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ABSTRACT 

An algorithm was developed to retrieve both the optical thickness and the effective partic1e radius of lowｭ
level marine c10uds simultaneously from National Oceanic and Atmospheric Administration Advanced Very 
High Resolution Radiometer (AVHRR) data. The algorithm uses the combination of the visible (channell) and 
the middle-infrared (channel 3) reflected radiation. The thermal component in the middle infrared was corrected 
with the thermal-infrared (channel 4) radiance by a statistical technique using a 問gressive formula. The liquid 
water path (i.e., ve同ically integra旬d liquid water content) was also estimated as a by-product. The algorithm 
was applied to AVHRR datasets for which almost-synchronized airborne observations were conducted around 
the First International Satellite Cloud Climatology P吋ect (lSCCP) Regional Experiment (同胞)and the Western 
North Pacific Experiment (WENPEX) regions. The two regions are different in the characteristics of c10ud fields: 
summer stratus and stratiform c10uds that result from outbreaks of cold air mass over the warm sea in winter 
seasons, respectively. 
In the FIRE region, the retrieved parameters are almost consistent with those of in situ airborne observations, 

even when using a more practical approach than the algorithms adopted in previous studies, but there is still a 
discrepancy between the satellite-derived 陀sults and those of in situ airborne observations around the drizzleｭ
dominated portion. In the WENPEX region, it is suggested that c10ud fractional coverage in a pixel may cause 
eηor in the retrieval, particularly for horizontally inhomogeneous c10ud field analyses with an assumption of a 
plane-p訂allel atmospheric model. It is found also 白紙 the thermal-infrared information has a potential to estimate 
the inhomogeneity of c10ud fields as a result of the comp紅ison between stratus and broken c10ud cases. 

999 

1. Introduction 

Clouds play a crucial role in the earth's climate, p釘・
ticularly 回 its global energy budget and water circuｭ

lation. It therefore is important to understand optical. 

microphysical, and liquid water properties. Data reｭ
motely sensed by satellites 紅'e very useful for obserｭ

vation of clouds 白at have great spatial 佃d temporal 

variations on both global and regional scales. 

Corresponding author address: Makoto K吋i， Dept. of Information 
and Computer Sciences, Faculty of Science, Nara Women's Univerｭ
sity, Nara 630・8506， Japan. 
E-mail: makato@ics.nara-wu.ac.jp 

Studies on 血e re甘ieval of the cloud optical thickness 

and the effective p紅ticle radius using airborne or spaceｭ
borne measurements began in 出e 1970s. Hansen and 

Pollack (1970) indicated the retrieval possibility of the 

size of cloud p紅ticles and their phase (liquid or solid) 

as well as the total optical depth of clouds 合om reftecｭ

tivity observations. Curran and Wu (1982) investigated 

cloud optical thickness, thermodynamic phase, and efｭ
fective particle size using the Skylab near-infrared chan・
nel observations. They also investigated cloud-top temｭ
peraωre from the thermal-infrared channel. Twomey 
and Cocks (1982) made the comparison between the 

calculated and observed reftectance for clouds in which 

microphysical and liquid water properties were esti-
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mated from in situ measurements. Both results showed 
discrepancies that could not be resolved. The retrieval 
of c10ud fraction within field of view (FOV), optical 
thickness, c1oud-top temperature, and microphysica1 
model parameters with the National Oceanic and Atｭ
mospheric Administration (NOAA) Advanced Very 
High Resolution Radiometer (A VHRR) channels was 
studied by Arking and Childs (1985). Rawlins and Foot 
(1990) retrieved the c10ud optical thickness and the efｭ
fective droplet radius simultaneously and found that the 
retrieved effective droplet radius is larger than that of 
in situ measurement by 50%. Nakajima and King (1990) 
also developed a retrieval algorithm of the c10ud optica1 
thickness and the effective droplet radius simultaneousｭ
ly. This algorithm was applied to the data of the Mulｭ
tichannel Cloud Radiometer (MCR) on a National Aeroｭ
nautics and Space Administration (NASA) ER・2 aircraft 
to retrieve the c10ud optical thickness, the effective 
droplet radius, and the liquid water path (Nakajima et 
al. 1991). The retrieved results generally were compaｭ
rable with in situ partic1e measurements in magnitude, 
and the remotely sensed effective partic1e radius was 
systematically larger, by a few micrometers, than the 
effective partic1e radius of in situ measurements. Taylor 
(1992) showed that LOWTRAN 7 (low-resolution transｭ
mittance model and code) was better than LOWTRAN 
5 for estimating gaseous abso中tion for partic1e radius 
retrieval in the near-infrared spectral region. Platnick 
and Twomey (1994) analyzed the AVHRR data to reｭ
trieve the c10ud optical thickness and discussed the 
c10ud susceptibility. Hayasaka et al. (1994) investigated 
the utility of A VHRR data to retrieve the c10ud optical 
thickness and compared the calculated and observed 
shortwave radiative ftux , which showed good consisｭ
tency. Near-globa1 analyses of the c10ud optical thickｭ
ness and the effective partic1e radius were carried out 
by Han et al. (1994), using the Intemational Satellite 
Cloud Climatology Project (ISCCP) Global Area Covｭ
erage (GAC) data. Nak司jima and Nakajima (1995) have 
developed an algorithm to retrieve simultaneously the 
c10ud optical thickness and the effective partic1e radius 
from the AVHRR data for global analyses as well as 
for the First ISCCP Regional Experiment (FIRE) and 
At1antic Stratocumulus Transition Experiment regions. 

In this paper, an algorithm to retri 

earth-atmosphere system; Nak勾ima and Nakajima 
(1995) corrected this undesirable thermal component 
with iterative calculations. There are several truncations 
to reduce calculation time on a scan geometry and a 
response filter function in this study. The retrieved reｭ
sults are described in the fourth section, and discussions 
about a partial c10ud problem that potentially may inｭ
ftuence the algorithm are made in the fifth section by 
comparing with airbome observations. Last, a summary 
is presented in the sixth s巴ction.

2. Data description and in situ observation 

In this section, the A VHRR datasets used in this study 
are described. We analyzed the AVHRR Local Area 
Coverage (LAC) data, which observed the different 
types of low-level marine c10uds in two regions: the 
westem North Pacific Ocean area in winter observed by 
NOAA・11 and the area off the coast of Califomia in 
summer observed by No.ん4・10. We also will describe 
the in situ airbome observation data that were used to 
validate the satellite-retrieved results. 

a. Western North Pac析c Experiment (WENPEX) 
reglOn 

During the period from 10 to 27 January 1991 , Westｭ
em North Pacific Experiment (WENPEX) intensive 
c10ud observations were conducted around the Amamiｭ
Ooshima Islands (280 N, 1600E) (Fujiyoshi et al. 1995; 
Hayasaka et al. 1995; Ishizaka et al. 1995). A stratus, 
stratocumulus, and cumulus c10ud system extends over 
the East China Sea, located between the Siberian high 
pressure system and the Pacific low pressure system in 
the winter season in the east Asian area. 
Table 1 shows the ftight area, inc1uding all the ftight 

lines and the line synchronized to NOAA-ll AVHRR 
observations. The intensive field observation campaign 
was conducted with two Cessna 404 Titan aircraft. They 
observed optica1, microphysical, and liquid water propｭ
erties such as the upward and downward radiative ftuxes 
with pyranometers from one aircraft above the c10ud 
top (called aircraft A) and another aircraft (aircraft B) 
in and below the c1oud, effective p紅tic1e radius with a 
Partic1e Measuring Systems, Inc., Forward-Scattering 
Spectrometer Probe (FSSP) from aircraft B in the c10ud 
layer, and liquid water path with a microwave radiｭ
ometer from aircraft A, respectively. The details are 
described for the radiative ftux observation by Hayasaka 
et al. (1994, 1995), the FSSP observation by Ishizaka 
et al. (1995), and the microwave radiometry observation 
by Fujiyoshi et al. (1995). 

