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ABSTRACT

An algorithm is developed for determining the cloud optical thickness and effective particle radius simultaneously
on aglobal scale using Advanced Very High Resolution Radiometer (AVHRR) multispectral radiance data. In the
algorithm, the treatment of thermal radiation in Nakajima and Nakajima is improved by reformulating the thermal
emission in the atmospheric layers. At the same time, the lookup table for thermal emission is parameterized in
terms of the equivalent water vapor path in order to include the effect of various vertical water vapor profiles.

The algorithm is applied to AVHRR radiance data corresponding to reported aircraft and balloon measurements
of cloud microphysical parameters. A comparison shows a good agreement between in situ and satellite-retrieved
values thus obtained. The algorithm is further applied to 4-month Global Area Coverage data of 1987 to generate
global distributions of the cloud optical thickness and effective particle radius for every 0.5° X 0.5° box in a
—60°-60° latitudinal region. Similarities and differences in the global features of the effective particle radius
and the optical thickness are found as compared with the previous studies.

1. Introduction

Clouds occupy about 60% of the earth’s surface area
and play a considerably important role for formation of
the climate through radiative and dynamical processes.
For example, 1% variability of cloud amount brings a
change of the earth’s radiation budget by several W m—2
at the top of atmosphere. This value easily exceeds the
radiative forcing by greenhouse gases during the past
200 yr Strabala et al. (1994) indicated the dependence
of the radiation budget and climate upon cloud radiative
and geometric properties. Also their large variations
both in horizontal and vertical extent make situations
more complex (Stowe et al. 1989).

Aerosol indirect effects on the cloud radiative forcing
are another important issue for recent climate studies.
Ship trail cloud phenomenon, which was first reported
by Conover (1966), brought up the problem that inter-
actions between clouds and anthropogenic pollutant
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may modulate noticeably the earth—atmosphere radia-
tion budget acting as cloud condensation nuclei (CCN)
(Coakley et al. 1987). Radke et al. (1989) observed the
cloud microphysical structure with aircraft instruments
during the First ISCCP Regional Experiment (FIRE),
and found an enhanced cloud reflectivity due to a
marked increase in cloud liquid water content together
with adecrease in particle radius. Consistently, Albrecht
(1989) pointed out that a decrease in the cloud particle
radius may cause a significant increase in the cloud
liquid water path through a reduction of precipitation,
which will cause a reduction in washing-out effect of
CCN input to the cloud system.

From the above discussion, we find it is important
for evaluating the cloud effects on the earth’s radiation
budget to observe globally not only the macroscopic
variables, such as cloud amount and height, but also the
cloud optical and microphysical properties such as the
cloud optical thickness and effective particle radius,
which are also important parameters to control the ra-
diation budget and dynamical processes. Motivated by
this background, many researchers have performed ob-
servations of cloud microphysical properties from
ground, aircraft, and satellites. Especially, twoimportant
progresses have been made since the late 1980s, that is,
airborne remote sensing with radiometers having near-
infrared window channels at 1.6 and 2.2 um (Twomey
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and Cocks 1989; King et al. 1990; Rawlins and Foot
1990; Nakajima et al. 1991; Asano et a. 1995), and
large-scale satellite remote sensing applied to radiances
in the near-infrared windows at 3.7 um (Arking and
Childs 1985; Han et al. 1994; Platnick and Twomey
1994; Kleespies 1995; Nakajima and Nakjiama 1995;
Platnick and Valero 1995; Wetzel and Stowe 1999).
Those progresses have proven themselves useful for in-
vestigation of the cloud microphysical structure.

There are, however, till several important issues to
accelerate popular use of the cloud microphysical remote
sensing. According to Nakajima and King (1990), a 3.7-
mm window channel is superior to a 2.2-um window
channel in terms of the magnitude of water refractive
indices. Another advantage of using 3.7-um channel is
that we can obtain a long-term dataset of National Oce-
anic and Atmospheric Administration Advanced Very
High Resolution Radiometer (AVHRR) channel-3 radi-
ances. On the other hand, 3.7-um signal containsthermal
emission components from ground and cloud layers that
have to be removed, since the information on the cloud
optical thickness and effective particle radiusis included
mainly in cloud-reflected solar components in both chan-
nels. There are several methods to remove the thermal
emission components. Coakley and Davies (1986) pro-
posed a method of using nighttime data, and Kleespies
(1995) utilized the viewing geometry with GOES-7 for
the cancellation of the thermal component. The method
of Coakley and Davies needs a condition that the cloud
microphysical properties do not change from night to day.
Although Nakajima and Nakgima (1995) (hereafter re-
ferred to as NN) estimated the cloud thermal component
from the inferred cloud-top temperature, their method is
not suitable for global analysis for the reason described
later. Wetzel and Stowe (1999) analyzed only oceanic
clouds with a simplified assumption of fixed water vapor
amount.

Under the circumstance that there has been no global
scale analysis of cloud optical thickness and effective
radius other than that of Han et al. (1994) (hereafter
referred to as HRL), it will be useful to devel op another
analysis method from a viewpoint of independent check
of the retrievals, even if both methods use identical
spectral channels. For this purpose, we discuss in this
paper a new algorithm for simultaneous retrievals of
cloud-top temperature, optical thickness, and effective
particle radius using radiances in channels 1, 3, and 4.
In the following sections, we will first describethe NN's
method and point out its difficultiesin performing glob-
al-scale analyses and then present our new agorithm.
After studying the retrieval accuracy with some nu-
merical simulations, we will compare severa satellite
retrievalswith in situ measured valuesto further validate
the present algorithm. Then global analyses of cloud
microphysics will be performed, which will be com-
pared with the results of HRL.

KAWAMOTO ET AL.

