5 Am.
We have developed a practical scheme to infer cloud

particle effective radii (see definition in Appendix) for
water clouds (cloud-top temperatures > 273 K) from
measurements at 3.7 Am, together with those at 0.6
and 10.5 um, taken globally by the AVHRR on NOAA
polar-orbiting weather satellites . The scheme is applied
to AVHRR data already analyzed by ISCCP, described
in section 2 . The scheme compares the measured ra-
diances to radiative transfer model calculations . The
radiative model (section 3a) uses a doubling-adding
treatment of multiple scattering in a vertically inho-
mogeneous medium (Lacis and Hansen 1974) and in-
cludes the effects of all major absorbing gases (Lacis
and Oinas 1991) to compute synthetic radiances for
all AVHRR channels . A method of estimating instru-
ment noise and accounting for its effects has also been
developed (Han 1992). The retrieval scheme (section
3b), based on the radiative model, relies on the ISCCP
cloud detection and combines the ISCCP-determined
cloud optical thickness, cloud-top temperature, surface
reflectance, and surface temperature with the 3 .7- and
11-A.m radiances to retrieve cloud particle size and to
revise the cloud optical thickness. In section 4, results
from sensitivity tests are used to estimate the magnitude
of the most important sources oferror . Also, compar-
isons of retrieved droplet sizes to other measurements
ofdroplet size provide some verification ofthe method.
Section 5 presents the results of a near-global survey
obtained from 8 months ofdata, covering the four sea-
sons, from the AVHRRs on both NOAA-9 ("after-
noon" orbiter) and NOAH-10 ("morning" orbiter) .
Comparison of the results from the two polar orbiters
provides apreliminary assessment ofdiurnal variations .
These results are summarized and discussed in sec-
tion 6 .
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2 . Data

a. Data description

The dataset used to retrieve cloud particle sizes is
the ISCCP CX data derived from the NOAA-9 and
NOAA-10 AVHRRs from January, April, July, and
October 1987 and 1988 . ISCCP CX data are composed
of the stage B3 radiance data (Schiffer and Rossow
1985 ; Rossow et al . 1987), which are samples of the
original radiances from all five AVHRR channels with
viewing and illumination geometry, plus the results of
the ISCCP cloud analysis for each original image pixel.
We use radiances from channel 1 (0.54-0.80 /m),
channel 3 (3.44-4.04 ,m), and channel 4 (10.0-11 .6
jm) . The original image pixels represent an area of
about 4 X 1 km2 and have been sampled to a spacing
of about 30 km. This dataset provides sufficient statis-
tical sampling of the original AVHRR radiances to
produce a climatology of cloud properties (e.g., Seze
and Rossow 1991) and takes advantage of the ISCCP
cloud detection analysis to distinguish cloudy from
clear pixels . The ISCCP analysis also provides values
of cloud optical thickness, T, cloud-top temperature,
Tc , top pressure, Pc, and surface temperature, Ts . Also
included in the CX dataset are earth location, a land-
water flag, and a snow/ice flag for each pixel . The at-
mospheric temperature and humidity profiles used in
our retrieval are taken from the ISCCP version of the
NOAA TOVS (TIROS Operational Vertical Sounder)
data (Rossow et al . 1991) .

b. Radiance calibration

ISCCP radiance calibrations for channels 1 and 4
are normalized to that ofthe NOAA-7 AVHRR in July
1983; however, the absolute channel 1 calibration was
later modified based on comparisons to aircraft mea-
surements over White Sands (Brest and Rossow 1992) .
The estimated absolute uncertainty of the channel 1
calibration is 5%-10% . The absolute uncertainty ofthe
channel 4 calibration, based on NOAA calibration
procedures, is estimated to be 1-2 K near 280-290 K
(Brown et al . 1985, 1992) ; the uncertainty at lower
temperatures is larger, based on the observed variability
of global statistics, but is still only 2-3 K (Brest and
Rossow 1992) .
Brown et al . (1985, 1992) have also shown that the

uncertainty in the channel 3 calibration at higher tem-
peratures is similar to that for channel 4 . We obtained
similar estimates by checking the consistency of sea
surface temperatures (SST) retrieved from channel 3
and 4 radiances over high-latitude oceans at night,
where differences in atmospheric effects are small : at
brightness temperatures > 270 K, both channel 3 and
4 SST values agree to within 1 K . Moreover, the chan-
nel 3 and 4 SST values from NOAA-9 and NOAA-10
in overlapping observations at high latitudes also agree
to within 1 K. Noise levels in channel 3 radiances are
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monitored as part of the analysis procedure (Han
1992); for the datasets used here, the noise level was
generally <3%.

c . Validation of the ISCCP analysis

Our analysis builds on the results ofthe ISCCP cloud
detection and radiative analysis of channel 1 and 4
radiances; thus, the accuracy ofour results depends on
the accuracy of the ISCCP analysis . We summarize
ISCCP validation results here .

Since we use individual image pixel results, the ac-
curacy of the ISCCP-determined cloud amount only
directly affects our results in one way . Since we infer
cloud particle sizes in "cloudy" pixels, our statistics
will be affected by any clear pixels that are mistakenly
included and only secondarily by cloudy pixels that
are excluded . The latter effect is only small if we have
included the majority ofthe clouds in the sample . The
detection accuracy of the ISCCP analysis can be as-
sessed by checking the accuracy ofclear radiances and
by comparison to other measurements of cloud
amount . Rossow and Garder (1993b) show the results
of several such comparisons and estimate the uncer-
tainty in cloud detections to be about 5%-10% rms . In
particular, a detailed comparison ofISCCP and surface
observer cloud detections over land areas suggests that
<5% of the detections are false, except in winter when
the false detections are somewhat more frequent but
still <10% (Rossow et al . 1993). Thus, over 90% of
the pixels analyzed as clouds are actually clouds and
less than 10% of existing clouds have been missed.
A key assumption made in both the ISCCP and our

analysis for comparison of radiative transfer model
calculations to the measured cloudy radiances is that
the instrument field of view (pixel) is covered by a
uniform layer of cloud . Thus, the more important
"cloud amount" issue concerns how frequently the 4
X 1 km2 AVHRR pixels are only partially covered by
cloud and how much error in the retrieved droplet ra-
dius is caused when subpixel cloud cover variations
occur . We discuss this issue in section 4c and test the
sensitivity of our results to partial cloud cover .

Validation studies have also provided estimates of
the uncertainty in ISCCP surface temperature values
that are used in our analysis: about 2 K over oceans
and about 4 K over land (Rossow and Garder 1993b) .
A preliminary study (Rossow et al . 1987) also shows
that there is little systematic error in retrieved surface
temperatures as a function of satellite zenith angle. Bias
errors in the surface temperatures caused by the water
vapor dataset and the water vapor absorption coeffi-
cient used in the ISCCP analysis are essentially elim-
inated by the fact that we use the same dataset and
absorption coefficient for channel 4 in our analysis to
reconstruct the upwelling 10.5-Am radiances .

Uncertainties in ISCCP-retrieved cloud-top temper-
atures are caused by the treatment of water vapor ef-
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fects, cloud effects, and the homogeneity of the cloud
properties in a single pixel . The uncertainties associated
with water vapor effects will be smaller for cloud-top
temperatures than for surface temperatures, since much
of the water vapor is below the cloud tops. Neglect of
scattering at 10.5 ym produces only small (<3%) errors
for water clouds, partly because the cloud emission
temperature is not very different from the brightness
temperature of the upwelling radiation from the sur-
face . Systematic errors of cloud-top temperature as a
function ofsatellite zenith angle are also <3% (Rossow
et al . 1987) . Both these sources of error are about 2-
3 K (Rossow et al . 1989) . Errors caused by subpixel
cloud variations will be small because of the similarity
of brightness temperatures of radiation from clouds
and clear sky for low-level clouds, but this source of
error is considered further in section 4c .

Since we isolate water clouds using the measured
cloud-top temperature, another source of error in our
analysis is how much optically thin cirrus cloud con-
tamination can be included in a pixel ifwe restrict Tc
> 273 K. We discuss this question in section 4d .
Many sources of uncertainty in retrieval of cloud

optical thicknesses are much less than 10% (Rossow
et al. 1989) . The largest error sources are finite ge-
ometry effects for broken clouds, deviations of cloud
particle shape from spherical in ice clouds, and devia-
tions ofthe droplet radii from the 10-lAm value assumed
in the ISCCP radiative model. We avoid the second
error source by focusing on warm, liquid water clouds
and explicitly correct the third error during our retrieval
of cloud particle radii . Studies of the angular depen-
dence of visible radiances from various cloud types do
show some systematic differences with the plane-par
allel representation (Coakley and Kobayashi 1989),
but overall errors are <I 0% for the near-nadir viewing
geometry used in our analysis (Kobayashi 1993) . We
also consider this issue in section 4c .

3 . Radiation model and retrieval scheme
a. ISCCP retrieval scheme

The radiative transfer model used in our analysis to
simulate the AVHRR radiances is described below. It
is based on the model developed by Lacis and Hansen
(1974) and is the same model used for the ISCCP re-
trieval scheme (Rossow et al . 1989 ; Rossow et al .
1991), except for a more precise treatment ofthe finite
bandpass of the AVHRR channels. The ISCCP re-
trieval has three steps . The TOYS dataset provides at-
mospheric temperature and humidity profiles for each
2.5 ° region over the globe every day; these are used
with the infrared radiation model to precalculate top-
of-atmosphere infrared radiances as a function of
cloud-top temperature and satellite viewing zenith an-
gle for opaque (blackbody) clouds. In the first retrieval
step, the observed infrared radiance for each cloudy
image pixel is compared to the collocated model values
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to determine the corresponding cloud-top temperature
(and pressure) from the TOYS profile. A precalculated
database of results from the visible radiation model
contains top-of-atmosphere visible radiances as a
function of cloud optical thickness, viewing geometry,
surface reflectance, and cloud-top pressure . In the sec-
ond retrieval step, the observed visible radiance for each
cloudy image pixel is compared to this database, with
cloud-top pressure obtained from the first step and sur-
face reflectance specified from a prior analysis of clear
pixel visible radiances . Finally, in the third retrieval
step, if the cloud visible optical thickness is <9, the
cloud-top temperature is corrected for the effects of
partial transmission of infrared radiation from below
the cloud, based on the surface temperature specified
from a prior analysis of clear pixel radiances. This last
step is iterated until the cloud-top temperature/pres-
sure and optical thickness are consistent .

b. Radiation model

Our radiative model atmosphere is divided into 12
vertical, plane-parallel layers that are horizontally ho-
mogeneous. For most calculations and illustrations
shown in this paper, the temperature, humidity, and
ozone abundance profiles used are the global average,
tropical, midlatitude summer, and midlatitude winter
profiles from the Standard Atmosphere (McClatchey
et al. 1972) . The temperature and humidity profiles
can also be specified from observations. Solar irradiance
data are taken from Neckel and Labs (1984) for chan-
nel 1 and Thekaekara (1974) for channel 3 . The in-
strument "solar constants" for specific satellite were
calculated in the model using the spectral response
functions (Rossow et al. 1987) and solar spectra . Mo-
lecular scattering is included as Rayleigh scattering.
Gaseous absorptions in the model atmosphere are from
line absorptions by H2O, CO2 , 03, 02, N20, CH4, and
continuum absorptions by H2O, 03 , N2 . Table 1 in-
dicates which absorbing and scattering components af-
fect each AVHRR channel . The atmosphere is consid-
ered to be in local thermal equilibrium and thermal
radiation is determined by the emissivity and the
Planck function, which varies linearly over each model
layer . The correlated k-distribution method (Lacis and
Oinas 1991) is used to calculate gaseous absorption in
a vertically inhomogeneous, scattering atmosphere .
Surface reflectances are Lambertian for land and ice-
covered surfaces and anisotropic (bidirectional) for
water following the model by Minnis and Harrison
(1984) .