Figure 1 illustrates the imagery of NOAA-ll AVHRR 
data of 16 January 1991 , with normalized gray level for 
each of five channels and all of the six ftight 訂eas
surrounded by the smaller rectangles (45 X 52 pixels; 
about 50 km X 57 km at the surface). Because the 
projection of this imagery is the Mercator, latitude and 
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T ABLE 1. Airborne observation of WENPEX campaign. 

Date 

16 Jan 1991 

Northwest, or 
flight start 

(ON, OE) 

28.850, 130.667 
28.292, 131.107 
28.589, 130.917 
29.808 , 128.833 
29.200, 128.498 
29 .477 , 128.918 
29.082, 128.000 
29.001 , 128.400 
28.955 , 128.530 

18 Jan 1991 

Time (JST") 

1310-1503 
1413-1427 
1417:04 

1330-1446 
1348-1358 
1355:04 

1310-1454 
1347-1356 
1355:09 

27 Jan 1991 

Southeast or 
ftight end 
eN, OE) 

28.328, 131.167 
28.303. 130.400 
28.589, 130.917 
29.145 , 129.003 
29.340. 128.512 
29 .477 , 128.918 
28.828 , 129.060 
29.000, 129.060 
28.955, 128.530 

Flight 

Areab (six lines) 
FourthC line 
AVHRRd 
Areab (four lines) 
Secondc line 
AVHRRd 
Areab (six lines) 
FourthC line 
AVHRRd 

'JST = Japan Standard Time. 
b “ Area" co町esponds to the ana1yzed area in AVHRR i'llageries , which contains all ftights (northwest and southeast). 
, The nth ftight line (sta口 to end) is the synchronized obﾘervation with NOAA AVHRR. 
d The rows with “ AVHRR" in the ftight column show the passing time of the NOAA satellite over the center of the area each day. 

longitude of the northwest location in Table 1 indicate 
the top left of the smaller rectangles and the southeast 
location indicates the bottom right of them. The area 
observed by aircraft was covered over by an extensive 
low-Ievel marine cloud system over a w紅msea surface. 
The analyzed 紅巳a is located around the center of the 
A VHRR imagery for 16 J姐U釘Y 1991 and is around the 
off-center portion for 18 佃d 27 January 1991. The size 
of the analyzed 紅白 is 16 x 67 (16 x 74) and 95 x 
27 (98 X 28) pixels (km at the surface) for 18 and 27 
January 1991 , respectively. 

b. FIRE region 

From June to July 1987, the FIRE Marine Stratocuｭ
mulus Intensive Field Observation (MS-IFO) was conｭ
ducted off the coast of Califomia (Albrecht et al. 1988). 

The NOAA -1 0 A VHRR data targeting the area off the 
coast of Ca1ifomia were used to re佐ieve the cloud opｭ
tical, microphysica1, and liquid water properties. The 
dates ana1yzed in this study were 7, 10, and 16 July 
1987. The observation times were around 1640 UTC, 
叩d the airbome observation was conducted approxiｭ
mately 1 h after the satel1ite observations of each date. 
We cut out and ana1yzed the A VHRR data for the area 
in which airplane observations were conducted during 
FIRE MS-IFO. Table 2 indicates the start and finish 
locations of the center line in the area of the analyzed 
A VHRR data. The center line corresponds to the MCR 
and C-131A ftight leg, and the 紅白 co紅白ponds to the 
紅ea in which MCR made a scan observation. The 訂ea

is 35 X 77 pixels (about 96 km X 104 km) for 7 July, 
35 X 125 pixels (about 68 km X 145 km) for 10 July, 
and 19 X 128 pixels (about 59 km X 141 km) for 16 
July 1987. All the data 紅e located around the off-center 
portion of the satellite imagery. The details of the airｭ
bome observations can be found in Albrecht et al. 
(1988) and Nakajima et al. (1991). 

3. Retrieval algorithm 

The details of the retrieval algorithm 紅e described 
in this section. The algorithm was developed on the 
basis of the optical properties of water droplets and the 
A VHRR channel specifications. We adopted a realistic 
approach for the radiative transfer calculations and the 
correction of the thermal component of A VHRR channel 
(ch.) 3. The degradation of the calibration constants for 
AVHRR ch. 1 was corrected also. 

a. Analysis flow 

The schematic diagram of analysis ftow is shown in 
Fig. 2. We used the three channels of the NOAA 
AVHRR radiance data, that is, ch. 1 (visible), ch. 3 
(middle infrared), and ch. 4 (therma1 infrared). Channel 
4 is used for the correction of the therma1 radiance comｭ
ponent of ch. 3. We assumed the plane-p紅a11el model 
atmosphere to make the lookup table and re凶eve the 
optical thickness of cloud and the effective radius of 
droplets simultaneously. Last, the liquid waterpath, that 
is, the vertically integrated liquid water content, was 
derived from the above-two cloud p訂ameters as a byｭ
product. 

b. Principle 01 the algorithm 

NOAA A VHRR ch. 1 has the response function in 
the visible spectral region (Kidwell 1991). In this specｭ
tral region, the cloud reftectivity is govemed by optical 
thickness T c but is almost independent of droplet size 
information because the imaginary index of re台action
of liquid water is extremely small (on the order of 10•; 
Hale and Querry 1973). Gaseous absorption in the cloud 
layer and in the above layer is very small except for 
the ozone Chappuis band. 

NOAA A VHRR ch. 3, on the other hand, has the 
response function in the middle-infrared spectral region 
(Kidwell 1991). The observed radiance in this spectral 
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TABLE 2. AVHRR and C-131A observation during FIRE MS-IFO. 

Sensor 

AVHRR 
AVHRR 
C-131A 
AVHRR 

End (ON, OW)料

31.08 , 121.91 
31.20, 120.08 
31.22, 120.10 
32.07 , 120.94 

Start (ON, OW)** 

31.97 , 122.26 
3 1.86, 121.40 
31.84, 121.37 
30.82. 121.21 

Time (PDT勺

0944 
0838 

0922-0951 
0948 

Date 

7 Jul 1987 
10 Jul 1987 

16 Jul 1987 

* PDT = Pacific Daylight Time. 
** The start to end for AVHRR coπesponds to the center line of the analyzed region. 

where the numerator is proportiona1 to the gross droplet 
volume and the denorninator is equivalent to the cross 
section. For the cloud droplet size distribution n(r) in 
Eq. (1), the number lognormal size distribution is used 
according to Nakajima and K.ing (1990). 

The observed radiance of ch. 3, which undergoes mulｭ
tiple scattering, thus contains information on the cloud 
droplet size, and the radiance of ch. 1, with little abｭ
so中tion， is dominated by the total droplet cross section 
in the cloud layer. It therefore is expected that, if the 
effective droplet radius is 1紅ger， the absorption by the 
cloud layer is stronger, and the observed radiance of ch. 
3 consequently is lower. 

We used an approximation formula to derive the liqｭ
uid water path L from the re出eved optical thickness T c 

and effective p訂ticle radius re (Stephens 1978): 

band is influenced by both cloud droplets' abso中tion
(Downing and Williams 1975) and gaseous absorption 
in the cloud layer, the above-cloud layer, and the subｭ
cloud layer. The photons in the cloud layer also undergo 
multiple scattering so that the observed radiance of ch. 
3 is attenuated by cloud droplets' and gaseous absorpｭ
tion through the cloud layer by the multiple scattering 
process. In general, the scattering processes 釘e related 
to the cross section of droplets, and the abso中tion is 
related to the volume of droplets. The following effecｭ
tive p紅ticle radius is therefore a representative statisｭ
tica1 par創neterfor the cloud droplets. The effective parｭ
ticle radius r e is defined as follows (Hansen and Travis 
1974): 

(2) nr 
e
 

v' C
 

T
 

q
,Z1J 

~~ L
 

、
‘
，y

t

且(
 

!f 勺 r仇川(例の

んつ三=f円V)い7げ仇〆内n(r) dr 

where ρw is the density of water. 