2055

2. Methodology

a. Nakajima and Nakajima’'s method and its
problems

Simultaneous retrieval of the cloud optical thickness
(hereafter the optical thicknessis at visible wavelength)
and effective particle radiusis based on the fact that the
radiance at a nonabsorbing visible wavelength (e.g.,
channel 1 of AVHRR) ismainly determined by the cloud
optical thickness, while the radiance at a water-absorb-
ing near-infrared wavelength (e.g., channel 3 of
AVHRR) is mainly determined by the effective particle
radius, r,, defined as

f ren(r) dr

f,=—+—""— Q)

) frzn(r) dr

where n(r) is the number size distribution at a particle
radiusr.

For obtaining cloud optical thickness, effective par-
ticle radius, and cloud-top temperature, simultaneously,
NN use radiances in channels 1, 2, and 3 of AVHRR.
Because the channel-3 radiance contains thermal radi-
ation from the ground and the cloud layer as parts of
undesirable components for determining the cloud geo-
physical parameters, NN tried to remove thermal com-
ponents from the satellite-received radiance theoreti-
cally through the following equation,

L(Tci re; I-L! MO! d))
= Lobs(Tl re; ,bL, IU'Ov ¢)
= Wr W = tre, 1oy ) — r(7, 1oy w)]B(T)

. — A
— (7, ro; ,LL)l m_— re)AgB(Tg)
. Ag . HoFo
—t(r, 1o M)il o re)Agt(T, les Mo) o 2

where L, and L are the satellite-received signal and the
solar radiance reflected by the cloud layer, respectively.
Here 7, 7,, and 7, are the optical thicknesses of the
entire atmosphere, above the cloud layer and the cloud
layer itself; w and ., are the cosines of the satellite and
solar zenith angles, respectively, and ¢ isthe azimuthal
angle of the satellite relative to the sun; A, isthe ground
reflectivity, F, is the extraterrestrial solar flux; t is the
unidirectional flux transmissivity, r, and T are the uni-
directional flux and spherical reflectivities of the cloud
layer. Here B is the Planck function and T, and T, are
temperatures of the cloud top and the ground surface,
respectively. The cloud optical thickness and effective
particle radius are then obtained from L, by an iteration
method. The cloud-top brightness temperature is also
retrieved with a correction of emissivity e =1 — t —
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r in the second term of the left-hand side of Eq. (2),
which can be evaluated with the retrieved optical thick-
ness and effective radius in each iteration step.

In the process, they adopted a lookup table (hereafter
referred to as LUT) method for inversion, which is cal-
culated assuming a model atmosphere for the obser-
vation condition. This approach has given us a serious
problem for global analysis, since it is found that ra-
diances generated with the LUTs have an unnegligible
dependence of the vertical structure of the model at-
mosphere as shown in the next subsection.

b. Formulation of satellite-received radiances

In this subsection we reformulate the satellite-re-
ceived radiances in more exact form. Let us consider
the atmosphere as of a three-layer system: alayer from
satellite to cloud top, cloud layer, and layer from cloud
bottom to the ground. Hereafter the first and the third
layer are called upper and lower layer, respectively. The
cloud layer is assumed to be homogeneous |oaded with
the same cloud droplet size distribution and saturated
water vapor with cloud-top temperature. We approxi-
mate satellite-received signals for this three-layer sys-
tem with an underlying Lambert surface as follows:

For channel-1 radiance:

Lobs(T! rel Z, D: M; Mo; ¢)
= L(Tc! rel Z! D1 M; I-LO! ¢)

g MoFo
t 1] re; ]
1-T1y(r., 1., Z, D)A, (7, Fei o) =
©)

where Z isthe cloud-top height and D isthe geometrical
thickness of the cloud layer; for channel-3 radiance:

Lows(T: Ter {W(2}, {T(D}, D; . o, P)
= t,(Wey; WL(7e, Ter Tey D; 12y o, )t (Wes o)
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JOURNAL OF CLIMATE

VoLuME 14

where w(z) and T(2) are the water vapor (g cm—23) and
temperature (K) vertical profiles as a function of the
altitude z. Hereafter, suffixes u, ¢, and | stand for upper,
cloud, and lower layers, respectively; w, is the equiv-
alent water vapor amount, which will be defined later;
f is the atmospheric thermal emission. As compared
with NN’s algorithm, we take the contribution of at-
mospheric thermal emission terms into account in the
present study. We neglect, however, emission from the
cloud that is reflected by the surface and emission from
the atmosphere above the cloud that is reflected by the
cloud in (4) asin NN.

In EQ. (4), emission and transmission processes are
expressed in terms of the equivalent water vapor amount
w,, which is defined as

W J w(2)

where P(2) is the vertical air pressure profile as a func-
tion of altitude z, P, is the surface pressure. These me-
teorological parameters can be obtained from satellite
measurements or objective analysis archives as the an-
cillary data (hereafter referred to as AD), when we an-
alyze actual satellite data. In this study, we use National
Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
dataas AD. To know the relationship between the equiv-
alent water vapor amount and the unidirectional trans-
missivity in channel 3, we made some numerical sim-
ulations with a general radiative transfer code, RSTAR-
5b, which solves the radiative transfer with a combined
discrete-ordinate—matrix-operator method (Nakajima
and Tanaka 1986, 1988) and LOWTRAN-7 gas absorp-
tion model (Kneizys et al. 1988). Using five model at-
mospheres (tropical, midlatitude summer, midlatitude
winter, subarctic summer, and subarctic winter), we cal-
culated the unidirectional transmissivity in channel 3
under the condition of changing water vapor amount
with its own vertical profile fixed in each atmosphere
and angle conditions. TheresultisshowninFig. 1. From
the figure, unidirectional transmissivity, t (i.e., t,and t,)
in channel 3 is determined almost uniquely with the
equivalent water vapor amount given in Eq. (5), even
if vertical profiles of water vapor (model atmospheres)
may differ. This means that the effect of the vertical
water vapor profile in determining the value of trans-
missivity can be largely accounted for by introduction
of the equivalent water vapor amount. As for thermal
emissions from the atmospheric layers, they are sub-
stantially small in general, but we take them into account
for a better retrieval, especially in tropical and summer
subtropical regions. In addition, the contribution of the
atmospheric emissions becomes larger with increasing
particle radius and hence with decreasing reflected solar
radiation. We calculated atmospheric thermal emission
for cases in Fig. 1, and showed the result in Fig. 2 as
a function of the product of the equivalent water vapor
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Fic. 1. Relation between transmissivity in channel 3 and the equiv-
alent water vapor amount.