Clouds are inserted into the atmospheric model as
horizontally and vertically (within one model layer)
homogeneous layers . Mie theory is used for calculating
the wavelength-dependent phase function for liquid
water spheres and the doubling-adding method (Han-
sen and Travis 1974) is used to compute multiple scat-
tering in clouds viewed from nadir. Scattering is azi-
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Note: L: line absorption ; C : continuum band ; I : included.

muthally independent for nadir viewing geometry .
Twelve Gauss points are used to account for varying
solar zenith angles . The standard gamma distribution
(Hansen 1971) is used for cloud droplet size distri-
butions (see Appendix) . This distribution agrees well
with experimental data for stratus, altostratus, and fair
weather cumulus (Hansen 1971), that is, low-level liq-
uid water clouds . Note that throughout this paper, we
discuss the cloud optical thickness in terms ofits value
at 0.6 gym ; however, the actual value is wavelength de-
pendent in all model calculations .
To illustrate the relative importance ofcloud optical

thickness, T, effective droplet radius, re , and cloud-top
temperature, Tc , on measurements at each AVHRR
wavelength (see Appendix), we calculate radiances us-
ing the global average Standard Atmosphere profile,
solar zenith angle = 60°, cloud optical thickness T = 6,
cloud-top temperature Tc = 270 K (pressure Pc = 720
mb), and cloud droplet radius re = 10 Am. Cloud op-
tical thickness is then varied from 0 to 50, re from 5
to 30 Am, Tc from 240 K to 284 K (Pc from 390 mb
to 934 mb), and water vapor abundance from 123 cm
STP to 2010 cm STP . Each quantity is varied sepa-
rately; results are shown in Table 2 normalized to the
largest effect for each channel . For example, to deter-
mine the re effect on channel 3 (solar reflectance), Tc
and ,r are set to typical values (Tc = 270 K and T = 6 )
and then re is varied from 5 Am to 30 Am to give a
range of reflected solar radiances, Alrff . Similarly, we
get Al, and AITc (with the typical re value as 10 Am) .
Normalized to the largest of AIref, AIr , and AIT,, we
get the relative importance of each factor. The major
effects of different atmospheric profiles are caused by

TABLE 2. Relative importance of cloud properties
in each AVHRR channel.

Channell

	

1.8 6.6 100
Channel 3 (solar reflection)

	

15.1

	

100

	

56.2
Channel 3 (thermal)

	

95.8

	

13.1

	

100
Channel 4

	

100

	

7.8

	

43.5
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TABLE 1 . Absorbing and scattering components in each channel.

Tc effect

	

r, effect

	

T effect

c . Retrieval scheme

469

differences in the water vapor abundance ; however,
since water vapor affects channel 1 and 3 radiances in
the same direction, as discussed below, the relative ef-
fects are similar for all atmospheres .

The "Tc effect" in channels 1 and 3 is actually caused
by water vapor absorption, since changing Tc implies
a change in the height ofthe cloud top and the amount
of gas above the cloud. In channel 1 changing the
amount ofgas above the cloud alters the Rayleigh scat-
tering contribution slightly; in channel 3 it changes the
water vapor amount above the cloud and the conse-
quent absorption . Only the water vapor above cloud
absorbs 3 .7-Am radiation observed by satellites because
water clouds are strongly absorbing at this wavelength,
so little sunlight reaches the water vapor below the
cloud . The relative importance of r variations on
channel 3 solar reflectance is significant only for T < 10,
because the channel 3 solar reflectance is limited by
absorption at larger optical thicknesses (Han 1992) ;
for T greater than 10, the relative importance of T is
nearly zero . The results in thistable show that a retrieval
of cloud particle size from measurements at 3.7 Am
requires accurate corrections for variations in the cloud
optical thickness (at lower values) and cloud-top tem-
perature (thermal emission and water vapor absorp-
tion) .

For a practical retrieval scheme that can be applied
to every image pixel, we use lookup tables of precal-
culated radiances from the radiative transfer model to
relate the measurements to cloud particle size . We use
four lookup tables (a flow diagram of the retrieval
scheme is shown in Fig . 1) .

Starting with the ISCCP' CX dataset, we select
those AVHRR pixels that are determined to be
cloudy by the ISCCP cloud detection procedure
(Rossow and Garder 1993a) . Because of difficulties
with proper detection of clouds and retrieval of op-
tical thicknesses over highly reflective surfaces at
extreme solar zenith angles (e.g ., Rossow et al . 1989 ;
Rossow and Garder 1993b), we limit our analysis

Component Channell Channe12 Channe13 Channe14 Channe15

H20 L L L, C L, C L, C
C0, L L - L L
03 C C - L L
OZ L L - L -
N,O - - L L L
CH, - - L - -
NZ - _ C - -
Aerosols I I I - -
Rayleigh scattering I I
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to latitudes ±50 ° . To simplify the necessary radia-
tive model calculations, this analysis is also limited
to image pixels viewed near nadir for which the re-
flected radiation is independent of azimuth angle.
The results show no dependence on cosine of the
satellite zenith angle, A,, or azimuth angle, if we re-
strict its value > 0.9 [zenith angle < 26* (Han

MG . 1 . Schematic ofcloud droplet radius retrieval method .
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1992)] . We select only liquid water clouds deter-
mined by Tc > 273 .2 K.
The first lookup table is a first-guess value of the

thermal emission contribution to 3.7-um radiances
(CT3THR in Fig. 1), using the ISCCP values ofcloud
optical thickness (-r), the assumed value of re = 10 jm,
the channel 4 radiance (CT4), and the ISCCP surface
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temperature ( Ts) as entries . Because the cloud thermal
emission is also a function of cloud particle size, we
must start with the same particle size used in the ISCCP
retrieval, 10 Am, in the first guess and iterate as im-
proved values of re become available. Subtracting the
estimated thermal emission from the total 3.7-Am ra-
diance (CT3), we get the reflected solar radiance in
channel 3 (CT3SOL) .
The second lookup table removes the effect of solar

radiation reflected from the surface (SFCEFF) to isolate
the cloud reflectance at 3.7 Am. The magnitude ofthis
effect depends on the cloud optical thickness . The ta-
ble's inputs are cloud optical thickness ('r), cloud par-
ticle size (re = 10 Am as a first guess), surface reflectance
for channel 3 (Rs), and cosine ofthe solar zenith angle
(AO), where surface reflectance for a specific location
is the monthly mean value derived from channel 3
measurements in clear pixels.

The third lookup table gives the cloud particle size,
r', using entries for reflected solar radiance at 3.7 Am
(CT3SOL-SFCEFF), the ISCCP cloud optical thick-
ness (T), cosine ofthe solar zenith angle (AO), and water
vapor amount above the cloud (w) from TOVS and
the cloud-top pressure . The new value of cloud droplet
radius (the second guess) is entered into the fourth
table (Table 4 is the same as Table 1 for re = 10 Am)
to obtain an improved estimate of the cloud thermal
emission at 3.7 Am (CT3THR') . If the difference be-
tween this new value and the previous (or first) guess
(CT3THR) is larger than one count number (about
0.5 K), we subtract the new value ofthe thermal emis-
sion contribution from the 3.7-Am radiance and repeat
the whole particle size retrieval (the calculation of
SFCEFF is also repeated) . This process continues until
CT3THR' equals CT3THR. Then re = r' is the effective
radius for -r = To (To is cloud optical thickness retrieved
by ISCCP assuming re equals 10 Am).

Next, the effect of particle size on cloud optical
thickness is accounted for by an iterative calculation
that includes changes in cloud optical thickness in the
retrieval. Two cloud layers have about the same re-
flection, transmission, and absorption properties if they
have the same values for a scaled optical thickness and
scaled single-scattering albedo (van de Hulst 1980;
Twomey et al . 1984) . The similarity equation

T (1 - wog~) = T(l - wog)

	

(1)

is used to get T' from T and r' (wo and g are functions
of wavelength and droplet radius and are calculated
using Mie theory and the optical constants of liquid
water ; see Table 1 in the Appendix, instead of using
the scaling equations for these quantities) . If the dif-
ference of T' and T is greater than a threshold value,
discussed below, the fourth lookup table is used again
to get a new CT3THR' and the whole reretrieval repeats
until T converges (the calculation of SFCEFF is also
repeated in each cycle) .

HAN ET AL .

The primary consideration in choosing convergence
criteria for -r is computer time and the magnitude of
errors . The iterative process is terminated ifthe differ-
ence of retrieved particle sizes in two successive cycles
is I r' - re I -- 1 Am (which is within the estimated
accuracy of the retrieval scheme) and I T' - T I < 0.1
(this is the smallest interval in ISCCP values of T) .
With these criteria, the data processing speed and the
error are satisfactory (Han 1992) .