A four-layer atmospheric model was used for the analｭ
ysis, as described in Table 3. Atmospheric molecules' 
absorption and scattering were considered at alllayers. 
The top layer was assigned as the stratosphere and above 
to act as a filter for ozone abso中tion. The cloud layer 
is imbedded as a plane-parallel one in the third layer. 
Although the clouds in the real atmosphere have various 

c. Model atmosphere 

(Coπection of 
thennal ∞mponent) 

ω
u
自
宅

a

出
回
目
〉
〈
〈
〈
O
Z

TABLE 3. Atmospheric model. 

3 

USSA* 

USSA* 

Water vapor 

Gaseous absorption 

Ch.3** 

Ozone 

Ch.1 
Components 
(Common) 

Stratosphere and above (Rayｭ
leigh scattering) 

Layer above cloud (Rayleigh 
scattering) 

Cloud layer (Rayleigh scatterｭ
ing) 

Layer under cloud (Rayleigh 
scattering) 

Sea surface (Lambertian; albe- ー
do 0.06) 

Layer 

2 

「ー一一一一一一一一
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USSA* 4 

Boundary 

* USSA = U.S. Standard Atmosphere, 1976 incorporated in LOWｭ
TRAN 7. 
料 Ozone is not taken into account because of 1ittle absorptance in 

ch. 3. 

FIG. 2. Schematic diagram of analysis 自ow. Inversion procedure 
with a lookup table method. The lookup table is prepared for the 
solar reflected radiance so that the AVHRR ch.-3 (midd1e infrared) 
thermal component is removed using the ch.-4 data (thermal infrared). 
Liquid water path is estimated from the retrieved optical thickness 
and effective particle radius as a by-product. 
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shapes, the low-level marine stratus and stratocumulus 
clouds are, in general, better treated as a plane-parallel 
cloud model among the various cloud types. The lower 
boundary was sea surface and was treated as Lambertian 
with an albedo of 0.06. 
The U.S. Standard Atmosphere, 1976, which is inｭ

corporated in LOWTRAN 7, was referred to for gasｭ
eous, atmospheric temperature, and atmospheric presｭ
sure profiles at all layers in principle. Below 3 km, 
radiosonde data obtained at the Naze Observatory of 
the Japan Meteorological Agency were referenced for 
water vapor, atmospheric temperature, and atmospheric 
pressure pro創出 to set the several atmospheric paramｭ
eters in the model atmosphere. Ozonesonde measureｭ
ments made at the Kagoshima and Naha Observatories 
of the Japan Meteorological Agency were used for the 
calculation of Chappuis band absorption. Only th巴
ozone Chappuis band was taken into account for the 
gaseous absorption in ch. 1, and all the relevant gaseous 
absorptions were included in ch. 3. Gaseous absorption 
due to ozone is ignored in the ch.-3 spectral region for 
it is of little importance. 
Gaseous absorption in the multiple-scattering process 

of the cloud layer was treated by using the correlated 
k adopted by LOWTRAN 7. It is 巴xpressed by the folｭ
lowing equation: 

TABLE 4. Scan geometry. 

Date μoa 

16 Jan 1991 0.553 
18 Jan 1991 0.591 
27 Jan 1991 0.629 
7 Jul 1987 0.692 
10 Jul 1987 0.513 
16 Jul 1987 0.706 

aμ。= cosine of solar zenith angle. 
bμ= cosine of satellite zenith angle. 

μ b 

1.000 
0.722 
0.701 
0.580 
0.816 
0.485 

ムφc

52.4 
59.1 
18.15 

163.4 
16.76 

'Âφrelative azimuthal angle between the sun and satellite in 
degrees. 

(1994) in detail. For ch. 3, on the other hand, the raｭ
diative transfer calculation of the 84 spectral intervals 
weighted by the response function was made, because 
the complicated gaseous absorption lines are effective 
even in such a narrow bandwidth. Solar spectral intenｭ
sity also was considered, after Thekaekara (1974). For 
simplification, the calculation geometry in Table 4 is 
used at the latitudina1 and longitudinal central location 
in the analyzed t訂get 訂ea instead of at each pixel. It 
is suffìcient, however, to make a lookup table for the 
analyzed 訂ea in this study because the difference of the 
scan geometry is almost identical between the center of 

'T(u) = 2: wie- kiU (川)，
;=1 

an image and the comer of an analyzed area, and the 
relative eηor in the calculated radiance is less than 0.3% 

(3) for 16 January 1991 , -for-inst;n~~: 

where 引u) is the transmittance with the absorption molｭ
ecule amount u, and Wi and ki are the weight and the 
corresponding absorption coefficient, respectively. 
Here, U is the absorption molecule amount scaled by 
the air pressure P, air temperature T, and u (Pierluissi 
and Tsai 1987; Pierluissi et al. 1989). 

d. Lookup table calculation 

Both ch.-l and ch.-3 reftected radiance as observed 
by satellite were calculated to make the lookup table, 
as shown in Fig. 2, changing cloud optical thickness 
and effective particle radius. Ref，巴rence to the computer 
code LOWTRAN 7 allowed us to determine the spectral 
intervals at which we made the calculations. Its spectral 
resolution is nominally 5 cm-I. The ch.-l spectral reｭ
gion, 0.54-0.80μm (12500-18515 cm-I) then was 
divided into 1204 spec住al intervals. The ch.-3 spectral 
region, 3.5-4.1μm (2440-2855 cm-I) also was divided 
into 84 spectral intervals. The radiative transfer calcuｭ
lation was executed, based on Nakajima and Tanaka 
(1 986, 1988). 
For ch. 1, the radiative transfer calculation was made 

once at the central wavelength of each A VHRR response 
function instead of over the whole spectral region to 
avoid a time-consuming process. The monochromatic 
calculation of ch.-l radiance is suff�ient for the retrieval 
of cloud optical thickness, as shown by Hayasaka et al. 

e. Calibration constants 

We assumed that the relative shape of the spectral 
response function of AVHRR ch. 1 had not changed 
from the prelaunch one and that all observed changes 
in A VHRR response in orbit w巴re attributable to changｭ
es in gain and deep-space count. We took into account 
NOAA -11 A VHRR degradation in ch. 1 according to the 
estimation of Los (1993). For NOAA-lO AVHRR data 
in the FIRE region, on the other hand, we used the 
calibration correction method proposed by Teillet et al. 
(1990). 

f Thermal emission correction 

NOAA AVHRR ch. 3 has the response function near 
3.7μm， to which is contributed by both the reftected 
solar radiation and the thermally emitted radiation of 
the earth-atmosphere system. Because the calculations 
for the lookup table in Fig. 2 are made only for the 
reftection of solar radiation, it is necessary to co町ect

the thermal emission. The following method was used 
for this pu叩ose.
NOAA A VHRR ch. 4 has the response function near 

11μm， which observes only thermal emission from the 
earth-atmosphere system by day and night. NOAA 
AVHRR ch. 3 also observes only thermal emissions at 
night. It therefore is possible to make a regression curve 
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FIG. 3. Arch structure of thermal channels of AVHRR (nighttime). 