amount and Planck function, w.B(T). Here T is the tem-
perature of the lower boundary. Figure 2 suggests a
dependence similar to thet — w, relation in Fig. 1 in
a sense of being determined almost uniquely with the
equivalent water vapor amount, although uncertainties
are increased as compared with the t — w, case due to
agreater dependence on the vertical temperature profile.
Asfor retrieving T,, we ignore the thermal emission and
the transmission in both upper and lower layers as in
NN’s method. Thus we approximate it simply as fol-
lows:

Subarctic Summer
Subarctic Winter

]

Tropics x
o Midlatitude Summer +
o Midlatitude Winter
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Fic. 2. Relation between atmospheric emission in channel 3 and
the equivalent water vapor amount.
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TasLE 1. Difference between retrieved cloud-top temperatures with
Eqg. (6) and input cloud-top temperatures. Here TR, MS, MW, SS,
and SW are mean tropical, midlatitude summer, midlatitude winter,
subarctic summer, and subarctic winter, respectively.

TR MS MW SS Sw
=3 Z=15 265 0.73 —0.46 050 -—0.27
Z=25 245 1.06 —0.38 0.82 0.49
=5 Z=15 05 -040 -080 -051 -0.65
Z=25 006 —-050 -09 -060 -—-044
T =B Lobs - tc(ch le Tu Dv /*L)(l - Ag)B(Tg) (6)
c - .

1- tc(Tc! le, Tc! D, /J')

To examine this approximation, we invert T, from sim-
ulated radiance using RSTAR-5b. The cloud optical
thicknessis 3 and 5, the cloud height is 1.5 and 2.5 km,
and the effective particle size is 10 um in this simu-
lation. Differences between input and retrieved tem-
peratures are shown in Table 1. Other than optically thin
clouds in tropical atmosphere, satisfactory results are
obtained in most cases. A temperature error of 2.5 K
can cause r, retrieval error of about 7%.

c. Procedure for analysis

Our procedure for inverting the cloud microphysical
parameters needs several LUTs: LUT-1 for cloud-re-
flected solar radiances L in channels 1 and 3; LUT-2
for reflectivity r in channel 3, flux transmissivitiest, t.
and spherical reflectivitiest.inchannels1and 3; LUT-3
for transmissivity of the cloud layer t. in channel 4. To
construct LUTSs, we used RSTAR-5b as used in the pre-
vious calculation of transmissivity and atmospheric
emissions. Parameter values of the LUTSs are tabulated
in Table 2. To take account of subwavelength spectral
characteristics of the radiometer, a wavelength averag-
ing process is adopted as in NN.

The flow of the algorithm is shown in Fig. 3. The
analysis begins with initial values assuming 7. = 35, r,
= 15 um, and Z = 2 km, where Z is the cloud-top
height. Once Z is given, T, and the cloud-top pressure
P. are determined by the vertical temperature profile
from AD. Using 7. and P,, the cloud type is specified
through the International Satellite Cloud Climatology

TABLE 2. The grid systems of each parameter for the lookup

tables.

Param-

eters Grid points
Z (km) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0 (channel 1)
T. (K) 260, 270, 280, 285, 290, 295, 305 (channel 3)
D (km) 0.1, 0.2, 05, 1.0, 1.5, 2.0
0 (°) 0., 5, 10, 20, 30., 35., 40., 45., 50.
0, ) 0,5, 10, 20, 30, 35., 40., 45., 50., 55., 60., 65., 70., 75.
¢ (°) 0. ~ 180. (divided every 10°)
T, 1,2,4,6.,9, 14, 20, 30, 50., 70.
r.(um) 4.,6., 9,12, 15, 20, 25., 30.
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Fic. 3. Flowchart of analysis for the present algorithm.

Project (ISCCP) thresholds (Rossow et al. 1996) as
shown in Fig. 4. The cloud geometrical thickness D is
then obtained from w,,,/W,,,, where w,., is the liquid
water path and w,,, is the liquid water content of the
cloud layer, respectively. With given 7. and r., W4, is
estimated from the relation,

2

Wpath = §pTcre1 (7)
where p is the density of liquid water. We assume the
value of w,,, for each cloud type (i.e., cumulus and
stratocumulus: 0.3 g m3, stratus: 0.35 g m~3, altocu-
mulus and altostratus: 0.25 g m=3, and nimbostratus:
0.3 g m~3) referring to Pruppacher and Klett (1978) and
Heymsfield (1993). Using T, and D, the in-cloud water
vapor amount w, is calculated with the saturation con-
dition. Then T, is updated using Eq. (6) with t, from
LUT-3. The renewed Z is further calculated with the
updated T., Z, and AD. The equivalent water vapor
amounts in the upper and lower layers, w,, and w,, are
also determined simultaneously with AD. According to
Egs. (3) and (4), undesirable components are removed
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FiG. 4. ISCCP cloud-type threshold from Rossow et al. (1996).
Only middle and low clouds are shown.

from observed signals L., in channels 1 and 3 by the
above procedure with LUT-2 and LUT-3, and with the
parameterizations of transmission and emission pro-
cesses for the upper and lower layersin channel 3. Then
theoretically calculated cloud-reflected radiances L in
channels 1 and 3 from LUT-1 are compared with cor-
rected L. This comparison for determining 7. and r,
is done alternately with fixing the other, and the cal-
culation will be iterated until a convergence (the dif-
ference between L and corrected L., < 0.1%) is
achieved.