4 . Sensitivity tests and verification

a. Radiative transfer model consistency and
sensitivity checks

471

The basic aspects of the radiative transfer physics
have been described in many previous studies (e.g .,
Hansen and Travis 1974; Lacis and Hansen 1974 ; Liou
1980; Goody and Yung 1989; Lacis and Oinas 1991)
and some specific results ofapplications to clouds have
been checked (e.g ., King and Harshvardhan 1986 ;
Rossow et al . 1987 ; Takano and Liou 1989; Rossow
et al. 1989 ; Kobayashi 1993) . We have checked the
consistency of the radiative transfer model by deter-
mining whether the observed range of radiances, par-
ticularly in channels 3 and 4, can be described by the
model with surface, atmosphere, and cloud parameters
within a reasonable range . These comparisons show
that clear radiances calculated by the model are con-
sistent with independently determined values ofwater
vapor abundance and surface temperature . Cloudy ra-
diances can be matched by variations of cloud optical
thickness and particle size that are well within the range
ofother estimates (Han 1992) .
We investigated the uncertainty associated with re-

moval of the thermal radiation and the surface solar
reflectance contributions to channel 3 radiances by
sensitivity studies that varied these parameters system-
atically over the whole range of observed values . For
clouds with re < 20 Am and 'r > 1.0, a 10% variation
in the thermal emission contribution to channel 3 ra-
diances (for example, a channel 4 scene brightness
temperature uncertainty of about 4 K at about 270 K
with solar illumination from a zenith angle of 60*)
changes the retrieved value of re by < 0.7 Am. For
clouds with re ^- 40 Am or larger, reflected solar ra-
diance in channel 3 is almost independent of droplet
radius because ofthe strong absorption ofliquid water
at 3.7-Am wavelength (cf. Nakajima and King 1990).
Hence, our retrieval cannot distinguish among liquid
water droplets larger than about 40 Am in radius .
The effects of surface reflectance uncertainties are

largest for low optical thickness clouds over land. Sea
surface reflectance for channel 3 is specified as Lam-
bertian with value of 2.5%, consistent with measured
values obtained from 1 month of clear-sky radiances
viewed at nadir . Over land for each month, we use all
the clear-sky pixel radiances to construct a map of
monthly mean channel 3 surface reflectance . The dis-
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tribution of observed land surface reflectances covers
the range from 5%-20% . A 5% (absolute) variation in
surface reflectance alters the retrieved values ofre in a
cloud with T ^-- 1 by <0.3 um; the effect is propor-
tionately larger for lower values of T and is completely
negligible for T > 3 (Han 1992).
When both 'r and re are small, multivalued solutions

are encountered (cf., Nakajima and King 1990 ; Han
1992) . Because of a larger imaginary refractive index
for liquid water at 3.7 yin (^-3.55 X 10-3 compared
with 2.72 X 10-4 at 2.2 um and 7.89 X 10-5 at 1 .6
jm), this problem occurs at smaller values of T (cf.
Fig. 2) than at 2.2- and 1 .6-jm wavelengths. Hence,
for T < 3 and re < 4 Am, we cannot obtain unique
retrievals and the results are discarded [the corre-
sponding cutoff value of T at 2.2-gym wavelength is
about 12 (cf. Fig. 2 of Nakajima and King 1990)] .
We also tested the effect ofthe satellite zenith angle

restriction by determining at what value the shapes of
the retrieved re distributions begin to change shape .
These results show no changes in the shape or average
re values for satellite zenith angles <26' (Han 1992) .

b. Retrieval scheme tests

A direct test of the retrieval scheme precision is to
compare its results with detailed radiative transfer cal-
culations. We used the model to calculate channel 3
and 4 radiances for a wide range of uo (solar zenith
angles 0°-76°), T (0.3-30), atmospheric profiles
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(global mean, Tropics, midlatitude summer, midlati-
tude winter from Standard Atmosphere), Pc (255 mb-
934 mb), and re (5, 10, 20, 30 Am). Then, these ra-
diances, together with the same solar zenith angle, -TO
(T for re = 10 Am) and atmosphere and surface prop-
erties, are entered into the retrieval scheme as synthetic
observations and values of re and T retrieved . Com-
parison of the values of T and re used to calculate ra-
diances with the values retrieved from the radiances
shows that the retrieved results are systematically
smaller by 0.2-0.3,um with standard deviations ranging
from 0.7 at 5 yin to 2.9 pin at 30,um (corresponding
to 15% errors at the smallest sizes to 10% errors at the
largest sizes) .

To calculate radiances for individual satellite image
pixels, we assume a uniform, plane-parallel cloud layer
in the radiative transfer model; but many clouds are
broken (partial coverage) on spatial scales near or be-
low the size of satellite . radiometer fields of view
(Coakley and Bretherton 1982; Harshvardhan 1982;
Coakley and Baldwin 1984 ; Davies 1984 ; Welch and
Wielicki 1989 ; Wielicki and Parker 1992 ; Chang and
Coakley 1993) . These "cloud cover" variations can
also be thought ofas optical thickness variations, where
zero isjust one value in the distribution (Rossow 1989) .
In fact, whether they are broken or not, clouds exhibit
variations in all their properties on all scales (cf. Prup-

8 10 12 14 16 18 20 22 24 26 28 30

Optical thickness

FIG . 2. Variation ofAVHRR channel 3 (3 .7 km) radiances with cloud optical thickness for different water droplet effective radii .
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pacher and Klett 1978), including both optical thick-
nesses (Wielicki and Parker 1992) and cloud particle
radii (Coakley 1991) . All of these small-scale optical
property variations, including cloud shapes, affect the
radiation scattered and absorbed by clouds (cf. Davies
1978; Welch and Wielicki 1984; Coakley and Davies
1986; Coakley and Kobayashi 1989 ; Kobayashi 1993),
although most studies concentrate on the variation of
a single parameter.

Comparison of the ISCCP and surface-based cloud
climatologies (Warren et al . 1986, 1988) suggests that
the frequency of broken cloudiness on scales smaller
than about 50-200 km is about 20%-30% (Rossow et
al. 1993) ; however, we do not have an accurate enough
idea of the size distributions of broken cloud types to
estimate the frequency of partial cloud cover for areas
as small as the AVHRR pixels. Chang and Coakley
(1993) suggest, based on a comparison of threshold
and spatial coherence cloud amounts for 8 X 8 km2
areas, that this frequency can be as large as 50% for
marine stratocumulus clouds ; however, Wielicki and
Parker (1992) show evidence that this estimate is too
high by almost a factor of 2 because the spatial coher-
ence method interprets all radiance variations to be
caused by subpixel cloud cover variations when sig-
nificant radiance variation is also caused by optical
thickness variations . Thus, although rms errors ofcloud
amount in individual pixels are as large as 20%-30%
for 8-km pixels (Wielicki and Parker 1992), with sim-
ilar errors in optical thickness implied, random errors
are <I 0% for 4 X 1 km2 areas and average errors in
the mean cloud amount and optical thickness are only
a few percent for marine boundary-layer cloudiness
when using the ISCCP thresholds (Wielicki and Parker
1992).

Studies of the angular dependence of visible radi-
ances from various cloud types suggest systematic dif-
ferences with the plane-parallel representation that af-
fect the retrieved value of optical thickness (Davies
1984; Coakley and Kobayashi 1989 ; Kobayashi 1993) .
Similar effects have been shown at 3.7 gym, where they
are attributed both to shape effects and to systematic
variations ofcloud particle size within clouds (Coakley
and Davies 1986 ; Coakley 1991) . Most ofthese studies
have focused on the direct effects of small-scale vari-
ations on cloud albedos rather than on the effects of
retrieval of cloud properties from radiances . Using a
more appropriate Monte Carlo model, Kobayashi
(1993) shows that the cloud albedo calculated from
the optical thickness retrieved from a visible radiance
using a plane-parallel and homogeneous model does
not differ by more than 10% from the actual albedo of
broken clouds except when the retrieval is performed
at too large satellite and solar zenith angles . For our
near-nadir analysis, negative biases in the optical
thicknesses are estimated to be much less than 10% ;
however, somewhat larger positive biases may occur
at large solar zenith angles .

HAN ET AL .

Given the small-scale variations of all the cloud
properties, the values of 7 and re that we retrieve must
be thought of as radiatively weighted averages over a
finite cloud domain : these parameters are a single
combination ofvalues that best represent the observed
radiances. To provide a crude estimate ofthe sensitivity
of our retrievals of re to the effects of subpixel cloud
variations, we resort to the calculation of the satellite-
received radiance from a partially cloudy pixel by

where f is the fractional cloud cover, FS is the radiance
associated with the cloud-free portion of the field of
view, F, is the radiance for the overcast portion, and
the cloudy and clear portions are treated as plane par-
allel. This approach puts all ofthe variability into cloud
cover, so it is probably an upper limit (cf. discussion
in Kobayashi 1993) . Channel 1 and channel 3 reflec-
tivities are calculated using (2) for a satellite zenith
angle of 0° , a solar zenith angle of60° , 'r = 30, re = 10
jm with variable cloud cover fractions, as well as for
overcast conditions, and variable cloud optical thick-
nesses from 0 to 30 .

Figure 3 shows the retrieved values of cloud optical
thickness and cloud particle radius as a function of the
assumed subpixel cloud cover. For this particular
viewing geometry, a channel 1 reflectivity of 0.23, for
example, would be interpreted as a cloud optical thick-
ness, 7 = 5, assuming overcast conditions, and the cor-
responding channel 3 reflectivity would be interpreted
as re = 18 um. The same radiance, however, could be
due to reflection from a broken cloud system with T
= 30, re = 10 Am, and cloud fraction f = 0.34 . Note
that the relative magnitude of the effect of subpixel
cloud cover on 7 is much larger than on re because the
former depends directly on the magnitude of the re-

F=(I-f)FS+fF,, (2)

(For cloud tau=30, r.=10 arm)

Radiance Tau
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FIG. 3. Variation ofAVHRR channel 1 (0.6 /im) reflectances (line
with dots and curved line with +, left scale) and the retrieved value
of the water droplet effective radius (curved line with *, right scale)
with the fraction of the image pixel covered by cloud. The reflectance
curve labeled with values ofcloud optical thickness (tau) shows the
corresponding reflectances for clouds with 100% cover but varying
optical thickness .
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flected channel 1 radiance while the latter depends on
the difference (or ratio) oftwo reflected radiances. Note
also that the overcast pixel assumption causes an over-
estimate of re and an underestimate of 'r for broken
clouds . The typical overestimate ofcloud cover caused
solely by the finite field of view has been estimated to
be about -10% for the AVHRR pixel size (Wielicki
and Parker 1992; Chang and Coakley 1993), which
implies a potential bias in our retrieved cloud droplet
radii of, at most, about 1 Am. However, the actual sit-
uation is more complicated because optical thicknesses
and particle size variations may be correlated with the
variations of cloud cover.

d. Cirrus contamination

Although we exclude all clouds with Tc < 273 (where
the Tc values have been corrected for transmission of
IR radiation from below using the measured optical
thicknesses), this criterion does not prevent some ob-
servations being composed ofa very thin, high-altitude
cloud (presumably composed ofice) overlying a lower-
level water cloud . Since the 3.7-jm absorption signa-
ture is dominated by the upper part of the cloud (as
we show), contamination by thin cirrus would mix the
properties of the ice and water clouds in the retrieval
of particle size. We use model calculations to examine
the possible effects of cirrus contamination. Figure 4
shows the retrieved droplet radius and cloud brightness
temperatures for two-layer cloud systems, for midlat-
itude summer atmospheric conditions, each with a high
cirrus cloud at a temperature of 231 K containing
spherical ice crystals with re = 30 Am [which corre-
sponds to a liquid water droplet radius of ^-38 Am if
the retrieval is performed assuming the refractive index
ofliquid water (see Fig . 5) ] and a low-level liquid water
cloud at a temperature of 291 K with re = 10-Am drop-
lets. The total optical thickness of the two clouds is
held fixed at 'r = 6 and the optical thickness of the
cirrus layer is varied from 0 to 2 (the low cloud 'r de-
creases accordingly) . The observed brightness temper-
ature of channel 4, TB4, decreases monotonically as
TCirrus increases. For these conditions, values of TB4
> 273 K occur when r,irrus < 1 ; the largest retrieved
value of re occurs for a cirrus cloud with -r = 1, in
which case re "̂ 22 Am.

