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ABSTRACT 

This s¥udy proposes a two-channel satellite remote sensing algorithm for retrieving the aerosol optical thickness 
and the Angstr� exponent. which is an index for the aerosol size distribution. An efficient lookup table method 
is adopted in this algorithm to generate spectral radiances in channels 1 and 2 of National Oceanic and At 
mospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) over ocean areas 
Ten-day composite maps of the aerosol optical thickness and the Angstr� exponent have been obtained from 
AVHRR global area coverage data in January and July of 1988. Aerosol optical thickness maps show that the 
m句oraerosol sources are located off the west coast of northern and southern Africa司 andthe Arabian P巴ninsula
The most important contributor is soil-derived particles from the Sahara Desert that cross the Atlantic Ocean 
The authors' optical thicknes~ values tend to be larger than values given by the NOAA operational algorithm 
A IO-day composite map of Angstr� exponent showing man-made air polluted regions. such as the Mediterｭ
ranean Sea. the Black Sea司 and the east coasts of North America and China. has large vaJues ‘ suggesting that 
small particles are dominant in these regions 

1. Introduction 

The impact of atmospheric aerosols on the earth's 
climate has been recognized as an important problem 
for understanding the climate formation ‘ especiallyafter 
several studies have pointed out that a巴rosols are the 
source of the greatest uncertainties in evaluating climate 
forcing (Hansen and Lacis 1990; Shi et al. 1994). Aeroｭ
sols directly influence the climate through perturbation 
of the radiation budget by scattering solar radiations 
back to space (leading to n巴gativeradiative forcing) and 
by absorbing solar and thermal radiations (leading to 
positive forcing). Acting as cloud condensation nuclei 
or lC巴 nuclei ， aerosol particles modify the cloud microｭ
physics (Twomey 1977; Kaufman and Nakajima 1993) , 

and hence , aerosol particles also indirectly have an efｭ
fect on climate. In contrast to the greenhouse gases, 
which act only on the longwave radiation process , aeroｭ
sol particles can influence both shortwave and longwave 
radiation. The magnitude of the effects also depends on 
their composition and size. 
Radiative forcing of sulfate aerosols has been studied 
extensively by many investigators with a recognition 
that they are climatologically most important for eval 
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uating the anthropogenic global warming trend. Their 
globally averaged direct effect is estimated as -0.3 to 
0.9Wm ユ (Charlson et al. 1992; Kiehl and Briegleb 
1993; Taylor and Penn巴r 1994) , and the indirect effect 
is about -1.3 W m-2 (Jones et a1. 1994). These studies 
suggest‘ therefore, that total sulfate aerosol forcing is 
comparable in magnitude to the current anthropogenic 
greenhouse gas forcing but in opposite sign. There is 司

however, a large uncertainty in the evaluation of both 
direct and indirect effects of the sulfate aerosols. The 
forcing mechanism with aerosols is highly complex and 
needs more study before drawing a clear conc1usion. 
For example, aerosols originated from dimethyl sulfate 
(DMS) may change cloud microphysics significantly. 
Such indirect effects will be temperature dependent and , 
hence , may make a fe巴dbackloop with the global warm明