3. Validation of the present retrieval algorithm
a. Error analysis for the cloud microphysics retrieval

To evaluate the retrieval performance of our algo-
rithm, we have applied it to simulated satellite signals
calculated by RSTAR-5b with five Air Force Geophys-
ics Laboratory (AFGL) model atmospheres. The results
are shown in Fig. 5afor the cloud optical thickness and
in Fig. 5b for the effective particle radius, together with
the NN’s results of which LUTs were constructed for
the midlatitude summer model atmosphere. As for the
cloud optical thickness, true values to be retrieved are
5, 10, and 15 and the effective particle radius is fixed
to 10 um for every model atmosphere. Referring to Fig.
5a, our retrievals are slightly better than NN. Actually
the dependence of 7. retrieval on model atmospheresis
small for both methods, because of quite small absorp-
tion due to cloud liquid water and lack of complexity
that comes from a thermal emission process unlike in
channel 3. As for the effective particle radius, true val-
uesare 6, 10, and 16 um and the cloud optical thickness
is fixed to 10 for every model atmosphere. Figure 5b
illustrates that our retrievals are much better than NN's
and independent of model atmospheres, while NN’s
show a systematic dependence due to prefixed atmo-
spheric profiles of temperature and water vapor amount.
In addition to the treatment of the transmission corre-
sponding to water vapor amount, the introduction of
atmospheric thermal emissions also contributes to the
better retrieval accuracy. It is also found from Figs. 5a
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Fic. 5. (a) Comparison of the retrieval accuracy for the optical
thickness between NN'’s method and the present algorithm. Tropical,
midlatitude summer, midlatitude winter, subarctic summer, and sub-
arctic winter model atmospheres are labeled as TR, M.S., M.W,, S.S,,
and S.W., respectively. True values are 5, 10, and 15 from the left
side, respectively. (b) Asin (a) except for the effective particleradius.
True values are 6, 10, and 16 um from the left side, respectively. (c)
Comparison of the retrieved particle radii with different conditions.
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and 5b, the retrieval accuracy gets somewhat worse,
similar to NN, as the cloud optical thickness decreases
and/or the effective particle radius increases, since the
relative contribution of cloud-reflected solar component
gets smaller in such cases. Also as the cloud optical
thickness becomes as large as 70, the retrieval accuracy
gets worse, because reflected solar radiation reaches
nearly the saturated value. In these cases, retrieval errors
are caused by inflation of small errors such as errors
due to insufficient removal of undesirable thermal emis-
sion, with formulas given by Egs. (3), (4), (6), and (7),
and wavelength averaging, especially for large solar
and/or satellite zenith angles. Although we showed only
onecase, Z=2km,D = 0.1km, ¢ = 40 ¢, = 60°,
and ¢ = 50° in Figs. 5a and 5b, we have confirmed a
similar accuracy of the present algorithm for other ge-
ometries.

Although we use an objective analysis dataset, it is
well known that objective analysis datasets tend to have
wet or dry bias. In addition to the numerical check
shown in Figs. 5a and 5b, we performed the following
retrieval test of the effective particle radius with dif-
ferent conditions for further study of the effect of water
vapor amount. One is with ancillary data of which the
date is the same as that of the satellite data, and the
other is under the same condition as the previous case
but for the water vapor data of 1 day before. Figure 5¢c
presents the result of comparison. From this figure, we
find that most of the errors caused by 1-day difference
of humidity data are less than 0.5 um, though some
errors become as large as 3 um. This analysis shows a
relevance of the assumed water vapor amount and, at
the same time, limitation of the method.

In our retrieval, surface reflectivity is assumed to be
Lambertian, even over ocean. In order to test this as-
sumption, we performed radiative transfer calculation
with ocean surface condition using RSTAR-5b, and re-
trieved the cloud microphysics using the present (Lam-
bert-assuming) algorithm. The result shows the Lam-
bertian surface assumption could cause 6% optical
thickness error and 4% droplet size error for clouds
having the optical thickness 4 and effective radius 10
um. The error rapidly decreases with increasing optical
thickness.

b. Comparison with in situ measurements

In this section, we compare satellite retrievals with
in situ measured values for further validation of the
algorithm. For this purpose, we have surveyed airborne
and balloonborne cloud microphysical measurements
conducted from 1981 to 1992, and among them, we have
selected cases of which location and time were close to
a satellite passage we can find from our database. Table

One is with ancillary data of which the date is the same as that of
satellite data, and the other is under the same condition asthe previous
case but for the water vapor data of 1 day before.
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TaBLE 3. List of in situ observation information. Multiple measurements by the same author are indicated by the number.

Authors Date Time Location Surface type
Convective clouds
Paluch® (1986) #1 11 Jul 1981 1440 47°N, 106°W Land
#2 18 Jul 1981 1537 47°N, 106°W Land
#3 19 Jul 1981 1625 47°N, 106°W Land
#4 1 Aug 1981 1457 47°N, 106°W Land
Willis et al. (1994) 11 Aug 1991 1431 28°N, 80°W Coast
Poellot and pflaum (1989) 14 Sep 1987 1710 35°N, 98°W Land
Gardiner and Hallett (1985) 21 Jul 1981 1440 47°N, 106°W Land
Stratiform clouds
Duda et al. (1991) 10 Jul 1987 0900-1830 33°N, 119°W Ocean
Nakajima et al. (1991) 10 Jul 1987 1015 32°N, 121°W Ocean
Meteorological Research
Institute (1992) #1 30 Mar 1989 1130 33°N, 137°E Ocean
#2 22 Dec 1989 1020 33°N, 142°E Ocean
#3 14 Dec 1990 1030 32°N, 140°E Ocean
Fric and Hoppel (1993) 18 Aug 1992 1138 45°N, 124°W Coast

3 presents detailed information of in situ measurements
involved here. In comparing these results, in situ values
of the effective radius r;,q,, Were derived from the re-
ported droplet size distributions, while values of satellite
retrievals r,, were calculated with a weight of corre-
sponding optical thickness, in order to make both quan-
tities equivalent, as follows:

A
st <Tc> .