Figure 4 also shows that the retrieved cloud particle
radius converges to that ofthe upper cloud value when
its T reaches about 2 . In other words, information about
particle size comes from the uppermost optical thick-
ness, less than or about 2, at the cloud top . Thus, even
if a very different microphysics exists below the 'r = 2
level from the top of cloud (in this case, re = 10-um
water spheres under re = 30 Am ice spheres), it will
have little effect on the retrieved particle size even
though this material contributes to the total optical
thickness . This fact also affects comparisons ofsatellite
retrievals with in situ measurements of droplet radii

JOURNAL OF CLIMATE VOLUME 7
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FIG . 4. Variation ofAVHRR channel 4 (10 .5 jm) brightness tem-
perature (line with dots, left scale) and the retrieved water droplet
effective radius (line with +, right scale) with the optical thickness
of an upper cirrus cloud layer, composed of ice spheres with an ef-
fective radius of30 jm, overlying a watercloud with droplet effective
radius = 10 tim. Total column optical thickness is fixed at 6 .

by aircraft instruments if there is vertical variation of
cloud droplet size (cf. Nakajima et al . 1991).
We test the extent of cirrus contamination in our

results in two ways. First, we compare the shape ofthe
distributions of re obtained from many clouds with two
different Tc thresholds, 273 K and 280 K. Figure 4
shows that the higher threshold decreases the possible
effect of cirrus contamination on re by about a factor
of2 . Ifthe re distribution shapes were significantly al-
tered by this change, then our results would be signif-
icantly contaminated . We limit the comparison to
maritime clouds to avoid confusion with the effects of
strong vertical gradients in cloud condensation nuclei
that occur over land (see section 5a) . There do not
appear to be large differences in cirrus cloud amount
between land and ocean (Warren et al . 1986, 1988;
Wylie and Menzel 1991) . Figure 6 shows some sample
distributions ofre retrieved with the two Tc thresholds
in different latitudes and months ; the thick lines are
for Tc > 280 K and the thin lines are for Tc , 273 K.
Also shown in the upper-right corner ofeach panel are
the number ofpixels and the mean values of re for the
two thresholds. Although there are small changes in
the distributions at the largest radii, which might in-
dicate cirrus contamination, there is no systematic ef-
fect on the overall distribution shapes or on the mode
and mean radii . Only 3%-6% of the retrievals indicate
droplet radii >40 Am that might be caused by cirrus
contamination . If we attribute all of the changes pro-
duced in this test to cirrus contamination, the largest
observed effect (e.g., July 1987 at 30°S to 40 °S) is an
increase in the mean effective radius of about 1 Am.

Secondly, we compare the geographic distribution
of the average values of re with that of cirrus cloud
amounts for the same months (January, April, July,
and October) from surface observations (Warren et al .
1986, 1988), and from the ISCCP climatology (Rossow
and Schiffer 1991) to see ifthere is any correspondence
between the occurrence oflarge re (> l 5 jum) and larger
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F)G . 5 . Variation of AVHRR channel 3 radiances with cloud optical thickness for water and ice spheres with different effective radii .

Cloud-top temperature, Tc, and solar zenith angle are specified as shown .

cirrus amounts. For example, in January, large cirrus
amounts occur over the equatorial central Pacific, the
Indonesian islands, central South America, and central
Africa, but none ofthese regions shows re values larger
than elsewhere in the tropics (cf. Fig. 11) . On the con-
trary, the largest particle sizes occur in regions over the
southern Indian Ocean, South Atlantic Ocean, and
southeast Pacific (Fig. 11) that are associated with the
lowest cirrus amounts . The only regions that show
some correspondence between large re and large cirrus
amounts are in central Asia in April 1987 and in the
western U.S . Rocky Mountains in January 1987. The
ISCCP climatology shows 40% to 60% cirrus amount
and our results show droplet sizes as large as 18 Am.
A similar effect is noticeable over some small portions
of the wintertime continents in the Northern Hemi-
sphere. Thus, cirrus (or ice cloud) contamination may
be affecting our results over high topography and in
some winter continent locations .

Figure 5 suggests an explanation for a few other in-
stances of much larger re values that occur near a few
specific coastal areas, especially if very low optical
thickness (,r < 1) clouds are isolated . These locations,
offthe east coasts of North America and Asia in sum-
mer and off the west coast of tropical North Africa,
especially in summer, are known to be regions of very

HAN ET AL .

To 270 K, Solar Zenith Angle 60"

e. Comparison with in situ measurements
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30

large aerosol abundance, the former associated with
human pollution sources and the latter associated with
dust storms . If these cloud particles are not composed
of liquid water as assumed in the radiative model, but
are formed from a more absorbing substance (both
sulfuric acid and silicates are stronger absorbers at 3.7
Am), then the retrieved re will be large, even if the
actual particle size is small, to account for the absorp-
tion. Figure 5 shows this effect on the 3.7-Am radiances
by comparing liquid water and ice spheres ofthe same
size, where the liquid water is less absorbing so that
larger particle sizes are required to match the observed
ratio of 3.7-Am absorption and 0.6-Am scattering . Test
retrievals for a few cases in these locations, using the
refractive index ofsilicate dust and sulfuric acid, reduce
re values to 2-5 Am from 15-20 Am when treated as
liquid water.

The viewing angle constraint in our analysis limits
the area covered by the radiometer in each overflight
ofa particular region ; thus, we do not find many precise
matches in time and location with the few published
FIRE (First ISCCP Regional Experiment) measure-
ments (e.g ., Rawlins and Foot 1990; Radke et al . 1989 ;

c
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Nakajima et al . 1991) . The results of Nakajima et al .
(1991) are the best match in location and time . More-
over, their results compare an analysis of radiance
measurements from the high-altitude aircraft (NASA
ER-2), similar to a satellite retrieval, with matched in
situ measurements from a lower-altitude aircraft in the
cloud. The published results include measurements for
7, 10, 13, and 16 July 1987, in the region 30.8'N to
32.0'N and 120.1 a to 122.2'W around 1100 local time
(each measurement lasts ^-10 min) . The NOAA-9
crossing time in this area is approximately 1418 local
time (2218 UTC), but the nadir track passes through
the target area only on 7 and 16 July, although we
collected satellite data for a larger region : 117.0° to
122.0'W and 30.8'N to 32.OON .

Figure 7 is modified from Fig . 10 ofNakajima et al .
(1991) by superimposing our results for comparison
(dashed lines are their results and solid lines are ours) .
The contours represent the frequency of occurrence of
each optical thickness-droplet radius pair . Table 3
compares mean and standard deviation values. The

15 20° -3 °S
N(Tc>280K)=32314
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15 Equ_15°S
N(TC>280K)=21183
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Droplet Radius ('cm)

FIG . 6. Distributions ofthe frequency, N, ofcloud droplet effective radius values in different latitude zones over the global ocean for (a)
January and (b) July 1987 retrieved with two different thresholds ofcloud-top temperature, Tc > 280 Kand Tc > 273 K. The average over
the distributions is shown as (r(eff)> in microns.

general features ofthe relationship between droplet size
and optical thickness are very similar in both results
and change in the same way from one day to the other.
Our results show slightly larger droplet radii on the
16th and slightly smaller optical thicknesses on both
days: the range in both quantities is also larger in our
results on 16 July.
Nakajima et al . (1991) indicate that their retrieved

particle sizes are larger than those determined from
in situ measurements by 2-3 j,m ; however, their re-
trieved values may be too large because of an un-
derestimate of atmospheric absorption in their ra-
diative model (Taylor 1992) . As we show (Table 7),
there is also a systematic diurnal variation in cloud
optical thickness and droplet size in marine stratus
such that our results from later in the day should
exhibit somewhat smaller values of r and slightly
larger values of re . The comparison in Table 3 and
Fig . 7 is consistent with this expectation, if the re
values from Nakajima et al . (1991) are assumed to
be slightly too large. We note that this comparison
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does not indicate any large bias that may be asso-
ciated with broken cloud effects, but many more
comparisons are needed to be sure .

Minnis et al . (1992) also infer effective droplet radii
for marine stratus clouds observed during FIRE from
a completely different set ofmeasurements: they com-
bine cloud optical thickness values retrieved from sat-
ellite-measured visible radiances with liquid water path
values obtained from collocated microwave radiances
measured from San Nicholas Island . There are nine
matches with our results (Table 3) : the Minnis et al .
values are, on average, about 1 to 1 .5 Am larger than
ours with an rms difference of about 2.5 to 3.5 Am
(depending on whether we interpolate between Minnis
et al . values or pick the nearest match in time) . Minnis
et al . (1992) also show a mean diurnal variation of
droplet radii : the maximum value is about 13 Am just
after sunrise and falls to a minimum of about 5 Am in
midafternoon . Our average droplet radii from NOAA-
10 (overflight at about 0730 local time) and NOAA-9
(overflight at about 1515 local time) are about 11 and
9 Am, respectively.
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The observed width of the distribution of retrieved
cloud droplet radii consists of two components: real
variability in re and random retrieval errors . The latter
includes random uncertainties due to radiance noise,
neglected atmospheric and surface variability, and part
of the effects of cloud morphology variations . There-
fore, an upper limit on the random retrieval uncertainty
can be set by the narrowest observed cloud droplet
radius distribution we can find . One of the more ho-
mogeneous cloud types is the large subtropical marine
stratus cloud decks offthe west coasts ofthe continents.
Table 4 illustrates the general results for all marine
stratus regimes with the mean radii and standard de-
viations observed for an area off the California coast
(30--35 -N, 120 --125 -W) . Observations from FIRE
show fluctuations ofthe cloud effective droplet radius
between 18 and 6 Am within a 150-km aircraft flight
track (Fig. 3 of Nakajima et al . 1991) . We find nar-
rower distributions farther from the coast in October
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2) BIASES

Optical Thickness
MG . 7 . Comparison ofjoint frequency distributions of retrieved

cloud droplet effective radii and cloud optical thicknesses obtained
from FIRE aircraft measurements (Nakajima et al . 1991) on 7 and
16 July 1987 (dashed contours) and from this analysis ofNOAA-9
AVHRR data for the same dates and location (solid contours) . Fre-
quency contours represent, from outer to inner, 10%, 30%, 50%,
70%, and 90% ofthe peak value .

of 1987. The standard deviations of these measure-
ments are 1-2 Am, which suggests that the random
uncertainty, directly attributable to our retrieval
method, is no more than this amount (Table 4) .
Somewhat larger sources oferror, discussed below, may
cause larger "random" errors too. We conclude that
the larger dispersion of re values in our results (cf. Fig .
6) represents real variability among clouds . The con-
sequent uncertainty in monthly mean values of re is
less than 0.1 Am since the typical number of obser-
vations in a single map cell is about 100 per month .