Relationship of the local mean :t: standard deviation at bo白 ch. 3 and 
ch. 4 of AVHRR. The 15 Jan 1991 data from NOAA-Jl around the 
Amami-Ooshima Islands (280N. 160'屯). (a) Relationship between loca1 
mean ch. 3 and standard deviation for 4 X 4 pixels. (b) As in (a) but 
for ch. 4. (c) Relationship between loca1 mean ch. 4 and ch. 3. 

between ch. 3 and ch. 4 for thermal emissions at night. 
τ'his regression curve was determined by using only 
groups of pixels that exhibit spatially uniform emission, 
from all those averaged during the observational period. 
We selected those pixels using the spatial coherence 
method (Coakley and Bretherton 1982). The observed 
radiance of ch. 3 in the daytime contains both the solar 
reftected and thermally emitted components, as menｭ
tioned above. The solar reftected component in 出ech.-3
radiance data was obtained by using the regression curve 
that relates the ch.-3 component to that of ch. 4. 

An example of the relationship between ch.-3 thermal 
radiation 姐d ch.-4 thermal radiation obtained from the 
actual satellite data is shown in Fig. 3. Both ch.-3 (Fig. 
3a) 組d ch.-4 (Fig. 3b) data show an arch s回cture. It 

is likely that the leg of the arch at the higher mean 
radiance portion represents sea surface regions and the 
one at the lower mean radiance portion represents cloud 
regions. Figure 3c also shows a good positive correlation 
of the local mean radiance between ch. 3 and ch. 4. 
According to Coakley and Davies (1986), the following 
relationship between the ch.-3 and ch.-4 thermal radiｭ
ance is obtained 

13 = al~， (4) 

where 13 and 14 are the radiance observed at ch. 3 and 
ch. 4, respectively. The coefficients a and b 訂'e deterｭ
mined statistically. From Figs. 3a, b, it is found that the 
region at the arch top co町'esponds to the more-inhoｭ
mogeneous pixels that include cloud and sea 紅白. It is 
necess紅Y to pick out the pure pixels that 紅e composed 
of a single component, for example, only cloud, in order 
to determine the coefficients in Eq. (4). The data that 
have a local standard deviation of less than 0.01 and 2 
m W  m-2 sr-I cm for ch. 3 and ch. 4 were chosen siｭ
multaneously. Because this algorithm is for the lower 
water cloud, the data for the local mean radiance greater 
than or equal to 0.1 and greater than or equal to 60 m W 
m-2 sr-I cm for ch. 3 and ch. 4, respectively, were 
selected simultaneously as well. As a result ofthe above 
process, we selected the 14 data from the three nighttime 
scenes (256 X 256 pixels for 16, 18, and 27 Janu釘Y
1991) of NOAA・11 from the WENPEX region and de・
termined the coefficients in Eq. (4) as a is 8.33 X 10-8 

組d b is 3.36 in the WENPEX case. For the FIRE case, 
on the other hand, a is 9.36 X 10-12 and b is 5.32 using 
出e one nighttime scene (256 X 256 pixels for 26 July 
1987) of NOAA・10 from the WENPEX region instead 
of the FIRE region because of the limitation of the nightｭ
time data acquisition. 

Once the regression equation is determined, the reｭ
ftected component of ch.-3 radiance for the daytime data 
is obtained. Figure 4 shows an example of this process. 
Figure 4a illustrates the relationship between ch.-3 and 
ch.-4 radiance for nighttime data without locally averｭ
aging, as well as the thermal correction curve as deterｭ
mined by the above process. The relationship between 
ch.-3 加d ch.-4 daytime data is shown in Fig. 4b with 
the thermal correction curve. After the extraction of the 
thermal component from the ch.-3 daytime data using 
the ch.-4 daytime data, the reftection component of ch.-3 
radiance is obtained as shown in Fig. 4c. The thermally 
corrected data of AVHRR ch.-3 thus obtained 紅e used 
for the retrieval process in 出is study. 

4. Retrieval results 

In this section, we will describe the simultaneous reｭ
凶eval of the cloud optical thickness and the effective 
p釘ticle radius by the calculated lookup table and the 
retrieved cloud physical values for the WENPEX and 
FIRE regions. The retrieved results also were compared 
with the in situ airborne observations. 



good determination of the effective partic1e radius is 
achi巴V巴d with a large value of the ch.-l radiation where 
optical thickness is larger than 4. Figure 5 suggests that 
the retrieved effective radius is about 2.8-6.6μm and 
the retrieved optical thickness of c10uds is actually about 
4-128 in this case. 

Figures 6 and 7 show the distributions of the effective 
p釘tic1e radius and the liquid water path, respectively, 
retrieved for 16 January 1991. It is found that the range 
of the effective p紅tic1e radius in many portions is about 
4-5μm from Fig. 6 and the range of the liquid water 
path is about 30-70 g m 九 from Fig. 7. The area in 
which the effective p訂tic1e radius is larger corresponds 
to that of the higher liquid water content. Hayasaka et 
al. (1994) has discussed the optical thickness of c10ud 
around this region. 
Figure 8 illustrates the joint probability density funcｭ

tion between the effective partic1e radius and the liquid 
water path for 16 January 1991. It is found that the 
positive linear correlation between the effective radius 
and the liquid water path is represented by a logarithmic 
scale. The mode value falls to about 4.0μm for the 
effective partic1e radius. There is a mode value near 30 
g m-2 for the liquid water path. This linear tendency 
shows the typical development for low-level marine 
stratus or stratocumulus cloud in a cold air mass over 
a warmer sea surface. It suggests that the deeper c10uds 
tend to produce larger droplets at c10ud top. The values 
of effective partic1e radius and liquid water path as a 
by-product in Fig. 8 as well as in the following Table 
5 are adjusted to the middle-level values over the c10ud 
layers after Nakajima and King (1990) and Nakajima 
and Nakajima (1995). 
百le regional statistics (mean ::!:: standard deviation) of 

出e optical 血ickn回s of c1ouds，出eeffective partic1e radius, 

and the liquid water path of the analyzed region for all 
three days (16, 18, and 27 Janu紅Y 1991) are summarized 
in Table 5. 前】ese results for low-level marine c10uds ne訂
Japan in winter 紅e larger for the optical thickn回s and 
smaller for the effective pぽtic1e radius, respectively, in 
comparison with near-global statistical analyses using 
AVHRR GAC data (Han et al. 1994; the Northern Hemiｭ
sphere case in winter over ocean in Table 6). 
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b. FIRE region 

For this region, NOAA・10 made the observations coｭ
incidently to the airborne radiative and microphysical 
measurements that enabled us to make a validation for 
the retrieval algorithm with FIRE regional data. The 
airborne data were acquired during FlRE IFO. The 
NASA ER-2 MCR performed the radiation observations 
from the nominal 18・km height, while the Washington 
University C-131A PMS probes [FSSP-100 and Optical 
Array Probe (OAP-200X) c10ud probes and OAP・200Y
precipitation probe] observed the microphysical propｭ
erties in and around the c10ud decks. The ER-2 MCR 
is the multispectral radiometer on board, with a cross-

a. WENPEX region 

For the WENPEX region, NOAA・11 made coincident 
observations to the flights on 16, 18, and 27 January 
1991. Figure 5 illustrates the ca1culated lookup table 
chart and actual satellite data after the thermal correction 

for the case of 16 January 1991. This figure gives us 
information about the relationship between the optical 
thickness of the c10ud and the effective droplet radius 
and the observed radiance on ch. 1 and ch. 3. The sc組
geometry in this case indicates 血atNOAA・11 AVHRR 
made a nadir observation, and that the solar zenith angle 
was around 560 • It is indicated that the optical thickness 
of c10ud is correlated well with the ch.-l radiance, and 
the effective p紅tic1e radius does not co町'espond to the 
reflected ch.-3 radiance straightforwardly. The 紅ea of 
the small radiance for ch. 1, that is, the small optical 
thickness of c10uds in the lookup table chart, does not 
give information on the effective p紅tic1eradius because 
of the degradation of the calculated curves, whereas a 
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τe 

0.2 

observed by in situ PMS probes in the middle height 
within the cloud layeζa good coincidence in magnitude 
and spatial variations was obtained. The results 企om
both 0 to 30 km and ne紅 40 km in flight distance do 
not agree well with the in situ measurements, however. 
It is suggested 也at the discrepancy was due to the drizｭ
zle-sized p訂ticles at the lower portion of the cloud layer 
in these regions (Nakajima and Nakajima 1995). The 
satellite measurement is insensitive to the lower portion 
of the cloud layer，姐d，向rthermore， the assumed model 
profile, so as to adjust the satellite-re紅白ved effective 
particle radius to the comparable value at the level of 
血e PMS probes' measurement, did not fit the drizzleｭ
sized particles in this case (Nakajima et al. 1991). 百le
retrieved results of the liquid water path are illus位ated
in Fig. 9c, where the values derived from the retrieved 
results are in good coincidence with the in situ Johnsonｭ
Williams hot-wire probe observations. These 由reecom
parisons suggest that the algorithm developed in 由is
S加dy is very useful in retrieving the optical thickness 
of clouds and the effective particle radius simultaneousｭ
ly, as well as the liquid water path as a by-product. 