Figure 6 shows the result of the comparison. Vertica
bars mean standard deviation of r., derived from sat-
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Fic. 6. Comparison of the effective particle radius obtained from
in situ measurements and satellite remote sensing. Vertical bars mean
standard deviation of r, derived from satellite measurements. Here
P: Paluch (1986), N: Nakajima et al. (1991), W: Willis et al. (1994),
G: Gardiner and Hallett (1985), M: Meteorological Research Institute
(1992), D: Duda et al. (1991), PP: Poellot and Pflaum (1989), and
F: Fric and Hoppel (1993). Multiple measurements by the same au-
thour are indicated by the number.

ellite measurements. It is found from the figure that the
effective particle radii of both stratiform and convective
clouds were retrieved successfully by the present al-
gorithm within a satisfactory error less than 10%—15%
in most cases.

Previous results such as Nakajima et al. (1991) and
Rawlins and Foot (1990) showed, other than King et al.
(1990) which analyzed the internal radiation field, sys-
tematic overestimation of the effective particle radius
as compared with corresponding in situ values, and they
pointed out possible causes such as cloud anomalous
absorption, imperfect calibration of theinstruments, and
selection of channels used. Taylor (1992) proposed an
inadequacy of the gaseous absorption model (Lowtran-
5) they assumed. An adoption of the updated gaseous
absorption model (LOWTRAN-7) in this study may
contribute to the improvement of the retrieval accuracy
found here. There are many other sources of errors to
cause disagreement between in situ and satellite obser-
vation, such as cirrus contamination, partial cloud cover,
cloud inhomogeneity (HRL; Hayasaka et al. 1995), dis-
agreement with the assumed size distribution (Platnick
and Valero 1995), sensor discretization and calibration
uncertainties (Pincus et a. 1995), slight gaps between
satellite imagery and in situ measurement location tem-
porally and spatially, uncertainties of meteorol ogical pa-
rameters taken from AD, differencein liquid water con-
tent between the target cloud, and the classified cloud
type. In our analyses, it is difficult to access al those
error effects. But we found mismatch of location and
time tend to bring largest uncertainty for our compar-
ison, so that we tried to be careful to select the scene
for comparison checking the reported location of the
airplane on the satellite image and avoided difficult cas-
es for the comparison due to strong cloud inhomoge-
neity.

The above argument clearly showsimportance of con-
ducting more validation measurements of the cloud mi-
crophysical parameters.
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4. Global analyses

a. Segmentation of the satellite data and ancillary
data for retrieval

In order to make an efficient global analysis, we have
made global-segmented datasets of radiances for
AVHRR Global Area Coverage (GAC) data. One seg-
ment box has 0.5° X 0.5° spatial resolution, and there
are 720 X 240 boxes in the analysis region of the —60°
to +60° latitudinal belt. One hundred pixels are stored
in one box with keeping 6 < 45° and 6, < 70° to avoid
imagery distortion and degradation. The segmented area
is restricted within 60° in both hemispheres, since ac-
curate retrievals are difficult to performin high latitudes
and polar regions because of large solar zenith angles
and high ground reflectivities due to snow and ice. These
global segmented datasets are made every day in the
analysis periods.

Sensor-measured digital counts are transformed into
radiances using onboard blackbody-based calibration
coefficients for channels 3 and 4, and coefficients for
channel 1 proposed by Kaufman and Holben (1993)
because of no onboard calibration in this channel. For
each box, the target cloudy pixel for the analysis is
identified as a pixel corresponding to the median of the
channel-1 reflectivity histogram among pixels that sat-
isfy the conditions: channel-1 reflectivity larger than A,
channel-4 brightness temperature smaller than T, — 5
K, larger than 260 K, and standard deviation of chan-
nel-4 brightness temperatures of adjacent 2 X 2 pixels
smaller than 4 K. The last condition was introduced in
order to avoid selecting pixels of partial cloud cover
and large cloud inhomogeneity (Coakley and Bretherton
1982). Although a standard deviation of 4 K can allow
broken cloud cases, we adopted 4 K in order to increase
the number of samples analyzed.

As for our method of analyzing only one pixel (the
median of histogram) in one segment box, we make
calculations to see whether it produces a representative
average in the segment box or not. For this purpose, we
analyzed the median of histogram, randomly selected
2, 4, and 8 pixels, and all the cloudy pixels. And then
we averaged them for several segments. Figures 7a,b
show the average of each selection method and the stan-
dard deviation for different segments of =, and r, re-
spectively. It is found from the figure that one pixel
sampling can be representative particularly for r, and
not cause asignificant biasfor 7., although the increased
number of samplings would give better results.

Ground reflectivity A, is assumed to be the same in
one segmented box, and the smallest reflectivity out of
al the values in every box for a month is adopted as
A,. While the ground surface temperature T, and at-
mospheric parameters such as air temperature T, pres-
sure P, and water vapor amount wv are obtained from
NCEP-NCAR reanalysis data (AD). Values of ancillary
data for each segment box are obtained by an interpo-

KAWAMOTO ET AL.