We have made rough estimates of the biases that
may be produced by the effects of partial cloud cover
in image pixels and by cirrus contamination. Both of
these effects cause positive biases, but it is difficult to
quantify these effects globally without a large number
of comparisons to simultaneous in situ measurements
in different meteorological regimes . The comparison
with in situ FIRE results suggests that our values might
be biased by 1-2 Am, but the comparison with other
remote sensing analyses produces contradictory results
for the sign of this bias.
During the initial formation stage of a cloud, when

vapor condensation predominates and particle growth
by collision has not yet begun, the clouds may exhibit
a nearly uniform cloud droplet size of about 7 Am
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TABLE 3 . Comparison ofsatellite [MHYFS = Minnis et al . (1992)]
and aircraft [NKS = Nakajima et al. (1991)] inferences of cloud
properties in marine stratus clouds from FIRE, July 1987. The NKS
results are for a region 30.8°N to 32.0°N and 120.1 ° to 122.2°W at
around 1100 local time; our results are for the same latitude range
and 117 .0° to 122.0°W longitude at about 1415 local time . The
matching dates between MHYFS and our results are 4-9 and 14-16
July 1987 . All values are in microns.
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(Goody and Walker 1972). Aircraft measurements
performed during FIRE in July 1987 (Fig. 3 in Na-
kajima et al. 1991) show varying mean droplet radii
along the flight track with a minimum value of 6 Am
observed over a path more than 50 km long . We ex-
amined our results for this same time and region and
found many such uniform (standard deviations of re
about 1 Am) regions >100 km across with effective
droplet radii of 6 Am. Since the marine stratus cloud
regime is characterized by frequent broken cloudiness
with very small cloud elements, but generally devoid
of cirrus clouds (Warren et al . 1988), this observation
provides circumstantial evidence that any bias in our
retrievals due to smaller-scale variations must be less
than or of order 1 Am.

Cirrus cloud contamination does not appear to be
a serious problem, except in some specific locations
over mountains and over wintertime continents at the
highest illuminated latitudes ; however, a pervasive
global coverage by very thin cirrus could introduce
biases of 1-2 Am without leaving any particular sig-
nature . Thus, more comprehensive comparisons with
in situ measurements are required to reduce this source
of uncertainty in satellite-based measurements ofcloud
particle sizes .

TABLE 4. Mean and standard deviations from cloud radius
distributions for October 1987 for 30°-35°N, 120°-125°W . N:
number of pixels .

Date

Cloud -r

re + a (Am)

> 6.0

N

All cloud

re + a (,um) N

06 6 .6 ± 1 .3 30 6.0 ± 1 .4 107
07 7 .0 ± 1 .1 360 6 .9 ± 1 .2 423
08 6 .6 ± 1 .2 263 6.7 ± 1 .3 290
15 7.9±1.9 280 7.5±2.1 319
16 7.4±1 .7 360 7.1±1.9 412
17 7 .3 ± 1 .5 196 7.0 ± 1 .7 235

Mean droplet radius
(standard deviation)

Mean optical thickness
(standard deviation)

NKS (7 July) 10 .9 (1 .1) 10 .0 (3.3)
This result 10 .4(l .7) 9 .2 (3 .1)
NKS (16 July) 11 .7(l .0) 27 .8 (6 .7)
This result 12 .4(l .2) 22 .5 (6 .2)
MHYFS 10 .8 (4.1)
This result 10 .1 (3.2)
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5. Near-global survey of particle size in liquid water
clouds

We have analyzed the AVHRR data from the
NOAH-9 ("afternoon") and NOAA-10 ("morning")
orbiters for January, April, July, and October 1987 and
1988 for latitudes between 50°N and 50°S (about 77%
ofearth's surface area) . We define an "annual" average
to be the average ofthese four months and a "global"
mean to be the average over 50°N to 50°S . In the fig-
ures open symbols (circle, square, triangle, etc.) rep-
resent maritime clouds and filled symbols represent
continental clouds. Note that since we limit our analysis
to clouds with Tc > 273 K, the wintertime sample at
higher latitudes is quite limited .
The droplet size distribution in a liquid water

cloud is controlled by an approximate balance of
microphysical processes . In the case of a nonprecip-
itating cloud, growth of droplets by condensation
balances the supply of supersaturated vapor pro-
duced by ascending motions soon after cloud for-
mation begins ; but this balance may be affected by
sedimentation of the larger droplets and evaporation
ofdroplets when environmental air is mixed into the
cloud later in the growth stage . The latter processes
continue to erode the droplet size distribution when
the ascending motions cease and the cloud decays.
In a precipitating cloud (no ice phase), collisional
growth of droplets supersedes condensational growth
and is balanced by sedimentation of the precipita-
tion . Comparison of the rates of change of mean
(mass weighted) droplet radius caused by these pro-
cesses with the typical lifetime of a nonprecipitating
cloud indicates that their droplet radii should be
about 5-15 gym . If the droplets were much larger,
collisional growth would become important . The in-
teraction of condensation, collision, and sedimen-
tation in a precipitating cloud should produce cloud
mean droplet radii of 10-30 ym [see Rossow (1978 )
for a discussion of such estimates] . Although even
larger droplets are produced by collisional growth,
these "precipitation-sized" droplets are quickly re-
moved from the cloud, so that the cloud-mean drop-
let radius will remain above but near the value at
which collisional growth rates significantly exceed
condensational growth rates, which is about 10-20
Am.. Thus over the earth, the typical value of the
(mass weighted) mean droplet radius in liquid water
clouds should be in the range 5-30 Am.

Droplet radii inferred from radiation measurements
are cross section weighted, so that the mean effective
droplet radii should be somewhat smaller than the
mass-weighted values . Thus, our globally and annually
averaged value of the effective droplet radius for liquid
water clouds, 11 .4 ± 5 .6 Am, is completely consistent
with microphysical theory and does not indicate a large
bias in the analysis . Although the sensitivity ofthe 3.7-
Am radiances to droplet radius is limited to the range
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ofabout 2-35 gym, the distribution ofour results shows
only 0.8% ofthe values near these limits ; another 13.4%
ofthe satellite pixels were rejected because multivalued-
solution conditions were encountered (cf. Nakajima
and King 1990) .

a. Continental-maritime contrast
One consideration left out of the above discussion

is that the mean droplet radius attained in a particular
cloud depends on the number of droplets initially nu-
cleated . Under similar conditions (same humidity and
ascending air velocity), nucleation of more droplets
will lead to a smaller mean droplet radius (Squires
1958; Mason 1971 ; Twomey 1977) . Since nucleation
of water droplets occurs at much smaller supersatu-
rations by initiating growth of the larger background
aerosols, which typically contain at least 10%-20% wa-
ter by mass (Twomey 1977), the number of cloud
droplets is controlled by the number of CCN (cloud
condensation nuclei) present in the ascending air (and,
to some extent, their composition) . Aircraft cloud
measurements have suggested a systematic difference
of mean cloud droplet radii between continental and
maritime clouds: the larger maritime radii are attrib-
uted to the much lower aerosol abundances in maritime
air (Squires 1958; Mason 1971 ; Twomey 1977) . How-
ever, since most maritime aircraft measurements are
from areas close to the coast and cloud droplet sizes
are also influenced by other meteorological factors that
change temporally and spatially, we do not have a
complete global survey ofthe variations ofmean cloud
droplet radius from in situ measurements .

Figure 8 shows the annual, zonal mean droplet radii
obtained from our analysis, separated into land and
ocean portions, and Table 5 summarizes global and
hemispheric averages . The global mean values are 8.5
Am for land and 11 .8 Am for ocean . That the mean
effective cloud droplet radius over land is about 3 Am
smaller than over ocean is consistent with summaries
ofthe aircraft measurements (e.g ., Wallace and Hobbs
1977; Pruppacher and Klett 1978; Rogers and Yau
1989). [Note that the conclusions in these references
are all based on observations by Ryan et al . (1972)
and Squires (1958 ) .] This difference is also larger than
our estimated random errors for individual measure-
ments and slightly larger than estimated bias errors,
particularly uncertainties associated with surface re-
flectance effects . One exception to this general land-
ocean difference appears in tropical regions, where
continental clouds have droplet radii similar to mari-
time clouds . Other regional exceptions are discussed
below.

Another systematic difference between oceanic and
continental aerosols is that their vertical profiles differ
(Twomey and Wojciechowski 1969; Dinger et al. 1970 ;
Hoppel et al . 1973) . Measurements at various locations
[over Arizona, the central Pacific, Alaska, and in con-
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FIG . 8 . Monthly, zonal mean effective droplet radii for liquid water clouds for (a) January 1987, (b) April 1987, (c) July 1987, and (d)
October 1987 from analysis ofNOAA-9 AVHRR radiances. Open circles are results for clouds over ocean ; filled circles are for clouds over
land.

vective regions over Florida by Hoppel et al. and over
the North Atlantic a few hundred miles southeast of
Puerto Rico by Dinger et al . (1970) ] show that the
aerosol number density decreases with altitude over

landby more than a factor of2 but is relatively constant
with altitude over ocean, such that at altitudes
> 3 km there is little systematic difference between the
oceanic and continental aerosol abundances (Hoppel
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TABLE 5 . Annual average cloud mean droplet radii re (Am), optical
thicknesses r and water paths LWP (g m-') . Results from NOAA-9
and NOAA-10 are averaged with equal weights .

et al . 1973) . This pattern is consistent with the con-
tinental surface being the major source of CCN by di-
rect injection processes, but the surface being only one
ofat least two sources over ocean. Sea salt nuclei from
the sea surface are a minority of the total CCN
(Twomey 1977) ; formation of CCN within the at-
mosphere by sulfur compound gas-to-particle conver-
sion processes provides a source at higher altitudes .

Such a difference in the CCN abundance profiles
explains an increase in the land-ocean contrast ofcloud
droplet radii in our results as cloud-top height de-
creases . Figure 9 shows the annual zonal mean droplet
radii over ocean and land for two different cloud-top
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temperature/pressure criteria : the first criterion is the
standard Tc > 273 K (about equivalent to Pc > 600
mb), which includes all water clouds, and the second
isolates lower-level clouds with Pc > 750 mb. The mean
droplet radii are the same for both cloud categories
over ocean, but the lower clouds over land show smaller
radii. Note that the altitude dependence is stronger in
the summer hemisphere . This difference may also be
due, in part, to a larger height difference in summer
between the 273 K temperature level and the 750-mb
level.

b. Hemispheric contrast

The difference in the contribution ofanthropogenic-
sources ofaerosols between the Northern and Southern
Hemispheres may cause another systematic difference
of average cloud particle radii (e.g., Schwartz 1988 ;
Slingo 1988; Wigley 1991 ; Charlson et al . 1992), al-
though Schwartz's (1988) analysis showed no indica-
tion of a significant cloud albedo enhancement (as-
sumed to be an indirect indication of particle size dif-
ferences) in the Northern Hemisphere compared with
the Southern Hemisphere . Figure 10 shows our annual
average, zonal mean cloud droplet radii over land and
ocean for both hemispheres : for 1987 and 1988, at least,
the mean cloud droplet radii in the Northern Hemi-
sphere are smaller than in the Southern Hemisphere
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FIG . 9. Monthly, zon_al mean effective droplet radii for liquid water clouds for (a) January 1987 and (b) July 1987 from analysis of
NOAA-9 AVHRR radiances with two different cloud-top pressure thresholds: Pc > 600 mb (circles) and Pc > 750 mb (squares) . Open
symbols represent results for clouds over oceans, and filled symbols are for clouds over land .