The results from in situ observation, such as the optical 
thickness of a cloud layer，白e effective p紅ticle radius, 
and the liquid water pa曲， were estimated as follows. A 
vertical flight w儲 carried out to meas町'e liquid water 
content at several levels within the cloud layer so as to 

tracking sc姐， the same as NOAA AVHRR but with a 
smaller area of observation 由加出at of the satellite. The 
C-131A PMS probes measured microphysical prope抗ies

such as the cloud droplet radius distribution at the cloud 
top and bottom. Nakajima et al. (1991) made a detailed 
analysis of these two airbome observations. They sugｭ
gested 也at the discrepancy of the effective particle raｭ
dius between remotely sensed and in situ microphysical 
measurements depends upon the uncertainty due to 由e
unknown water vapor continuum absorption in the nearｭ
infrared spectral regions. The atmospheric correction 
based on LOWTRAN 7, instead of one based on LOWｭ
TRAN 5 that was adopted by Nak司ima et al. (1991), 
may diminish 由is systematic discrepancy (Taylor 1992). 

Figure 9 shows the AVHRR-re位ieved results and the 
comparison with in situ airbome observations. Figure 
9a illustrates the retrieved results of the optical thickness 
of clouds along with the ER-2 flight distance, which is 
almost the same as the C・131Aflight leg.1t also contains 
the optical thickness of clouds derived 合omin situ miｭ
crophysical observations by the C-131A. The retrieved 
results in 血is study coincide well with those of the in 
situ observation. Figure 9b illustrates the re凶eved reｭ
sults of the effective particle radius, which are relatively 
consistent with those obtained by in situ observations. 
After 血e correction of results so as to compare 由e
effective particle radius 合om AVHRR data with those 
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FIG. 6. Contour map of the retrieved effective particle radius for 16 Jan 1991 for the area in which the 
airborne observations were made. The units of the contour labels are microm巴ters.

estimate the liquid water path. Effective geometrical 
thickness was determined from dividing the liquid water 
path by the liquid water content at the level where the 
level (horizontal) flight measurement was carried out with 
the Johnson-Williams hot-wire probe. In this case, the 
effective geometrical thickness was det巴rmm巴d to be400 
m. The in situ liquid water path for the level (horizontal) 
flight, which was compared to the A VHRR retrieved reｭ
sult, was estimated as the product of the effective geoｭ
metrical thickness (400 m) and the liquid water content 
measured with the Johnson-Williams hot-wire probe. The 
in situ optical thickness, which also was compared to the 

A VHRR retrieved result, was estimated from the in situ 
liquid water path and the in situ effective p訂ticle radius 
measured with the PMS probes using a relationship the 
sam巴 as Eq. (1). 
The in situ measurements for cloud microphysics 

wer巴 carried out with the PMS probes for the effective 
particle radius and the Johnson-Williams hot-wire probe 
for the liquid water content. The liquid water cont巴nt
could b巴巴stimated from th巴 PMS probes' measureｭ
ments. The magnitude of the liquid water content deｭ
rived from integration of PMS-derived size distribution 
m巴asurements ， however, was significantly lower than 
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coηesponding measurements obtained with the Johnｭ
son-Williams hot-wire probe (Nakajima et al 1991). 
FSSp, in principle, measures the forward-scattering inｭ
tensity with incident laser and the pulse counts so as to 
estimate the particle size and the number concentration. 
The liquid water content is derived indirectly with FSSP 
accordingly. The Johnson-Williams hot-wire probe, on 
the other hand, measures heat loss accompanied with 
liquid water particles making contact to a hot wire. The 
heat loss is directly relevant to the liquid water amount. 
Consequently, it seemed feasible to adopt the liquid waｭ
ter content estimated with the Johnson-Williams hotｭ
wire probe rather than with the FSSP in this case. 

Figur巴 10 illustrates the joint probability density funcｭ
tion between the effective particle radius and the liquid 
water path for three analyzed days (7 , 10, and 16 July 
1987). The distribution of contour lines is sirnilar to the 
resu¥ts remote¥y sensed by MCR (Nakajima et al. 1991). 
The contour ¥ines of 7 Ju¥y 1987 show the positive 
corr巴\ation between the effective particle radius and the 
liquid water path (the correlation coefficients are shown 
in Table 5). This r巴lationship also was seen in Fig. 8, 
which is the retrieval resu¥t for the ¥ow-¥eve¥ marine 
stratus in the WENPEX region in winter from NOんι
11 AVHRR. This positive re¥ationship may be typica¥ 
for stratus cloud systems; that is , as a cloud ¥ayer de・
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FIG. 8. Effective radius-liquid water path joint probability density 
function (WENPEX; 16 Jan 1991). Contour levels are 15%, 30%, 
45%, 60%, 75%, and 90%. 

velops, both the effective p釘ticle radius and the liquid 
water path become larger. The thick contour lines of 16 
July, on the other hand, show the weak negative corｭ
relation between the effective particle radius and the 
liquid water path. A similar tendency is seen on the p訂t
of the larger effective particle radius on 10 July 1987, 
which was explained as the drizzle-dominated portion 
(Nakajima et al. 1991). 百le weak negative correlation 
in Fig. 10 may be relevant to the process in which more 
drizzle decreases water amount. It is suggested that the 
process is a part of the negative feedback of drizzle 
upon liquid water content; that is, increased water 
amount results in more drizzle, which decreases the waｭ
ter amount such as by a rainfall process, thereby deｭ
creasing the drizzle. 

The regional statistics (mean :!:: standard deviation) 
of the optical thickness of clouds, the effective pぽticle
radius, and the liquid water path in the analyzed region 
for all three days (7, 10, and 16 July 1987) are sumｭ
marized in Table 5 together with the WENPEX results. 
These results for marine stratocumulus off the coast of 
California in summer are larger for the optical thickness 
and smaller for the effective particle radius, respectiveｭ
ly, in comparison with near-global statistical analyses 

TABLE 6. Statistics (mean ::!: standard deviation) of liquid water 
path. 

16 Jan 1991 
18 Jan 1991 
27 Jan 1991 

Liquid water path (mg cm-2) 

AVHRR* (max) Micro明ave料 (max)

5.0 ::!: 3.7 (28.5) 
4.9 ::!: 3.3 (21.8) 
3.0 ::!: 2.7 (18.3) 

8.9 ::!: 3.9 (31.2) 
7.9 ::!: 5.7 (25.0) 
3.8 ::!: 3.2 (20.1) 

* AVHRR is spaceborne observation. 
判 Microwave is airborne observation (above c1oud). 

using AVHRR GAC data [Han et al. (1994); the Northｭ
ern Hemisphere case in summer over ocean in Table 6]. 
The optical thickness of clouds (or the liquid water path) 
and the effective particle radius also are larger in the 
FIRE region in summer than in the WENPEX region 
m wmter. 