2061

(a)

]
171
GCJ [
~x 6r 7
Q
c
=
= S5F ]
L
=
o
O 4k l } |
- -
S
©
[&] 3+ I i
0]
c
=
—
o 2 B
0]
o
g
o 1r n
>
<

ol

med. 2 4 8 all

Pixel sampling method

(b)

n
[}

(micron)

%)
=
ko]
Y
9
L2
k5
a 15 B
o ,
2 ]
g=1 i
§ ‘ { d ]
o L ]
> i
0] ]
£ 1w .
B ]
[}
o
©
W
[
>
< F

5

med. 2 4 8 all

Pixel sampling method

Fic. 7. (8) Averages and standard deviations of the cloud optical
thickness for different pixel selection methods. A horizontal line is
drawn for the average of al cloudy pixel cases. Here med.:median
of the histogram, 2: randomly selected 2 pixels, 4: randomly selected
4 pixels, 8: randomly selected 8 pixels, al: all cloudy pixels. (b) As
in (a) except for the effective particle radius.

lation of gridded data with 2.5° X 2.5° gpatial and 6-h
temporal resolution.

b. Results and discussions

We have performed 4-month (i.e., January, April,
July, and October) global analysisin 1987, which isthe
same period as in HRL. We made monthly composites
from daily segment data, taking the average value in
the boxes, which could be analyzed more than 3 times
per month. Figures 8 and 9 show global monthly com-
posites of 7. and r, thus obtained, respectively, for
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Fic. 8. Monthly mean global maps of the cloud optical thickness for clouds having T, > 273 K
in 1987: (top) Jan and (bottom) Jul.

clouds with T, > 273 K in January and July 1987. In
this work, we restrict clouds of which top temperatures
areover 273 K. Limited to 6, < 70° to keep theretrieval
accuracy, the analyzed area in the winter hemisphereis
apt to be smaller than that in the summer hemisphere.

A striking characteristic of 7. is marine stratus clouds
developing extensively over the ocean around latitudes
between 40° and 60° in July, although no southern coun-
terpart appearsin our result because of solar zenith angle
restriction. On the other hand, it is well known that
optically thick low clouds are developed by stable strat-
ification caused by low sea surface temperature. Low
stratocumulus clouds and marine fog clouds occur the
regions off California and around Peru, where descen-
dant air current of the Hadley circulation and upwelling
cool ocean are dominant.

In our results, low stratocumulus and maritime fog
are remarkable in July, while they decay in January.
The vicissitudes of these clouds are concurrent with
those of strength in ocean upwelling (Strub et al. 1987),
though mechanisms of maintaining these two types of
clouds may differ depending on latitudes.

Another striking phenomenon in the figure is that r,

over ocean is systematically larger than that over land,
as found first by HRL. There will be two mechanisms
to cause such systematic differences in the cloud mi-
crophysical structure, that is, difference in dynamics of
cloud formation and difference in abundance of aero-
sols, which serve as CCN between ocean and land. Al-
though we cannot conclude in this paper which is the
dominant effect for making the systematic differencein
the particle radius, it will be worthwhile to note two
facts: 1) maritime clouds adjacent to continents such as
the east coasts of Chinaand North Americaand the west
coast of equatorial South America and Africa have
smaller droplet sizes than those of remote ocean; (2) 7.
over land is systematically larger than that over ocean,
which will be seen clearly in the zonal mean values as
shown in Fig. 10. Those two facts suggest the impor-
tance of two different mechanisms of the cloud en-
hancement due to aerosol effects as proposed by Twom-
ey (1977) and Albrecht (1989). These phenomena can
be explained by an injection of CCN-rich continental
air masses due to large-scale zonal flow. In particular,
this effect is remarkable in both anthropogenically and
naturally polluted areas such as heavy industrial regions
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Fic. 10. Latitudinal distribution of the annual-mean optical thick-
ness for clouds having T, > 273 K.

in the northern midlatitudes and the west part of the
subtropical Atlantic Ocean, which has plenty of Saharan
dust particles, respectively (Husar et al. 1997; Nakajima
and Higurashi 1998). These features are consistent with
what have been reported by other investigators (cf.
Squires 1958; Prospero et al. 1983; Han et al. 1994,
Nakagjima and Nakagjima 1995).

Apart from the above-mentioned systematic patterns
in 7. and r,, there are severa interesting regions with
large seasonal changes in those parameters suggesting
dynamical effects are important. For instance, the areas
having large r,, such as over the Amazon basin and the
eastern part of equatorial Africa in January would be
explained by precipitation scavenging of CCN during
the rainy season as suggested by HRL. This feature has
been detected also in our analysis in Fig. 9 supporting
this idea. Furthermore, oceanic regions having signifi-
cantly small effective radii (6-8 wm) compared with the
adjacent areas are found over the equatorial Pacific in
January and over the western part of the northern sub-
tropics in July. Both cases are remote oceanic regions
and unlikely to be strongly influenced by anthropogenic
pollutant. These optically thin clouds seem to be non-
precipitating fair weather stratocumulus of which typ-
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Fic. 11. Asin Fig. 10 except for the effective particle radius to-
gether with the result of Han et al. (1994).

ical value of r, is known to be small. In fact, these
shallow stratocumulus clouds are detected clearly when
a cloud brokenness test by channel-4 spatial coherence
isintroduced inthe satelliteretrieval. A simplethreshold
method using channels 1 and 4 radiances for selecting
target cloudy pixels would miss these clouds. These
examples indicate that the microphysical characteristics
of clouds noticeably depend on the cloud type and hence
the dynamical condition of cloud formation. At the same
time, this situation raises a serious question about the
representativeness of cloud microphysical statistics de-
rived with a simple cloud classification method. With a
cloud brokenness test, we tend to miss cumulus type
clouds from the statistics, and without the test we tend
to be affected by cloud brokenness contamination in the
statistics. We need an elaborate retrieval technique that
can treat broken clouds suitably to remedy this problem.