re r LWP

Global Total 11 .4 7 .0 87 .1
Ocean 11 .8 6 .9 87 .4
Land 8 .5 8 .1 85 .4

Northern Hemisphere Total 11 .0 6 .6
Ocean 11 .6 6 .4
Land 8 .2 7 .8

Southern Hemisphere Total 11 .7 7 .4
Ocean 12 .0 7 .4
Land 9 .0 8 .6
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by about 0.7 Am (Table 5) with the maritime difference
somewhat smaller than the continental difference .' If
we assume equal liquid water contents for clouds in
both hemispheres, then the ratio ofCCN number den-
sities between hemispheres, needed to explain the
droplet radius difference, is 1.10-1 .50, less than the 2-
3 estimated by Schwartz (1988) . That Schwartz does
not find a difference in mean cloud albedos, even
though the mean droplet radii in the two hemispheres
differ, may be explained by the higher mean optical
thicknesses of Southern Hemisphere clouds compared
with Northern Hemisphere clouds (Table 5) . That both
the cloud optical thickness and droplet radii differ be-
tween hemispheres argues for caution in assuming that
a change in CCN abundance will necessarily result in
a change in cloud albedo, but our direct determination
of droplet sizes suggests that an aerosol effect is present.

c . Regional variations

Besides the general contrast in continental-maritime
cloud particle radii, there are other significant regional
features (Fig. 11 ) . The effect of persistent trade winds
can be seen off the subtropical west coasts of Africa,
America, and Australia, where smaller than average
droplet radii appear, consistent with the winds carrying
continental air with higher CCN number densities into
adjacent ocean areas (cf, Prospero et al . 1983 ; Minnis
et al . 1992) . Similarly, smaller droplet radii appear off
the midlatitude east coasts ofNorth America and Asia

' For the bias errors to explain this hemispheric difference in average
re , there would have to be a systematic hemispheric difference of
cloud element size distribution (partial pixel covereffect) or of cirrus
cloud amount, optical thickness, or both. We cannot rule out such
a systematic difference, but note that the consistency of the hemi-
spheric difference ofre with other indicators of aerosol effects provides
a sufficient explanation.
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in winter, these can be explained by aerosol transport
by way of stronger westerlies in that season .
There are significant subtropical minima of cloud

droplet radii over land (Figs . 8 and 11), which may
result from lower relative humidities in the descending
motion of the Hadley circulation and higher CCN
number densities in the desert environments (Africa
and Australia) . Notably in summer the clouds forming
in the near-coastal parts of the deserts have larger
droplet radii than inland clouds, but smaller droplet
radii than clouds over more remote oceans, suggesting
a reduction of desert aerosol concentrations in mixing
with maritime air near the coast . The very small droplet
radii obtained in interior desert regions (Fig. 11) may
also be, in part, a direct detection ofdust (Han 1992).
Much larger droplet radii are found in low-level

clouds in the tropical convective regions over the
Amazon Basin and Indonesia . During the wet season,
frequent precipitation may reduce the CCN number
density and make cloud droplet radii larger (Browell
et al . 1990). Strong ventilation of the boundary layer
by convection, associated with stronger, low-level,
horizontal transports of water vapor from nearby
oceans, may suppress aerosol concentrations over these
land areas and explain a general reduction ofthe mar-
itime-continental cloud droplet radius contrast (Fig.
8) . We may also be detecting the expected average in-
crease ofdroplet radii when more massive precipitating
clouds are more frequent. Some of the larger values
may also be associated with cirrus contamination .
During the dry season over Amazonia, some of the
larger droplet radii might be caused by including op-
tically thin smoke hazes .
The several small regions around high mountains in

midlatitudes that exhibit larger cloud droplet radii may
be caused by cirrus contamination, which is also sug-
gested by the unusually low numbers ofpixels analyzed .

d. Seasonal variations

Over India and Southeast Asia the monsoon precip-
itation cycle shows a landward progression from Jan-
uary through July and a regression from July through
January, as shown in the ISCCP results by an increase
of average cloud optical thickness and cloud-top height
from January through July and a decrease from July
through January . In our results, the mean cloud droplet
radii also changes from smaller values in the dry season
(January) to larger values in the wet season (July) (Fig.
11) . Similarly in South America, where January-April
is the wet season, an area with larger cloud droplet
radii (re > 10 Am) covers most of South America, ex-
cept along the west coast where precipitation is also
much less. In the dry season (July-October) smaller
droplet radii (re < 10 Am) spread over most of South
America (Fig. 11) . The same behavior occurs over
equatorial Africa. This behavior is consistent with an
association of more frequent rainfall from low clouds
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with larger droplet sizes (Albrecht 1989) and reduced
CCN abundances because of precipitation scavenging
(e.g., Leaitch et al . 1983).

Over North America, maximum precipitation
occurs near the west coast in January and near the
east coast in July . The seasonal changes in cloud
droplet radii are consistent, being larger near the west
coast in January and larger near the east coast in
July .
In North Africa (Sahara desert) and Saudi Arabia,

where precipitation amount is less than 25 mm/season,
the mean cloud droplet radii are 2-4 Am all year round
(Fig . 11) . This result may also be explained, in part,
by inclusion of dust clouds (0.1-1 Am of radius but
their apparent size might be larger because of larger
absorption) . In Australia, which has more precipitation
than North Africa and Saudi Arabia and larger seasonal
variations (January is the wet season), droplet radii
are noticeably larger in January. A similar seasonal
variation occurs in South Africa, where January is the
wet season (larger droplet radii) and July is the dry
season (smaller droplet radii) .

Table 6 summarizes the seasonal variations ofcloud
droplet radii and optical thicknesses . Over land, cloud
particle radii are generally larger and optical thicknesses
are smaller in summer, whereas both cloud particle
radii and optical thicknesses are larger in summer over
oceans . The magnitude of the seasonal variations is
larger over land .

e. Morning-afternoon contrast

NOAA-9 is in an "afternoon" sun-synchronous polar
orbit (equatorial crossings at local times of 1400-1600
and 0200-0400) and NOAA-10 is in a "morning" orbit
(crossings at local times 0730-0830 and 1930-2030) .
Analysis ofradiances from these two satellites provide
"morning" (NOAH-10) and "afternoon" (NOAA-9)
observations of effective droplet radii of liquid water
clouds.

Figure 12 shows the geographic distribution of the
differences between monthly mean droplet radii from
NOAA-10 and NOAA-9 ("afternoon" minus "morn-
ing") and Table 7 provides a summary . Because of
limitations on the smallest solar zenith angles at which
retrievals can be made, results are only available for
NOAA-10 from latitudes north of 20°S in July and
south of 30°N in January ; results are shown in Fig . 12
for spring and autumn, averaged over 1987 and 1988,
to maximize the latitude range covered. Also, since
our retrieval may be biased by broken cloud effects at
the most extreme solar zenith angles, diurnal variations
at high winter latitudes may be spurious. At lower lat-
itudes, most clouds have larger droplet radii in the af-
ternoon than in the morning, except over deserts, where
cloud droplet radii are larger in the morning . The mag-
nitude of the changes is somewhat larger in the areas
of more frequent deep convection, so these results
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may be affected by diurnally varying cirrus contami-
nation .

Figure 13 (Table 7) shows the morning-afternoon
differences of cloud optical thickness for April and
October (averaged over 1987 and 1988) . Together,
Figs . 12 and 13 show that most areas with large
morning to afternoon droplet radius increases also
exhibit morning to afternoon cloud optical thickness
decreases . This correspondence is most evident in
areas dominated by marine stratus clouds. In con-
trast, the more arid land areas show increasing
morning to afternoon cloud optical thicknesses,
consistent with increased convective activity in
summer afternoons .

The general diurnal variation of re that we find for
marine stratus clouds appears to contradict obser-
vations from FIRE (Minnis et al . 1992), even though
our diurnal variations of cloud amount and optical
thickness agree (Rossow and Schiffer 1991) . When
we isolate our results for the FIRE experiment site,
however, we find a similar variation of re consistent
in sign with the results of Minnis et al . (1992) . Our
results show decreases in re and r ofabout 2 Am and
3, from 0730 to 1515 local time; the corresponding
values from Minnis et al . (1992) show decreases of
about 5 Am and 5, respectively . Thus, we conclude
that the near-coastal marine stratus regime observed
by FIRE may not be typical ofmarine stratus farther
from land .

Albrecht (1989 ) studied drizzle formation in shal-
low (boundary layer) marine clouds and noted, par-
ticularly, the difference in the width of the droplet
size spectra between maritime and continental
boundary-layer clouds . He proposed that the broader
droplet size distribution in shallow maritime clouds
enhances precipitation formation in the form of
drizzle, implying a morning to afternoon increase in
droplet radii accompanied by a morning to afternoon
decrease of cloud optical thickness. No information
about the diurnal variation of drizzle is available,
however . Other studies of marine stratus formation
have concentrated on changes in the coupling ofthe
surface to the planetary boundary layer, which imply
changes in turbulent mixing that might cause similar
morning to afternoon evolution in cloud properties
(cf. Nicholls 1984) .

At higher latitudes, the morning to afternoon con-
trast in droplet radii is very small over ocean areas .
Midlatitude continental clouds exhibit two different
regimes . The more arid regions in western North
America, central Asia, southern Australia, and Argen-
tina all show larger cloud droplet radii in the morning
similar to lower-latitude deserts . This behavior is con-
sistent with observations of continental cumulus in
similar areas (e.g ., Jensen et al . 1985) . In contrast, the
moister areas in eastern North America, Europe, and
eastern Asia all show slightly larger droplet radii in the
afternoon .
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TABLE 6 . Seasonal mean values of cloud droplet radii (jum) and

	

little effect ofthis assumption on the relationship (Tse-optical thicknesses. Results from NOAA-9 and NOAA-10 are averaged

	

lioudis 1992) .with equal weights .

f. Relationships among cloud droplet radius, optical
thickness, and water path

1) DROPLET RADIUS EFFECT ON ISCCP T

RETRIEVALS

The original ISCCP retrievals ofcloud optical thick-
ness use a radiative transfer model with a fixed spherical
water droplet size distribution with a mean effective
radius of 10 Am (Rossow et al. 1991) . As part of our
analysis, we correct the original ISCCP values of T and
record the difference, summarized in Table 8 . Aver-
aging NOAA-10 and NOAA-9 results with equal
weights, we find that the ISCCP results underestimate
the annual, global mean cloud optical thickness of liq-
uid water clouds by about 1 .5% . For ocean clouds the
underestimate is about 1 .5%-2% and for land clouds
the ISCCP results overestimate optical thicknesses by
about 1%-2% (cf. Table 5) . The general decrease of
optical thicknesses in low-latitude clouds over the day
is overestimated by about 1 % (cf., Table 7) . The stan-
dard deviation ofcloud droplet radii, ±5.6 Am, implies
a random error in the ISCCP optical thickness values
ofabout ±7% .