5. Discussion 

In this section, we will discuss the p釘tial cloud prob・
lem that potentially inftuences the algorithm's validity. 
It also is pointed out that the horizontal inhomogeneity 
of the cloud layer, the spatial resolution of the sensor, 
and other factors may inftuence the retrieval of sevｭ
eral cloud parameters (Loeb and Coakley 1998; Oreoｭ
poulos and Davies 1998a,b). We particularly focus on 
the quantitative comparison of the liquid water path deｭ
rived from the A VHRR retrieval with the in situ airborne 
observations in this study. For this pu中ose， the results 
in the WENPEX region, in which stratus, stratocumulus, 
and cumulus existed，紅e used because they 紅e less 
homogeneous horizontally than are the results in the 
FIRE region, in which stratus and stratocumulus domｭ
inated. 

Comparison between Fig. 11 and Fig. 1 shows that 
the low-Ievel marine cloud field on 27 January 1991 is 
less homogeneous horizontally than that of 16 January 
1991. The partial cloud inftuence within the instantaｭ
neous FOV (lFOV, i.e., one pixel) is investigated by 
comparison between the simultaneous ftight legs of the 
Cessna and A VHRR in detail. The ftight leg is indicated 
by the thick white line in Fig. 11. The fourth ftight leg 
is synchronized exactly to the NOAA AVHRR obser-

TABLE 5. Statistics of retrieved results of c10ud parameters. 

Effective radius Liquid water path 
Date Optical thickness (μm) (mg cm-2) 

16 Jan 1991 16.4 ::!: 9.73 4.3 ::!: 0.61 5.0::!: 3.7 
18 Jan 1991 13.9 ::!: 9.10 5.3 ::!: 0目 73 4.9 ::!: 3.3 
27 Jan 1991 7.44 ::!: 6.57 6.3 ::!: 1.1 3.0 ::!: 2.7 
7 Jul 1987 6.9 ::!: 3.6 7.9 土 0.88 3.7 ::!: 2.0 
10 Jul 1987 30.3 ::!: 9.0 8.0 ::!: 1.6 15.6 ::!: 4.0 
16 Jul 1987 50.4 ::!: 11.2 6.7 ::!: 0.56 22.5 ::!: 4.5 

" Correlation coefficient is between the effective particle radius and the Iiquid water path in linear scale. 
" The correlation co巴fficient only for effective particle radius greater than or equal to 8μm. 
< The correlation coef自cient only for effective particle radius less than 8μm. 

Correlation coefa 

0.747 
0.009 

-0.102 
0.461 

-0.367" (0.538<) 
-0.136 
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observation from the aircraft. The air temperature at the 
cloud top was near 269 K and that of the cloud bottom 
was near 274 K, estimated from the Naze Observatory 
ofthe Japan Meteorological Agency, which is about 100 
km away from the observation 紅白.百le climatic value 
of the sea surface temperature in the analyzed region 
was about 200C (or ne紅 293 K). Ther佃geofthe brightｭ
ness temperature in Fig. 12c was about 272-284 K. This 
r佃ge indicates that the A VHRR scanned the cloud and 
sea surface in the IFOV, and the cloud layer appe釘'ed
to be horizontally inhomogeneous. It is shown in Fig. 
12a that the retrieved results and in situ observations 
have almost the same order of magnitude, but the varｭ
iation is out of phase between them. This result seems 
to be ascribable to the convective-cloud horizontal inｭ
homogeneity. A plane-p紅allel cloud layer is assumed 
in the retrieval model atmosphere. In the case 血at one 
pixel contains both cloud and sea in its IFOV, the obｭ
served radiance will be lower than that fully covered 
by cloud. As a result, the retrieved effective droplet 
p紅ticle radius appears to be larger than the 佐ue value 
(cf. Fig. 5). Larger effective droplet radii apparently 
were retrieved for the region of higher brightness temｭ
perat町'ene釘 128.80 加d 128.90E. Furthermore, the v紅・
iation of the in situ FSSP observation in Fig. 12a sugｭ
gests 由at the effective particle radius is larger at the 
multiple convective cells (e.g. , near 128.800 to 128.850E 
identified as a larger-liquid water path region the miｭ
crowave radiometry observation in Fig. 12b) 由加 at
either the edge of them or the interstitial region (e.g. , 
ne紅 128.9100E identified as a very little-liquid water 
path region in Fig. 12b). This tendency also corresponds 
to the brightness temperature variation in Fig. 12c. That 
is, greater variation in the brightness temperature in Fig. 
12c coηesponds to greater difference between the 
AVHRR-retrieved effective particle radius and the in 
situ effective particle radius. With respect to the liquid 
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FIG. 9. Validation of the retrieved p紅ameters along the nadir ftight 
leg in the FIRE region (10 Jul 1987). (a) Optical thickness of clouds: 
solid line shows the retrieved optical thickness from AVHRR, and 
dots are derived from the microphysical in situ observations. (b) 
Effective radius of droplets: solid line is adjusted to the central height 
ofthe C・ 131Ain si佃 PMSprobe observation (dots). (c) Liquid water 
path: solid line is the derived effective particle radius adjusted to the 
center. Johnson-Williams hot-wire probe was used to observe liquid 
water content. The breaking off at several kilometers of ftight distance 
is due to the original A VHRR data loss. 

vations temporally 姐d spatially. Figure 12 shows the 
comp紅ison between the retrieved results and the in situ 
observations. Figure 12a shows the longitudinal profile 
of the effective pぽticle radius re住民ved from AVHRR 
and that observed by FSSP on board the Cessna (aircraft 
B). This observation flight was perform巴d at about the 
cloud-top level, and 白e effective particle radius reｭ
trieved from A VHRR was adjusted to the cloud-top levｭ
el. Figure 12b is the liquid water path variation derived 
from A VHRR and microwave radiometry from the 
Cessna (むrcraft A). Figure 12c is the infrared ch.-4 
brightness tempera旬re variation. The cloud field along 
the flight leg is inferred to be very inhomogeneous horｭ
izontally because of the following consideration. The 
cloud-top and -bottom heights were estimated by human 
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Liquid Water Path (mg cm-2
) 

FIG. 13. Probabi1ity density function for 1iquid water path (WENｭ
PEX). (a) 16 Jan 1991: thicker 1ine is the AVHRR results, and thinner 
line is the microwave radiometry. (b) As in (a) but for 18 Jan 1991. 
(c) As in (a) but for 27 Jan 1991. 

crowave radiometry. This discrepancy may be ascribed 
to the following reason. The statistics from microwave 
radiometry are apt to be taken from the data in which 
only cloud exists within the smaller range of IFOV rathｭ
er than from A VHRR, which tends to observe the raｭ
diance averaged on both cloudy and noncloudy regions 
(i.e. , sea surface) in the same pixel. Smaller mean values 
therefore were retrieved from AVHRR than from miｭ
crowave radiomerry over all three days. This fact is not 
sufficient, however, to explain the statistical inconsisｭ
tency in Table 6. Figure 13 illustrates the probability 
density function of the liquid water path for the analyzed 
紅ea of A VHRR and for all ftights with microwave raｭ
diometry, respectively. The shape ofthe probability denｭ
sity function of A VHRR shifts to a smaller portion than 
that of the microwave radiometry on 16 January 1991 
(Fig. 13a), but both shapes 訂e also very smooth because 
of the horizontal homogeneity of the cloud layer on this 
day. These features of the shapes can be explained by 
the characteristics of the retrieval algorithm for microｭ
wave radiometry. The retrieval algorithm of the liquid 
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FIG. 12. Validation of the retrieved p訂ameters along the flight leg 
in the WENPEX region (27 Jan 1991). (a) Effective radius of droplets: 
thicker line is th巴 retrieved effective particle radius adjusted to the 
cloud-top level , and thinner line is the Cessna 404 in situ FSSP 
observation at the cloud top in level flight. (b) Liquid water path: 
thicker line was derived using the retrieved effective p訂ticle radius 
adjusted to the cloud-middle level, and thinner line is the result of 
microwave radiometry observation. (c) Brightness temperature: 
AVHRR ch.-4 brightness tempera旬re with a longitudinal prof�e. 

water path, the variation of the results derived from 
A VHRR and microwave radiometry indicates a similar 
tendency due to the cloud horizontal inhomogeneity. 
The microwave radiometry from the Cessna shows fine 
and dynamic variation because of its small IFOV (about 
40; about 40 m in situ). The AVHRR result, on the other 
hand, shows the average variation of that derived from 
the microwave radiometry because its larger IFOV 
(about a few kilometers in situ). 