ing process. Some studies have suggested recently that 
mineral dust aerosols generated from disturbed soil are 
important as a climat巴 forcing agent that needs to be 
included among the climate forcing factors inftuenced 
by human activities (Li et al. 1996; Tegen et a1. 1996) 
In order to reduce the above-mentioned large unce1'ｭ
tainties in evaluation of the aerosol forcing , it is necｭ
essary to improv巴 our knowledge of aerosol characterｭ
istics , such as the total content , composition , etc. , on a 
global scale. A use of satellites is very effective to study 
aerosol optical properties on a large scale. So fa1', most 
of the aerosol remote sensing studies have been made 
using National Oceanic and Atmospheric Administra-
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tion (NOAA)/Advanced Very High Resolution Radiｭ
ometer (A VHRR) channel 1 and/or 2. Stowe et al. 
(1992) produced global maps of the aerosol optical 
thickness at wavelength ofO.5μm over ocean area using 
channel-l radiances of AVHRR. Although the one-chanｭ
nel algorithm is appreciated for showing the global disｭ
tribution of the aerosol optical thickness , there is some 
tendency toward underestimation of the optical thickｭ
ness due to the assumed aerosol particle size distribution 
and refractive index as shown by Ignatov et al. (1995a) 
and Ignatov et al. (1995b). Durkee et al. (1992) pointed 
out the importance of the impact of the phase function 
assumed in the one-channel algorithm and introduced a 
two-term Heny巴y-Greenstein phase function to solve 
this problem. They obtained a global map of an index 
of size distribution , which is the ratio of channel-l and 
-2 radiances of AVHRR, in addition to the optical thickｭ
ness obtained from channel-l radiance. To simplify the 
problem, they adopted the single-scattering approxiｭ
mation in the transfer calculation of their algorithm 
Such an approximation is , however, questionable for 
thick absorbing aerosol cases such as Saharan desert 
aerosols. Moreover, they did not report how to treat 
water vapor absorption in channel 2 of A VHRR, which 
significantly affects the channel-2 radiance (Stowe et al. 
1997). Kaufman et al. (1990) proposed an algorithm to 
estimate the aerosol optical thickness , the particle geoｭ
metrical mean mass radius , and the single scattering 
albedo from channels 1 and 2 of AVHRR. Nakajima 
,!nd Higurashi (1997) retrieved aerosol optical thickness , 
Angstr� exponent, and single-scattering albedo of 
aerosols for the Persian Gulf oil fire event in 1991 by 
a method similar. to Kaufman et al. (1990). Those two 
algorithms are significant for improving the aerosol reｭ
mote sensing, because it is possible to retrieve almost 
all important param巴ters to describe the aerosol optical 
properties over land and ocean. Their applications are, 
on the other hand, lirnited to local area data analyses 
so far, and extension to global analyses is not so trivial 
because of the complexity involved in the algorithms. 
For example, global analyses need to take into account 
the effects of geophysical parameters , such as water 
vapor profile, ozone amount, and surface wind velocity, 
which are fixed in the regional analyses but are variable 
on a global scale. Also , the algorithm u 

extensive numerical simulations as shown in section 3. 
Finally it will be applied to real A VHRR global area 
coverage (GAC) data in January and August of 1988 
for generating global aerosol maps. 

2. Radiance fields in aerosol-loaded 
atmosphere-ocean systems 

The satellite-received shortwave radiance emerges 
from an atmosphere-ocean system as a result of interｭ
action with atmosphere , ocean surface, and ocean body 
It is important to study the dependence of the radianc巴
on inherent parameters describing the optical properties 
of the atmosphere-ocean system in order to develop a 
lookup table (LUT) approach, which is 巴fficient for 
global remote sensing analyses. 

a. The structure 01 radiance fields 

The satellite signal over ocean area is composed of 
contributions from atmosph巴ricpath radiance and waterｭ
leaving radiance. The water-Ieaving radiance is further 
composed of reflection by the ocean surface, scattering 
by foams , and upwelling radiance from th巴 oceanbody 
The latter two components can be ignored for most apｭ
plications at wavelengths of AVHRR channels 1 and 2 
(λ= 0.64 and 0.83μm) due to large water absorption. 
The traditional method of the atmospheric correction 
(Gordon and Wang 1992) introduces a linearized single 
scattering approximation, R ,,,, to synthesize the apparent 
reflectance R detected by a satellite radiometer as 

R = R ,,, + Rmo¥ + Rド 、
、.e
，
rl
 

d
，
.
、
、

where Rmo¥ and R" are apparent reflectances for the moｭ
lecular atmosphere without aerosolloading and for sunｭ
glint component, respectively. We define the apparent 
reflectance as 

1TL 
R= 一一一.