Figure 10 indicates the 1987 annual - and zonal-mean
latitudinal distribution of 7. for clouds having Tc > 273
K. Values over land are generally larger than those over
ocean as pointed in the previous paragraphs. At the same
time we find an increasing trend with latitude. Though
arapid increase over ocean would be partly due to per-
sistent summer stratus, there are other explanations. In
higher latitudes of the winter hemisphere wherethe solar
zenith angles are large, there will be overestimation of
7. as pointed out by Pincus et al. (1995). Davies (1984)
and Loeb and Davies (1996) attributed this tendency to
the so-called three-dimensional (3D) effect of clouds.
A similar tendency of increasing =, toward higher lat-
itudes was found by Tselioudis et al. (1992) in their
study of dependence of 7. on the cloud temperature
using ISCCP data. If 3D effect ispredominant in causing
this feature, substantial corrections will be required in
their conclusions for optical thickness versus tempera-
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process.

ture relation. In this issue, there is another discussion
of overestimation of 7, by Wang and King (1997), who
suggested the importance of Rayleigh scattering effects
on cloud optical thicknessretrievals, especially at higher
latitudes. Our results, however, will be less influenced
by this effect because the LUTs in this study are made
including Rayleigh scattering assuming realistic atmo-
spheres. Here we like to notify the possibility that con-
tinental result higher than 30°N in Fig. 10 might not be
representative as the annual average. Because there are
few points over the continent higher than 30°N in Jan-
uary due mainly to snow cover as shown in Fig. 8, Fig.
10 could be weighted more on July rather than on Jan-
uary.

Figure 11 shows the 1987 annual- and zonal-mean
latitudinal distribution of r, for clouds having T, > 273
K together with HRL's result. The zonal-mean values
of r, over ocean are larger than those over land reflecting
the general characteristics shown in Fig. 9. Our values
in most areas agree with HRL over land. It isinteresting
to find the effective particle radiusis small in the South-
ern Hemisphere in the region between 10°S and 30°S
that might be caused by biomass burning aerosols dom-
inant in this region (Herman et al. 1997; Nakajima and
Higurashi 1998). On the other hand, the discrepancy
over ocean is large. This discrepancy may be explained
partly by difference in cloudy pixel selection method.
In particular, smaller values in the Tropics are caused
by the broken cloud screening in the present algorithm
asmentioned earlier (Fig. 9). We show the result without
this screening in Fig 12. In thisfigure, our retrieval over
ocean is much closer to HRL's than one in Fig. 11. In
spite of such a difference, our results support the larger
differences between land and ocean in the Northern
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TaBLE 5. Asin Table 2 except for the effective particle radius
together with the result of Han et al. (1994).

The Effective Particle Radius
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Fic. 13. Latitudinal distribution of the annual-mean effective par-
ticle radius for clouds having T, > 273 K and Z < 3 km (lower
clouds) and Z > 3 km (middle clouds).

Hemisphere and biomass burning region in the Southern
Hemisphere as found in HRL, that can be explained by
difference in natural and anthropogenic aerosol effects
on the cloud droplet size.

Figure 13 shows the 1987 annual- and zonal-mean
latitudinal distribution of r, for clouds having Tc > 273
K and Z > 3 km (middle clouds) and Z < 3 km (low
clouds). From this figure we notice the following points:
asfor cloudsover land, the values of r, for middle clouds
are larger than those for low clouds; as for clouds over
ocean, however, both low and middle clouds are almost
the same. Moreover, we observe the differencein r, over
ocean and land decreases with cloud-top height. As
pointed out similarly by HRL in their Fig. 9, these phe-
nomena are attributed to the observed fact that aerosol
number density over land decreases dramatically, while
that over ocean is relatively constant with altitude as
reported by Hoppel et al. (1973). Furthermore, we like
to suggest a heavier aerosol burden in the Northern
Hemisphere in view of larger differences of r, between
low and middle clouds both over ocean and land. These
phenomena seem to be difficult, on the other hand, to
be explained by dynamical processes. Global mean val-
ues of 7, and r, for these three kinds of clouds (T, >
273 K, Z < 3 km, and Z > 3 km) over ocean and land

TABLE 4. The annual-mean values of the optical thicknessfor clouds
having T, > 273 K and Z < 3 km (lower clouds) and Z > 3 km
(middle clouds), respectively, both over ocean and land.

Te

Region Te > 273 (K) Lower clouds  Middle clouds
Ocean 5.22 5.26 6.07
Land 7.34 6.86 9.57

re (um)
Han et al. Lower Middle
Region T, > 273 (K)  (1994) clouds clouds
Ocean 11.97 11.8 12.01 12.27
Land 10.03 8.5 9.86 11.33

are listed in Tables 4 and 5, respectively, together with
the HRL's results (only for r,).

In Fig. 14, we investigate the annual-mean relation-
ship between 7. and r, for clouds having T, > 273 K.
The knowledge of this kind of relationship isimportant
for understanding cloud formation and decay processes
of low clouds. In order to reduce ageographical mixture,
we have divided the analyzed region into three parts
such as midlatitude (35°-55° in latitude), subtropics
(15°-35° latitude), and Tropics (lower than 15° latitude).
Then we have divided the optical thicknessinto several
bins and taken the average of the effective particleradius
corresponding to each bin. According to the figure, the
correlation between 7. and r,, for maritime clouds chang-
es from thin cloud regime (positive) to thick cloud re-
gime (negative) at a critical optical thickness around
20-30. Similar features were reported by HRL and NN
with satellite remote sensing of Californian summer
stratus clouds and by Asano et al. (1995) with aircraft
measurements of maritime clouds over the western Pa-
cific Ocean. Note that this finding was made for oceanic
cloudsin all cases. Concerning the critical optical thick-
ness, it isless obvious for tropical maritime clouds. This

trpical-ocean —_-
- -~ - trpical-land
— — - subtropical-ocean

- subtropical-land
rrrrrrrrr midlatitude-ocean
— ---- midlatitude-land

The Effective Particle Radius

ol T

2 4 6 8 10 30
The Cloud Optical Thickness
Fic. 14. The annual-mean relationship between the cloud optical
thickness and effective particle radius for clouds having T, > 273 K