The comparison of the liquid water path also is disｭ
cussed from a statistical point of view. Table 6 sumｭ
marizes the statistics of the liquid water path for the 
WENPEX region. Some bias exists between the mean 
liquid water path derived from AVHRR and that of mi-
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Composite of Results ( LWP, re, and Tbb4 ) 

(27 January 1991) G
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FIG. 14. Composit巴 of resu1ts a10ng the Cessna observed area on 27 Jan 1991. (bottom pane1) 
The re1ationship between the derived 1iquid water path and the r巴trieved effective partic1e radius. 
(right front pane1) Th巴 re1ationship between the 1iquid water path and the brightness temperature 
in ch. 4. (left front pane1) The re1ationship between the effective partic1e radius and the brightness 
temperature in ch. 4. The rang巴 of the brightness temperature decreases in the upper portion of 
the ordinate. 

, 

results and the microwave results rather than the mean 
value comparison. 

The partial cloud inftuences on wider-area retrieval 
were investigated. Figure 14 shows the composite reｭ
sults of the effective particle radius, the liquid water 
path, and the infrared brightness temperature for 27 Janｭ
uary 1991. This figure indicates that there are pixels 
that contain not only clouds but also the sea surface in 
the analyzed area. They have specifications that differ 
from those of the horizontally homogeneous marine 
stratocumulus clouds such as those seen in 16 January 
1991 and 10 July 1987 data, that is, lower liquid water 
path, higher effective particle radius , and higher brightｭ
ness temperature. The air temperature range on this day 
was deterrnined to be from 269 (cloud-top height) to 
274 K (cloud-bottom height), as was discussed above. 
The brightness temperature range in Fig. 14 is about 
270-290 K. This range indicates that the analyzed area 
contains pixels that clearly show the sea surface. This 
situation causes errors in the retrieval algorithm because 
the model atmosphere co町巴sponds to pixels fully covｭ
ered by cloud layers. For comp紅ison， we took an exｭ
ample from the FlRE region cases. Figure 15 also shows 
th巴 composite results of the effective particle radius, 
liquid water path, and brightness temperature for 10 July 
1987. The brightness temperature range is about 3 K, 
and this range is consistent with the air temp巴rature
difference between the top and the bottom of the cloud 
layer suggested from radiosonde observations (Nakaｭ
jima et al. 1991). Cloud fields in this case were suitable 
for the plane-parallel model atmosphere, which meant 
that good consistency was obtained between the re-

water path from the microwave radiometry is based 
upon Takeda and Liu (1987). This algorithm, in prinｭ
ciple, uses the brightness temperature of the sea surface 
as the reference and the difference between the observed 
brightness temperature above the cloud and the referｭ
ence to r巴trieve a liquid wat巴r path. The larger liquid 
water path therefore is derived from the larger difference 
of the brightness temperature. On 16 J anuary 1991 , the 
airborne observation area was overcast so that we could 
not deterrnine exactly the reference brightness temperｭ
ature for the sea surface. A more eロoneous value is 
obtained when the difference in brightness temperature 
between clouds and the reference (sea surface) is small, 
that is, the liquid water path is small. That reason is 
why the bias in the small-liquid water path portion beｭ
tween the AVHRR shape and the rnicrowave shape is 
larger on 16 January 1991 than on the other two days , 
in spite of the fact that they are essentially the same 
shape. For the other two days, on the other hand, th巴
shapes of the probability density functions are not simｭ
ilar between AVHRR and microwave radiometry, and 
statistical values are not so consistent because of the 
horizontal inhomogeneity. We further compared the reｭ
trieved liquid water path with that derived from rnicroｭ
wave radiometry with respect to the maximum value in 
the WENPEX region, as discussed by Fujiyoshi et al. 
(1995). The idea of the maximum value comparison is 
based on the principle that a fully developed cloud sysｭ
tem has a liquid water path of maximum value predicted 
by adiabatic air conditions. The maximum values for 
the three days are also shown in parentheses in Tabl巴
6, which indicates the consistency between the A VHRR 
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Composite of Results ( LWP, re, and Tbb4) 

(10 July 1987) 多

FIG. 15. As in Fig. 14 but for the retrieved resu1ts for the ana1yzed area on 10 Ju1 1987. This 
case is more horizontally homogeneous than that of 27 Jan 1991 (Fig. 14). 

trieved cloud parameters 仕om AVHRR and those from 
in situ observations seen in Fig. 9. 

6. Conc1uding remarks 

An algorithm was developed to retrieve the optical 
thickness, effective p紅ticle radius, and vertically inteｭ
grated liquid water content for low-level marine clouds 
from NOAA A VHRR LAC data. The algorithm uses the 
visible (ch. 1) and the middle-infrared (ch. 3) reflected 
radiance as well as the therma1 infrared (ch. 4) to coπect 
the therma1 component of the middle infrared. The corｭ
rection methodology in this study utilizes a regression 
curve between ch. 3 and ch. 4 for thermal radiation 
emitted from the e紅白-atmosphere system that iSI based 
on the spatial coherence method (Coakley and Brethｭ
erton 1982), but the radiative transfer calculations and 
iterative retrieval approach were adopted for this corｭ
rection by Nakajima and Nakajima (1995). 
This a1gorithm was applied to the data of an area in 

which a1most-synchro凶zed airborne observations were 
performed during FIRE and WENPEX IFO. The reｭ
trieved results were comp紅ed with the in situ 佃d reｭ
mote-sensing airborne observations to validate this alｭ
gorithm. There are severa1 differences in the cloud types 
betw閃n FIRE and WENPEX, that is, the horizontally 
very homogeneous cloud systems such as stratus or straｭ
tocumulus for the FIRE region in the northeast Pacific 
in summer and the mostly horizontally inhomogeneous 
system such as cumulus for the WENPEX region over 
the East China Sea in winter. 
As a result, for the FIRE region, the optical thickness 

of cloud, the effective p紅ticle radius, and the liquid 
water path retrieved from AVHRR are consistent with 

the in situ airborne observations. The results for the 
WENPEX region, on the other hand, show some disｭ
crepancies in the effective p釘ticle radius and the liquid 
water path, when compared with the corresponding in 
situ airborne observations in the detai!ed and statistical 
analysis of the horizontally inhomogeneous cloud sysｭ
tem. The consistency between the results from A VHRR 
and the results from in situ observations, however, is 
good when the low-level clouds are horizonta11y hoｭ
mogeneous for the FIRE and WENPEX regions. It is 
shown from comp釘ison with airborne observations that 
the algorithm developed in this study can be applied 
effectively to fully cloud-covered pixels. For the p釘ー
tially cloud-covered pixels, however, the re凶eved reｭ
sults have some biases; that is, there is a tendency to 
estimate the optica1 thickness and liquid water paths as 
being smaller and the effective particle radii as being 
larger th姐 those of fully cloud-covered cases. These 
results indicate that the partial-cloud effect should be 
taken into consideration in regiona1 and global analysis 
that includes several types of cloud and, in particular, 
uses larger IFOV remotely sensed data from larger arｭ
eas, such as that from AVHRR GAC. It further is sugｭ
gested that the thermal-infrared channel, which is used 
only to remove the thermal component from the middleｭ
infrared radiance, has a potential to provide additiona1 
information about the inhomogeneity of cloud fields as 
a result of the detailed 姐alyses of stratus and broken 
cloud fields in the FIRE and WENPEX regions. 