μ。Fo
(2) 

with the satellite-received radiance L. the extraterrestrial 
solar incident flux F 0' and the cosine of solar zenith 
angles ， μ。= cos8o. The linearized aerosol single scatｭ
tering component is expressed as 

R.. 1TωυPuC⑪) 
出二一一一一一一一一一 T

μμ。
(3) 

where ω“， 7" ， and P,,(() are the aerosol single-scattering 
albedo , optical thickness , and phase function , respecｭ
tively; and μis the cosine of zenith angle of the emerｭ
gent radiation, 8. Equation (1), with Eq. (3) , has a large 
error in the synthesized reflectance for large optical 
thickness and/or absorbing aerosol cases. 
Trying to improve the approximation, Wang and Gorｭ
don (1993) have found that the multiple aerosol-moｭ
lecular scattering component is almost proportional to 
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Absolule Errors ill Apparenl Reneclance 

FIG. 1. (a) Ahsolllle errors in lhe apparent refteclance at the TOA synthesized hy Eq. (5) for variolls 
solar and satel¥ite zenith angles ‘ T" = 0.1: (b) Same as (a). but synthesized by Eq. (9) 

the linearized aerosol single-scattering reflectance as 
follows: 

R -R ，，，υ R. 二:2: cnR/tls 

They successfully reduced the error involved in synｭ
thesized radiances with Eq. (4). Introducing Eq. (3) into 
Eq. (4), we have the following expression for the mulｭ
tiple aerosol-molecular scattering component: 

R-R師、1 - R出 -R足二一- ~ CIIT~; 
リ μμ。肝ー。

This formula is in some sense more convenient for reｭ
trieving the aerosol optica¥ thickness T" than using Eq. 
(4) , since Eq. (5) is in a form of series expansion of Tυ­
Also , it should be noted that it is not suitable to expand 
the multiple > scattering component, which is a weak 
function of angular variables, by the linearized single 
scattering component R"μwhich is a strong function of 
angular variables with the aerosol phase function P((). 
On the other hand, this part is suitably separated in Eq. 
(5) by R山 in the left-hand side of the equation. The 
Advanced Earth Observing Satellite (ADEOS) Ocean 
Color and Temperature Scanner (OCTS) operational alｭ
gorithm has adopted this formu¥a (Nakajima and Fuｭ
kushima 1996). 
A¥though the approximations in Eqs. (4) and (5) will 
be accurate enough for most applications , one can find 
large e汀ors exceeding 0.¥ % at large zenith angles as 
well as at sun-glint angles as shown in Fig. ¥ a , which 
indicates absolute errors in apparent reflectances for varｭ
ious solar and sate¥lite zenith ang¥es at the azimuth ang¥e 
of 00 and at the aerosol optical thickness of 0.¥. In the 
figure the exact va¥ues have been calcu¥ated by a general 

radiative transfer code for atmosphere-ocean-Iand sysｭ
tem, Rstar-5b守 which is developed by the Center for 
Climate System Research (CCSR) , University ofTokyo. 

(4) This code accounts for mu¥tiple scattering in the at-
mosphere by molecu¥es and aeroso¥ partic1es and biｭ
directional surface reflection (Nakajima and Tanaka 
1986, ¥988). The ocean surface reflection is calculated 
using a rough ocean mod巴\ (Nakajima and Tanaka 
1983). The gaseous absorption is taken into account with 
the Lowtran-7 absorption model (Kneizys et al. 1988). 
In this experiment , we assumed the U.S. standard at均

(5) 
mosphere and the lognormal volume spectrum for aero-
sol size distribution as 

(6) 

where V is the aerosol volume density, r", is the mode 
radius in μm， and In(s) is the standard deviation ofln(r). 
Here, r", and s are set to 0.2 and 1.5, respectively. As 
shown by Fig. ¥ a, large errors appear at large angles as 
well as in sun-glint region. Numerical simulations have 
shown that these large e汀orsare caused by the Iinearized 
sing¥e-scattering approximation (3) adopted in (5) , 
which is not suitable at such large zenith angles. 
The above observation in Fig. 1 a makes us think 
about an exact solution for single scattering (Chandraｭ
sekhar 1960) for synthesizing the satellite-received reｭ
f1ectance 