Using our optical thickness values corrected for
variations in droplet radius, we checked some system-
atic differences in cloud optical thicknesses found in
the ISCCP results (Rossow and Schiffer 1991 ; Tse-
lioudis et al . 1992), as well as in a previous analysis
(Rossow and Lacis 1990) . Tables 5, 6, and 7 confirm
these earlier results: cloud optical thicknesses are larger
at higher latitudes than at lower latitudes and larger
over land than over ocean (Rossow and Schiffer 1991),
larger in Northern Hemisphere winter than summer
(Tselioudis et al. 1992), and larger in the morning than
in the afternoon . The study by Tselioudis et al . (1992 )
found a systematic change in the variation of cloud
optical thicknesses between cold and warm clouds, but
their findings are based on the assumption that the
cloud particle radii are constant . A reanalysis of the
optical thickness variations using our results indicates
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2) RELATIONSHIP BETWEEN OPTICAL THICKNESS
AND DROPLET RADIUS

There is some controversy about how much cloud
microphysics information is necessary to model cloud
effects on radiation . Somerville and Remer (1984),
using a 1D radiative-convective model with fixed cloud
particle sizes and optical thickness changes propor-
tional to water content changes, concluded that cloud
optical thickness feedback is significantly negative .
Based on a summary ofregional observations, Stephens
(1978) suggested that cloud optical effects could be
modeled in terms of the cloud water content without
other information on cloud microphysics . Platt (1989),
however, argued that cloud particle size changes could
offset the radiative effects ofcloud water content vari-
ations. Moreover, Curry and Herman (1985) com-
pared observations to radiative models and found that
a single-parameter representation, such as liquid water
path, did not work because of the variability of cloud
particle sizes .

Figure 14 illustrates the average relationship between
cloud optical thickness and effective droplet radius of
clouds : the first two panels show results split into the
land and ocean portions oftwo latitude zones (divided
at 30°) and the third panel shows the average results
over 50°S to 50 °N. Although there is some variation
with geography and season, the cloud droplet radii
generally increase with optical thickness up to about T

= 20-30 and decrease for optically thicker clouds. The
magnitude of the droplet radius increase is somewhat
larger in the tropics than in midlatitudes ; tropical ocean
clouds show the largest change, a little over 5 Am, and
midlatitude land clouds show the smallest change, a
little under 2 Am.
The only notable exception to the behavior shown

in Fig . 14 is in some regions where droplet radii sharply
increase to re > 14,um at very low optical thicknesses,
T < 2 . Some of these cases may be caused by cirrus
contamination ; however, some locations (e.g ., off the
west coast of north Africa and off the east coast ofthe
United States in summer) suggest that these "clouds"
are not water clouds but rather unusually thick aerosol
hazes (see discussion in section 4d) .

3) CLOUD LIQUID WATER PATH

Figure 15 shows typical samples of the observed re-
lationship between cloud optical thickness and cloud
liquid water path (see Appendix) for eight latitudinal
zones, compared with the relationship suggested by
Stephens (1978) and the range of relationships ob-
served by Curry and Herman (1985 ) . We find that our
results agree with Stephens' suggestion for the midlat-
itude continental and subtropical marine clouds that

Winter Spring Summer Autumn

Land

NH re 7 .6 7.8 9 .0 7 .8
NH 7- 9 .5 6.7 7 .7 9 .0
SH re 9 .0 8 .1 9 .3 9.4
SH 1- 10 .8 8.0 8 .0 8 .8

Ocean

NH re 10 .2 11 .6 12 .2 11 .7

NH ,r 6 .4 5 .8 6 .8 6 .4
SH re 11 .6 12.6 11 .6 11 .4
SHT 7 .4 7.4 7 .5 6 .4
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TABLE 7. Morning to afternoon contrasts in monthly mean cloud

	

validation using in situ measurements; and 5) a positive
droplet radii (jum), optical thicknesses and liquid water path (g m - ')

	

bias caused by cirrus/ aerosol contamination.given as NOAA-9 values minus NOAA-10 values .

6 . Summary and discussion

a . Summary of uncertainties

1) RANDOM ERROR

his datasets sampled . More generally, the relationship
varies within the range indicated by Curry and Herman
(1985) because cloud droplet radius and optical thick-
ness vary somewhat independently .

Figure 16 shows the zonal mean cloud liquid water
paths obtained for liquid water clouds over land and
ocean in January, April, July, and October (averaged
over 1987 and 1988) . Table 9 summarizes the annual
and seasonal, global mean values. The small latitudinal
variation shows a minimum at low latitudes at about
10°-15°N; values in the Southern Hemisphere are
slightly larger than in the Northern Hemisphere . Curry
et al . (1990), using the Nimbus-7 SMMR (Scanning
Multichannel Microwave Radiometer) for January
1979 over the North Atlantic Ocean (40°-60°N),
concluded that the average liquid water paths for mid-
dle and low clouds were 115 and 102 gin

2, respec-
tively . Our results show a value of 113 .5 gm-2 over the
ocean between 40° and 50°N for January 1987 . There
does not appear to be any simple relationship between
continental and maritime values of cloud liquid water
path: clouds over land have larger liquid water paths
than clouds over ocean in January and April, but al-
most the same values in July and October . Maritime
clouds generally show lower liquid water paths at lower
latitudes, but large regional fluctuations suggest that
specific changes in regional meteorology may explain
more ofthe variation of cloud liquid water paths.

The sources of error in the retrieved cloud droplet
sizes are 1) random error sources (instrument noise,
uncertainty of atmospheric or surface input parame-
ters) ; 2) calibration bias (difference between satellites,
sensitivity drift with time for the same satellite) ; 3)
radiative effects ofhorizontal inhomogeneity ofclouds
(broken cloudiness, morphology), which may be sys-
tematic for boundary-layer clouds ; 4) vertical inho-
mogeneity of clouds (multilayer clouds, droplet size
change with altitude within a cloud), which may affect

Random errors in individual measurements, attrib-
utable to instrument noise in channels 3 and 4, un-
certainties of atmospheric temperature and humidity
profiles, and the surface temperature, are estimated to
be ^" 10%, based on the narrowest distribution of radii
observed. (The atmospheric and surface properties
might also introduce bias errors, but assessments ofthe
ISCCP values do not indicate any significant problem
in this regard .)

2) CALIBRATION BIAS

Specific checks of possible calibration biases for
channel 3 on NOAA-9 and NOAA-10 suggest bias errors
in re < 1 jm. Uncertainties in the calibration ofchannel
1 are <7% (Brest and Rossow 1992) .

3) HORIZONTAL INHOMOGENEITY OF CLOUDS

Partial cloud cover in image pixels causes a system-
atic overestimate of re in this method that appears to
be no more than about 1 j,m because the systematic
error in cloud cover is not large, even for marine stratus
cloud size distributions (Wielicki and Parker 1992) .
The effects of finite cloud extent and cloud morphology
on the radiation also appear to be small for near-nadir
observations (Kobayashi 1993) . Since these effects may
vary systematically with cloud type, time of day, and
season, however, we cannot estimate with any accuracy
the contribution they make to the observed varia-
tions .

4) VERTICAL INHOMOGENEITY OF CLOUDS

The results are sensitive to droplet sizes in the up-
permost one to two units of cloud optical thickness,
so that variations of droplet radius with altitude within
the cloud (cf. Squires 1958 ; Noonkester 1984 ; Durbin
1959; Weickmann and Kampe 1953; Singleton and
Smith 1960) suggest that our values will be larger than
the true average over the whole cloud depth. Since air-
craft measurements of cloud particle sizes are not al-
ways identified according to their location within the
cloud, care must be exercised in comparisons (cf. Na-
kajima et al . 1991) . This error is more important to
inferences of cloud water paths and the interpretation
of observations in terms of cloud processes than to
remote sensing analyses .

5) CIRRUS/ AEROSOL CONTAMINATION

An optically thin, ice cloud layer with large ice
crystals overlying a water cloud can appear as a water
cloud containing much larger droplets. Aerosol hazes

Droplet
radius

Optical
thickness

Water
path

Global Total 0 .9 -1 .1 11 .7
Ocean 1 .0 -1 .1 11 .3
Land 0 .6 -1 .6 15 .0

Northern Hemisphere Total 0 .6 -0.8 -
Ocean 0 .8 -0 .8 -
Land 0 .3 -1 .5 -

Southern Hemisphere Total 1 .1 -1 .5 -
Ocean 1 .1 -1 .6 -
Land 1 .0 -2.0 -
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with very small particles and larger imaginary indices
ofrefraction can appear as optically thin water clouds
with large droplet radii . These bias errors appear in
our results in specific locations (cirrus effects in the
tropics and near mountains and aerosols near deserts
or in areas of high pollution), but do not cause any
significant bias in the hemispheric and global statis-
tics .

LONGITUDE (DEGREES)

LONGITUDE (DEGREES)

b. Discussion

FIG . 13 . Geographic distribution of differences between monthly mean cloud optical thickness values from NOAA-9 ("afternoon") and
from NOAA-10 ("morning") averaged over (a) spring (April 1987 and 1988) and (b) autumn (October 1987 and 1988) . Solid contours
indicate positive differences and dashed contours indicate negative differences ; contour interval is 3.

Channel 3 (3.7-,,m wavelength) radiances from
AVHRR can be used for retrieving cloud droplet ef-
fective radius . The advantages of this wavelength are
that the problem of multiple solutions (cf. Nakajima
and King 1990) occurs at smaller optical thicknesses
and that the effects of surface reflectance are much
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TABLE 8 . Differences between cloud optical thickness values
retrieved assuming a constant droplet radius and a variable droplet
radius (ISCCP minus this work) . Differences shown are global means
from NOAA-9. Season names refer to boreal seasons .

smaller (as most surfaces are relatively dark) . The dis-
advantage is that the contribution ofthermal emission
becomes important for thinner clouds .

Clouds with different composition (dust, soot, water,
ice) are usually retrieved as large radius water droplets
because of their larger absorption coefficients . In par-
ticular, thin cirrus over water clouds may be the largest
bias error, but we find that noticeable cirrus contam-
ination appears to be localized .
The annual global mean cloud droplet radius we

obtain is 11 .4 ± 5.6 Am where over land the average
re = 8 .5 Am and over ocean, re = 11.8 Am; all values
are area weighted. ISCCP-retrieved cloud optical
thicknesses assume a fixed effective particle radius of
10 Am, which produces a low bias of about 1% over
oceans and a high bias of about 1%-2% over land with
a random error of about 7% .
We find four distinct indicators that variations of

the background CCN concentration influence the av-
erage cloud droplet radius : land-ocean contrasts in
both 1) mean cloud droplet radius and 2) its variation
with cloud-top altitude, 3) specific near-coastal varia-
tions of cloud droplet radius consistent with wind di-
rection, and 4) systematic hemispheric differences in
cloud droplet radius over both land and ocean . Our
near-global survey confirms that the average cloud
droplet radius in continental clouds is smaller (about
8-9 Am) than in maritime clouds (about 11-12 Am)
as had been reported by aircraft measurements with
limited spatial coverage . The difference is not as large
in the tropics . This difference grows larger for lower-
level (Pc > 750 mb) clouds, consistent with observed
vertical variations ofaerosol concentrations . The tran-
sition between land and ocean values of re does not
occur precisely along coastlines ; instead local variations
in prevailing wind direction cause penetration of ma-
rinelike values inland or continentlike values out
to sea .