Acknowledgments. The authors thank Dr. Michael D. 
K.ing and Mr. T. Arnold of the NASA Goddard Space 
Flight Center, Professor H. Kawamura of the Center for 
Atmospheric and Oceanic Studies (CAOS) at Tohoku 



1016 JOURNAL OF APPLIED METEOROLOGY VOLUME 39 

University, and Professor Futoki Sakaida of Kobe Maｭ

rine and Merchant Marine University for their help in 

processing A VHRR data. The authors also thank Mr. A. 

Uekusa, Ms. Y. Sato, and Mr. H. Iwabuchi of CAOS 

and Mr. K. Kawamoto of the Center for Climate System 
Research at the University of Tokyo for their useful 

comments. This work mainly was performed during a 

graduate course at the Faculty of Science, Tohoku Uniｭ
versity. This research was supported partly by the Grantｭ
in-Aid for Scientific Research on Priority Areas (No. 
08241104) of the Japanese Ministry of Education, Sciｭ
ence, Sports, and Culture. 

REFERENCES 

Albrecht, B. A. , D. A. Randall, and S. Nicholls, 1988 ・ Observations
of marine stratocumulus clouds during FIRE. Bull. Amer. Me. 
teor. Soc. , 69, 618-626. 

Arking, A. , and J. D. Childs, 1985: Retrieval of cloud cover paramｭ
eters from multispectral satellite images. J. Climate Appl. Meｭ
teor. , 24, 322-333. 

Coakley, J. A. , Jr. , and F. R. Bretherton, 1982: Cloud cover from 
high-resolution scanner data: Detecting and allowing for parｭ
tially filled fields of view. J. Geophys. Res. , 87, 4917-4932. 

一一一， and R. Davies, 1986: The effect of cloud sides on reflected 
solar radiation as deduced from satellite observations. J. Atmos. 
Sci. , 43, 1025-1035. 

Curran, R. J. , and M.・L. C. Wu , 1982: Skylab near-infrared obserｭ
vations of clouds indicating supercooled liquid water droplets. 
よ Atmos. Sci. , 39, 635-647. 

Downing, H. 0. , and D. Williams, 1975: Optical constants of water 
in the infrared. J. Geophys. Res., 80, 1656-1661. 

Fujiyoshi, Y., Y. Ishizaka, T. Takeda, T. Hayasaka, and M. Tanaka, 
1995: Measurement of vertical liquid water path by means of 
an airborne radiometer and the shortwave albedo of marine lowｭ
level clouds during WENPEX in Japan. J. Appl. Meteor. , 34, 
471-481. 

Hale, G. M. , and M. R. Querry, 1973: Optical constants of water in 
the 200-nm to 200-μm wavelength region. Appl. Opt. , 12, 555-
563. 

Han, Q. , W. B. Rossow, and A. A. Lacis, 1994: Near-global survey 
of effective droplet radii in liquid water clouds using ISCCP 
data. J. Climate, 7, 465-497. 

Hansen, J. E., and J. B. Pollack, 1970: Near-infrared light scattering 
by terrestrial clouds. J. Atmos. Sci. , 27, 265-28 1. 

一一一， and L. D. Travis, 1974: Light scattering in planetary atmoｭ
spheres. Space Sci. Rev., 16, 527-610. 

Hayasaka, T., M. K吋 i， and M. Tanaka, 1994: Air truth validation of 
cloud albedo estimated from NOAA Advanc巴d Very High Resｭ
olution Radiometer data. J. Geophys. Res., 99, 18685-18693. 

一一一， N. Kikuchi, and M. Tanaka, 1995: Abso叩tion of solar radiation 
by stratocumulus clouds: Aircraft measurements and thωretical 
calculations. よ Appl. Meteor. , 34, 1047-1055. 

Ishizaka, Y., Y. Kurahashi, and H. Tsuruta, 1995: Microphysical propｭ
erties of winter stratiform clouds over the southeast islands area 
in Japan. J. Meteor. Soc. Japan , 73, 1137-1151 

Kidwell, K. B., 1991: NOAA Polar Orbiter Data User's Guide 
(TIROS-N, NOAA・6， NOAAース NOAA-8, NOAA-9, NOAA・ 10，
NOAA- Jl, and NOん4. -12). NOAA Tech. Note, 294 pp. [Availｭ
able from NOAAlNESDIS/National Climatic Data Center, Sat-

ellite Data Services Division , Princeton Executive Square, Room 
100, Washington, DC 20233; also available online at http:// 
www2.ncdc.noaa.gov/docs/podug/index.htm.] 

Loeb, N. G. , and J. A. Coakley Jム 1998: Inference of marine stratus 
cloud optical depths from satellite measurements: Does 10 theｭ
ory apply? J. Climate, 11, 215-233. 

Los, S. 0., 1993: Calibration adjustment of the NOAA AVHRR Norｭ
malized Differenc巴 Vegetation Index without recourse to comｭ
ponent channel I and 2 data. Int. J. Remote Sens. , 14, 1907-
1917. 

Nak付ima， T., and M. Tanaka, 1986: Matrix formulation for the transｭ
fer of solar radiation in a plane-parallel scattering atmosphere. 
J. Quant. Spectrosc. Radiat. Transfer, 35, 13-21. 

一一一， and 一一一， 1988: AIgorithms for radiative intensity calculations 
in moderately thick atmospheres using a truncation approxiｭ
mation. J. Quant. Spectrosc. Radiat. Transfer, 40, 51-69. 

ー一一， and M. D. King, 1990・ Determination of the optical thickness 
and effective particle radius of clouds from reflected solar raｭ
diation measurements. Part 1: Theory. J. Atmos. Sci. , 47, 1878 
1893. 

一一一，一一一， J. D. Spinhirne, and L. F. Radke, 1991: Determination 
of the optical thickness and effective particle radius of clouds 
from reflected solar radiation measurements. Part 11: Marine 5甘a

tocumulus observations. J. Atmos. Sci. , 48, 728-750. 
Nakajima, T. Y. , and T. Nak勾ima， 1995: Wide-area determination of 

cloud microphysical properties from NOAA AVHRR measureｭ
ments for FIRE and ASTEX regions. J. Atmos. Sc i., 52, 4043-
4059. 

Oreopoulos, L., and R. Davies, 1998a: Plane parallel albedo biases 
from satellite observations. Part 1: Dependence on resolution and 
other factors. J. Climate, 11, 919-932. 

一一一， and 一一二 1998b: Plane parallel albedo biases from satellite 
observations. Part II: Parameterizations for bias removal. J. Cliｭ
mate, 11, 933-944. 

Pierluissi, J. H. , and C.-M. Tsai , 1987: New LOWTRAN models for 
the uniformly mixed gases. Appl. Opt. , 26, 61ι618. 

一一一， C. E. Maragoudakis, and R. Tehrani-Movahed, 1989: New 
LOWTRAN band model for water vapor. Appl. Opt., 28, 3792-
3795. 

Platnick, S. , and S. Twomey, 1994: Determining 出e susceptibility of 
cloud albedo to changes in droplet concentration with the Adｭ
vanced Very High Resolution Radiometer. J. Appl. Meteor. , 33, 
334-347. 

Rawlins , F., and 1. S. Foot, 1990: Remotely sensed measurements of 
stratocumulus properties during FIRE using the C 130 aircraft 
multi-channel radiometer. J. Atmo 

9 