R 7TωP(⑪) 1exp[-T( 1/μ+ 1/μ。)l ‘
一

、 μμ。Fo 1/μ+ 1/μo 
(7) 

wher巴 ω， T, and P(0) are the sing¥e-scattering albedo , 

optical thickness , and phase function of the atmospheric 
layer, respectively. In the actua¥ coding we have taken 
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that the exponential term in both sides of Eq. (9) is 
needed to improved the approximation. 
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A suitable assumption of the aerosol optical model 
is another important point for realizing a good aerosol 
retrieval algorithm, since the inversion is not unique for 
retrieving the parameters to model the aerosol optical 
properties. With two wavelengths in our situation, a 
reasonable strategy will be to assume a suitable size 
distribution that is applicable enough for various conｭ
ditions and simple enough to have a small number of 
parameters to model the aerosol size distribution. 
Aerosol size distributions have been measured under 
various conditions since the early 1970s. Junge (1969) 
and Toon and Pollack (1976) proposed that a powerｭ
law size distribution is representative for stratospheric 
and tropospheric aerosols. Whitby (1978) showed that 
a multimode lognormal size distribution is observed for 
atmospheric aerosols generated by different physical 
processes. He introduced three modes: 1) the nuc1eation 
mode, which is produced by gas-to-partic1e conversion; 
2) the accumulation mode by coagulation and heteroｭ
geneous condensation, and 3) the coarse mode origiｭ
nating from the earth's surface. Patterson and GilIette 
(1977) confirmed that the common feature of the aerosol 
size distribution is a multimode lognormal size distriｭ
bution. Although the power-law size distribution cerｭ
tainly represents the general f，巴atures of aerosols , biｭ
modal or trimodal lognormal size distributions wilI be 
more general in describing th巴 opticalproperties of aeroｭ
sols if we put more emphasis on inversion results of 
optical remote sensing data, such as those of Kondratyev 
et a1. (1 98 1), Nakajima et a1. (1989), Shiobara et a1. 
(1 991) , Kaufman et a1. (1 994) , R巴meret a1. (1997) , etc 
Those optically equivalent size distributions have comｭ
mon features such as a saddle point around 0.6μm 
refiecting in situ measured size distributions. Most of 
the featur巴s of phase functions and optical thickness 
spectra can be simulated by bimodal functions , rather 
than by power-law functions. 
With the above-mentioned rationale, we introduce in 
this study a bimodal lognormal volume spectrum for 
modeIing the aerosol size distribution , 

b. Optical models of aerosols 

R 

180 

FIG. 2. The angular dependence of the apparent ref1ectance at TOA 
for single-scatt巴ring component R 、 multiple 叫attenng components 
R"， ・ and total value R 
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into account the inhomogenity of the atmosphere by 
setting multilayers (Nakajima and Tanaka 1988). With 
the definition of Eq. (7) , we have the following exｭ
pression for the apparent refiectance at the top of the 
atmosphere (TOA) into single-and multiple-scattering 
contributions: 

(8) 

Figure 2 shows each component in Eq. (8) as a function 
of the azimuth angle. It is found from Fig. 2 that the 
large angl巴 dependence in the refiectance is caused by 
the single scattering component, and hence it is effective 
to tabulate the multiple scattering component for making 
the LUT. Some further consideration and numerical tests 
have suggested that tabulation of the coefficients in the 
following expansion is mor巴 effective than using Eq. 
(5): 

R = R., + R"， ・

dV よ 1 1 flnr 一 lnr.VI
一一= 2.. C" expl 一卜一ーー」汁|
d lnr 出 I 2¥ lns" ハ

where subscript n indicates the mode number. Table 1 
lists r凡H川川1
Aver悶aging the tabu叫11a飢t巴d values , we adopt r人川川"パ1 = 0.17 
μID， r，二，υ1112

pa紅ramet旬ers 0ぱf the modeled volum巴 sp巴ctrum m ou町r r印巴­

t仕ri民eving scheme. Two undetermined parameters in Eq. 
(1 0), c1 and c 2 , can be determined from two-channel 
satellite radiances. Equivalently, we deterrnine the aeroｭ
sol optical thickness and the peak ratio of the bimodal 

)
 