Comparison of hemispheric mean values of cloud
droplet radius shows an interhemispheric difference
that is qualitatively consistent with, but smaller than
predicted from, observed differences in CCN concen-
trations between the two hemispheres . Schwartz (1988 )
searched for the "indirect aerosol effect on clouds" by
comparing cloud albedos between the two hemispheres,
but he found no significant differences . Slingo (1988)
pointed out that cloud albedos might depend on other
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cloud properties, such as liquid water content . Our di-
rect comparison of mean cloud droplet radii between
hemispheres shows a systematic difference in re , but
also shows a systematic difference in the cloud optical
thicknesses approximately sufficient to explain why
Schwartz could not find hemispheric differences in
cloud albedo . After correcting ISCCP optical thickness
values for variations in cloud droplet radius, we also
confirm that continental clouds still have larger optical
thickness values than maritime clouds (Rossow and
Lacis 1990 ; Rossow and Schiffer 1991) . All of these
results support the existence of an aerosol effect on
cloud droplet radii, but they also support Slingo's res-
ervation that other factors may play an equally im-
portant role in determining cloud albedos.

Clouds in the Northern Hemisphere over both land
and ocean show a significant seasonal variation ofmean
droplet radii while those in the Southern Hemisphere
do not . If seasonal variations in the CCN number den-
sity and cloud dynamics were the same for both hemi-
spheres, then variations in liquid water content, I, with
temperature would control cloud droplet radii . IfI in-
creases with increasing temperature (Somerville and
Remer 1984; Betts and Harshvardhan 1987), then re
should be larger in the summer hemisphere and smaller
in the winter hemisphere. We observe larger re in sum-
mer, but the magnitude of the seasonal cycle is not the
same for both hemispheres . After correcting the ISCCP
optical thickness values for variation in cloud droplet
radii, we confirm the previous finding (Tselioudis et
al . 1992) that warmer clouds generally have lower op-
tical thicknesses ; we also find that the seasonal varia-
tions of optical thickness differ between the two hemi-
spheres. Thus, although re follows the predicted change
in I, -r does not. Taken together, these differences in
behavior may be explained by different seasonal vari-
ations in atmospheric circulation . The variations of
cloud properties with meteorological conditions de-
serve much more detailed scrutiny to confirm their
dependence on temperature, CCN concentration, and
atmospheric motions .

For most maritime clouds and some continental
clouds, droplet radii are larger and optical thicknesses
smaller in the afternoon than in the morning : the larg-
est variations in re occur at lower latitudes, where the
average magnitude of the change is 3-4 Am, while at
higher latitudes the changes are only about 1 Am and
may not be significant . Some continental clouds, par-
ticularly over the more arid locations, have smaller
droplet radii and larger optical thicknesses in the af-
ternoon than in the morning.

Maritime water clouds exhibiting significant diurnal
variations are formed in the boundary layer, predom-
inantly in the early morning. Nicholls (1984), based
on aircraft observations of turbulence mixing, radiative
fluxes, and the microphysics in stratocumulus clouds
over the North Sea, suggested that the absorption of
sunlight and entrainment ofdry air from above cloud

Annual Winter Spring Summer Autumn

Total 0 .13 0 .14 0 .18 0.07 0.06
Ocean 0.00 0.08 0 .12 0 .00 0 .00
Land 0.60 0.62 0 .56 0 .53 0 .77



APRIL 1994

	

H A N E T AL .

	

491

NOAA-9 ANNUAL MEAN OVER OCEAN

N
Zv
F
U
H

OJU

N
Z
YU
H

U

O

OJU

120

50

28

18

12

Tropics

3 5 7 9 11 13 15 17 19 211 3 5 7 9 11 13 15 17 19 21

CLOUD DROPLET RADIUS (um)

NOAA-9 ANNUAL MEAN OVER LAND

id-Latitudes

m
Global

I

	

I

	

I / I

	

I

	

I

	

I

	

I

	

I

	

I

	

I

	

I/ I

	

I

	

I

	

I

	

I

	

I

	

I

	

~

	

I

	

I

	

I

	

I

	

I

	

I

	

I

	

I
1 3 5 7 9 11 13 15 17 19 01 3 5 7 9 11 13 15 17 19 01 3 5 7 9 11 13 15 17 19 21

CLOUD DROPLET RADIUS (gm)

MG . 14. Annual average cloud droplet effective radius in each interval of cloud optical thickness from
analysis of NOAA-9 AVHRR radiances in the tropics (latitude < 30°), midlatitudes (latitude between
30' and 50°), and over the whole globe (latitude < 50°) for (a) clouds over ocean and (b) clouds over
land.
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top causes the droplet number density to decrease dra-
matically and the drop sizes to increase over the course
of the day. Telford and Wagner (1981), from their
observations of convective maritime stratus cloud,
suggested that the entrainment ofdry overlying air di-
lutes the liquid water content by evaporation, some-
times by a factor of 10. Consequent evaporation in
entrained dry air initially reduces the droplet concen-
tration without reducing their size, but as these parcels
mix lower into the cloud, larger droplets are produced,
sometimes exceeding 30 um in diameter. Albrecht
(1989), on the other hand, suggested that the drizzle
process in shallow marine clouds produced droplet size
spectrum broadening during the day and argued that
this difference allowed shallow maritime clouds to form
precipitation more easily than continental clouds,
consistent with the findings of Jensen et al . (1985 ) .
The development of drizzle over the course ofthe day
could explain both an increase of droplet radii and a
decrease of optical thickness (the latter because of de-
creasing cloud vertical extent) .
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FIG . 15 . Monthly (January 1987) mean cloud optical thickness in each interval ofcloud liquid water path derived from effective radius
and optical thickness retrievals from NOAA-9 AVHRR radiances for various latitude zones . Solid line shows relationship proposed by
Stephens (1978 ), and dashed lines show range of observations reported by Curry and Herman (1985 ) . Number of points, N, and average
liquid water path, LWP, values are shown. Filled circles are for clouds over land; open circles are for clouds over ocean .

Boundary-layer clouds over continents form mostly
in the afternoon (Stull 1988) . From a case study of
nonprecipitating continental cumulus clouds in eastern
Montana, Jensen et al . (1985) determined from a mi-
crophysical model that even when drier air is entrained
into the clouds, the droplet spectra can remain narrow
because the characteristic time for droplet evaporation
is much larger than that for eddy diffusion at normal
turbulence levels in continental cumuli . Thus, in land
areas with sufficient moisture supply, solar heating may
increase the turbulent supply ofwater vapor and cause
growth ofcloud droplet radii in the afternoon . We see
increasing re values in locations ofgreater moisture . In
more arid locations, the decrease of droplet radii we
observe during daytime may be caused by an enhanced
turbulent flux of surface dust over the daytime . The
associated increase of cloud optical thicknesses over
deserts may be due to increasing turbulence and cloud
vertical extents in the afternoon .
We find that cloud droplet radii generally increase

with optical thickness for optically thinner clouds (T
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< 20-30) and decrease for optically thicker clouds,
but that this relationship varies with location and
season . This transition can be explained by a general
predominance of condensation growth control of
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average droplet radius in thinner (lower water con-
tent?) clouds giving way to a predominance of col-
lision growth control of average droplet radius in
thicker (higher water content?) clouds . However,
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TABLE 9. Annual and seasonal mean values of cloud water path
(gm-') over ocean and land from 1987 and 1988 . Annual mean is
represented by theaverage of4 months;NOAA-9andNOAA-10 results
are averaged with equal weights.

Ocean
Land

Annual January April July October

87 .4 89 .1 80.2 89 .6 90 .8
85 .4 91 .3 77 .0 86 .3 87 .0

some clouds, particularly marine stratus, exhibit
diurnal variations where re increases while T de-
creases . In the FIRE case, optical thickness decreased,
in part, because cloud layer thickness decreased
(Minnis et al . 1992). We also find that cloud liquid
water path is not uniquely related to cloud albedo,
because significant and somewhat independent vari-
ations of cloud optical thickness and droplet radii
are observed. For all these reasons, the specification
of both average cloud droplet effective radius and
cloud water content (or optical thickness and vertical
extent) is necessary to model the radiative effects of
clouds in climate GCMs.
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APPENDIX

Basic Formula for Cloud Properties

a. Cloud optical thickness and liquid water path

Cloud optical thickness is given by

T(X) =
Joh

f

	

Qext(X, r)n(r)drdh',

	

(A.1)

where Uext(X, r) is the extinction cross section of a
spherical water droplet of radius r at wavelength X ;
n(r)dris the number ofparticles per unit volume with
radius between r and r + dr, and h the cloud layer
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thickness . We substitute the normalized extinction
cross section (efficiency for extinction)

then

Qext(X, r) =
Qext(X, Y)

Irr2

VOLUME 7

(A.2)

T(X) = 7r
Jo

h

fo"o
Qe.tr 2n(r)drdh'.

	

(A.3)

The normalized extinction cross section Qext(X, r) is a
complicated function of r, X, and refractive index, m
(Hansen and Travis 1974) .
Using effective radius re defined by Hansen and

Travis (1974),

f
0
~ 7rr3n(r)dr

where QQext is the average of Qext over the droplet size
distribution . Defining liquid water path (LWP) as

h

LWP =
f

wdh'
0

-r(X) = 0.75Qe,,t
LWP .
Pwre

b . Droplet size distribution

n (r) = Cr(1-3b)/be-r/(ab)

(A.7)

then cloud optical thickness is linked to cloud effective
radius by

(A.8)

The standard gamma distribution (Hansen 1971) is
used in this paper for cloud droplet size distributions,

(A.9)
where C is a constant, n(r)dr is the number ofparticles
per unit volume with radius between r and r + dr. It
has the simple properties that the two parameters a
and b represent the mean effective radius (average
weighted by cross section) and the effective variance
for this size distribution ; that is, re = a and ve = b
(Hansen and Travis 1974) . It also links effective radius,
re, and the mean radius, rm , in a simple relationship

re = rnl(1 - 2b),

	

(A.10)
where rm = fo rn(r)drlfo n(r)dr and is often the
value reported by in situ measurements .

Ye = ~ (A.4)

f0
7rr2n(r)dr

and the definition of liquid water content, w,

4 °°
w = 3 7rpw

fo
r3n(r)dr, (A.5)

we have
h

T(a)
3Qext= f _' dh, (A.6)
4pw 0 re
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TABLE A.1 . Wo, g, K, and (7' - ro)l ro for different
cloud droplet size.

This size distribution can relate re with cloud liquid
water content w explicitly . The definition (A.5) can be
rewritten as

w = kre pwN,

	

(A.11)

where k = 4r(1 - b)(1 - 2b)l3 and N = fo n(r)dr .
According to observation, for most clouds, b ranges

from 0.10 to 0.20 (Hansen 1971) . For example, b
= 0.111 for fair weather cumulus and 0.193 for
stratus.

c. Droplet radius effect on ISCCP T retrieval

To estimate the droplet radius effect on T, we re-
write Eq . (2) as T = KT, where K = (1 - wog) l
(1 - iaog') . Then the relative error caused by 10-
,um water droplet assumption used in ISCCP can be
easily estimated . The relative error is (T - T0)/T0

= (g' - go)l(1 - g'), where TO is the optical thick-
ness of ISCCP analysis, go is the asymmetry factor for
10-pm water droplet . Table A.1 lists the values of ca0,
g, K, and (-r' - T0)lT0 for different cloud droplet radii.
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