in the Tropics (lower than 15° lat), subtropics (15°-35° lat), and
midlatitude (35°-55° lat).
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tendency is similar to clouds over tropical land, sug-
gesting that clouds over tropical land and ocean resem-
blein nature, although values of the effective radius are
different by 2.5 um. On the other hand, clouds over
midlatitude land generally have a negative ., — r, cor-
relation until moderate 7. (approximately 7—10) and a
positive correlation for larger .. These features may
imply different mechanismsto maintain cloud processes
especially for maritime and continental clouds, except
Tropics where cloud characteristics are similar over land
and ocean as already pointed out. In addition, over land,
subtropical clouds are found to have a smaller critical
optical thickness for the inversion of the correlation
from negative to positive than midlatitude clouds, while
over ocean, subtropical clouds arefound to have alarger
critical optical thickness for the inversion of the cor-
relation than midlatitude clouds. And subtropical clouds
are more variable than midlatitude clouds both over land
and ocean. Baker and Charlson (1990) studied the two
stable solutions for CCN abundance corresponding to
clouds over ocean and land using their boundary layer
model. Such stable regimes of the cloud formation de-
pending on the CCN abundance may have the impli-
cations in the different =, — r, correlations for clouds
over ocean and land through aerosol—cloud interactions.
Interesting areas for further research would be the re-
lation between these characteristics and precipitation
processes such as precipitation rate, precipitation effi-
ciency, and so on.

HRL aso studied the 7, — r, relation as discussed
above, but they only divided the analyzed region into
two parts as Tropics (latitude < 30°) and midlatitudes
(latitudes between 30° and 50°) to show their tendency.
With this geographical division, HRL obtained negative
correlations for clouds over land, but with the critical
optical thicknesses at much smaller 7, (about 2-3). Our
analysis with the same geographical division as HLR’s
has brought similar results other than the following two
points: 1) midlatitude clouds over land have a negative
correlation up to amuch larger critical optical thickness
of about 8, and 2) we do not find any sharp variations
of r, for smal 7. (<2). It is difficult for us to judge if
point 2 is caused by differencein theretrieval algorithm
or by cirrus contamination, or detecting thick aerosol
hazes, as also suggested by HRL . Future validation stud-
ies of the 7, — r, relation are needed in order to un-
derstand the difference in cloud characteristics over
ocean and land.

Table 6 shows the annual-mean values of 7. and r,
for T, > 273 K and each cloud type classified by |SCCP
thresholds. In general, the values of r, are larger for
cloud types optically thicker and higher altitudes.

5. Concluding remarks

We have developed a retrieval algorithm that is ca-
pable of global-scale analysis for cloud microphysical
parameters (i.e., the cloud optical thickness at visible
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TABLE 6. The annual-mean values of the optical thickness and
effective particle radius for cloud types classified by the ISCCP
threshold method (only for T, > 273 K).

Ocean Land
T re (um) e re (um)
Cuor St 2.15 11.95 243 10.11
St 10.35 14.03 9.76 9.71
Ac or As 3.17 12.77 4.93 11.34
Nb 18.92 15.26 19.98 11.64

wavelengths 7. and effective particle radius r.). This
algorithm uses cloud-reflected solar radiances for both
visible and near-infrared wavelengths based on Naka-
jima and Nakgjima (1995). For model-atmosphere in-
dependence, we reformulated the radiances introducing
an equivalent water vapor amount. Thermal emissions
from the atmospheric layers are also taken into account
more accurately. After checking the retrieval accuracy
with numerical simulations, we further validated the
present algorithm, applying it to satellite data matched
up with in situ measurements. The result of comparison
showed satisfactory agreement as indicated in Fig. 6.

The present algorithm was applied to 4-month
AVHRR/GAC data in 1987 to produce global distri-
butions of cloud microphysical characteristics as shown
in Figs. 8 and 9. Some interesting features of cloud
physical parameters with T, > 273 K are found such as
ocean-land contrast, near coastal regions influenced by
different air masses, and seasonal variation of r,, caused
by CCN loading difference and dynamical processes. A
comparison of the present results with Han et al. (1994)
showed that the annual- and zonal-mean latitudinal dis-
tribution of water cloudsis similar over land, but some-
what smaller over ocean. The land—ocean and height
contrasts of cloud microphysical characteristics seem to
support a large-scale modulation of clouds by aerosol
distribution, rather than by dynamical processes.

As afurther study, it will be important to investigate
a diurnal variation of cloud physical field, along with
the implications of other meteorological parameters.
Some works have been done in view of adiurna time-
scale (e.g., Minnis and Harrison 1984; Blaskovic et al.
1991). For a regional analysis of FIRE observation,
Minnis et al. (1992) have used a hybrid method, which
utilized the signals of both a spaceborne optical sensor
and a surface-based microwave instrument, to study the
diurnal behavior of stratocumulus cloud properties, and
Han et al. (1995) made its validation study. More syn-
optic or global analyses of cloud diurnal variations,
however, would bring new findings to us in the future.

Another important future study is that of cloud—aero-
sol interaction. In recent years, cloud properties derived
from satellite data have been used for the research of
aerosol—cloud interactions, or cloud modifications (e.g.,
Kaufman and Nakajima 1993; Platnick and Twomey
1994; Kaufman and Fraser 1997). On the other hand,
Higurashi and Nakajima (1999) have recently retrieved
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the aerosol optical thickness and size index over the
global ocean using two channels of AVHRR. Combining
their results with ours, a global view of cloud—aerosol
interactions would be obtained. In addition, an analysis
of long-term data of AVHRR radiances is our urgent
task to understand variations of the cloud microphysical
fields better, together with those of cloud—aerosol in-
teractions in seasonal, annual, and interannual time-
scales.
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