ハ
リl
 

J
t
、

|ム f 1 1 ¥ 11 
= -i  2.. C"T;: + C4 expl 川+-11 t 
μμ。 1 ，， -0 \μμ。 /11

The exponent term in the right-hand side of Eq. (9) is 
introduced to take into account the fact suggested by 
Gordon and Wang (1 993) , that is , the multiple国 scattering
component has a similar optical thickness dependence 
to the linearized single-scattering approximation (3) , 
even though the exact single scatt巴ring (7) has an ex田

ponential function dependence. The cubic polynomial 
expansion is also introduced to improve the approxiｭ
mation for large optical thickness cases. Figure 1 b 
shows that the approximation with Eq. (9) is much better 
than with Eq. (5) , shown in Fig. la, especially for larger 
zenith angle cases. Detailed investigation (Higurashi et 
a1. 1999, manuscript submitt巴d to Appl. Opt.) has found 

(9) 

R-R町 - Rg 
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TABLE 1. Parameters for the aerosol size distribution t�ted to two term lognormal functions 

Reference rllll S , rlll2 F 川 4 <T, Notes 

Patterson and Gillete 1977 0.14 1.56 2.29 2.11 light aerosol loading 
2.84 1.90 35.5 1.38 moderate 
3.08 2.20 35.1 1.37 heavy 

Fujimura and Hashimoto 1977 0.41 1.36 2.3 1.65 at Morioka. in winter 
0.36 1.58 at Yokohama 

Slinn 1983 0.17 1.61 continental background 
0.19 1.64 urban poll utant 

Tanaka et al. 1983 0.14 2.6 yearly averaged 

Fitch and Cress 1981 1.5 

Nakajima et al. 1986 0.13 1.8 10.0 2.6 

Shiobara et al. 1991 0.16 1.79 4.48 3.47 winter in Sendai 
0.17 1.69 2.78 3.06 spring in Sendai 
0.21 1.97 2.98 2.17 summer in Sendai 
0.15 1.96 3.96 3.12 autumn in Sendai 

Whitby 1975 0.17 2.05 4.375 2.33 (0.02150.74) m = 1.5 -0.006i 

Nilsson 1979 0.175 2.34 3.41 2.23 
0.205 2.23 4.09 2.23 
0.189 2.12 3.41 2.23 
0.174 2.01 4.09 2.23 
0.196 2.01 4.09 2.23 

size distribution ， γ (=c)c]). It shou1d be noted that the 
peak ratio ')'. which represents th宅 contribution of 1arge 
particles, can be re1ated to the Angstrりm exponentα 

defined as 

d 1n7μλ 
α = 一一一一一一一一
d 1nλ 

The Angstrりm exponentαis approximate1y constant in 
visib1e spectra1 region since the optica1 thickness specｭ
trum is approximate1y a power-1aw function of λfor 
most of observed size distributions as many, investiｭ
gators have pointed out. Defining the mean Angst凶m
exponentαfor regu1ar sun-photometer wave1engths , 

2 
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0.1 1 10 100 
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FIG. 3. The relationship between Angstr� exponents and peak ra 
tios of bimodal size distributions 
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0 .368 , 0.500, 0.675 , 0.862, and 1.050μm， the peak ratio 
γcan be trans1ated toαas shown by Fig. 3. Retrieving 

the set of (7" ， α) is more essentia1 since the satelliteｭ
received radiance is not sensitive to the detai1ed strucｭ
ture of th巴 size distribution but depends nearly unique1y 

on (7川 α).

In the present a1gorithm for simplicity we fix the verｭ

tica1 profile of the aeroso1 concentration, that is, the 
aeroso1 density is constant from 0・ to 3-km height and 

is reduced lineally from 3-to 4-km height. 
To ca1cu1ate the phase function, sing1e-scattering a1-

bedo, and the wave1ength dependence of the aeroso1 
optica1 thickness , we simp1y assume Mie particles with 
the size distribution in Eq. (10) and the comp1ex reｭ
fractive index of m = 1.5 -0.005i. Introduction of the 
aeroso1 absorption is important for successfu1 retrieva1s 

of the aerosol optica1 thickness (Ignatov et al. 1995a; 
Ignatov et al. 1995b; Nak勾ima and Higurashi 1997). 
The NOAA operationa1 a巴roso1 maps show that dust 

aeroso1s have the 1argest optica1 thickness contributing 

to the globa1 atmospheric turbidity. The averaged imagｭ

inary index of refraction of dust aeroso1s is in a range 
from 0.003 to 0.005 for shortwave spectra1 region (Patｭ
terson and Gi1lette 1977; Carlson and B叫amin 1980). 
Urban-type aerosols also tend to have a 1arge absorption 

(WCP 1983; Shettle and Fenn 1979; Tanaka et al. 1983; 
Hayasaka et al. 1992). The averaged va1ue of imaginary 
index of refraction is in a range from 0.005 to 0.01. 
Ohta et al. (1996) measured the imaginary index of 
aeroso1s in the free atmosphere as 0.005 to 0.01 at the 

top of Mt. Lemmon, Arizona. Although we fix the aeroｭ
sol comp1ex refractive index as 1.5 - 0.005i in our 

a1gorithm, next generation a1gorithms can adopt more 
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sophisticated a1gorithms for an automatic determination 
of aeroso1 types with recent and near-future mu1tichanｭ
ne1 radiometers such as SeaWiFS , ADEOS/OCTS , and 
EOS-AMI瓜10DIS (Gordon et al. 1994 ‘ Fukushima and 
Toratani 1997; Kaufman and Tanr� 1994). 

c. Application to the remote sensing of A VHRR 

For ana1yzing radiances in the visible and near-infraｭ
red channels of A VHRR, we have to take into account 
the gaseous absorption by ozone, oxygen , and water 
vapor with a specific spatial and temporal distribution, 
especially for ozone and water vapor. Extensive nuｭ
merical simu1ations have shown that the effect of gasｭ
eous absorption on the AVHRR-received radiances can 
be approximated by correction factors for ozone abｭ
sorption to , and water vapor tH ュo as 

R = toJHpR' , (12) 

where R' is th巴 reflectance with the gaseous absorption 
by other than ozone and water vapor, which are fixed 
with U.S. standard model in Air Force Geophysics Labｭ
oratory Lowtran-7. Here, to , is given by 

to , = exp[ -To ，(lIμ+ 1/μ。)]. (13) 

The formula (13) is understandable , since ozone exists 
in the upper atmosphere, and a simple correction with 
two-way transmittance wiU be enough. 
The correction for the water vapor absorption is more 
complicated. In our a1gorithm, we have tabulated the 
va1ue of tH ,o as the ratio of the apparent reflectance with 
water vapor to that without water vapor for eight solar 
zenith ang1es [80 = 00 (100) 700], six satellite zenith 
angles [8 = 00 (100) 500], seven relative azimuth angles 
[φ= 00 (300) 1800], eight cases for T" (1.0 X 10-JO , 
0.001 , 0.01 , 0.02, 0.1 , 0 .4, 1, 2), and 10 cases for water 
vapor amount (w = 0, 0.04, 0.1 , 0.2, 0 .4, 1, 2, 4, 6 , 
10). In the ca1culations we have applied a Lowtran-type 
wavelength int巴gration over the width of th巴 response

function of AVHRR with 15 wavelength grids for chanｭ
ne1 1 and 22 grids for channe1 2 that are set respectively 
for suitable eva1uation of the water vapor and oxygen 
band absorption. The aerosol size distribution is fixed 
atγ1 ， since the size distribution effect is not sigｭ
nificant in the results. 

d. Construction of LUT 

The coefficients in Eq. (9) depend on the geometry, 
that is, 80, 8, and φ， the aerosol optical propertyγ， and 
surface wind velocity UJO' Figure 4 shows relative e汀ors
in the apparent reflectances at TOA when the depenｭ
dence on the wind velocity is ignored in calculating Eq. 
(9) other than the term R, for various geometries. We 
have assumed the wind velocity at 10m above the sea 
surface as U10 = 7 m S-I to ca1culate the multiple com 
ponent in synthesizing the TOA reflectance for various 
conditions (uJO = 1, 2, 7, 10, 15 m S-I). According to 

Aerosol optical thickness 川 50印刷 0.1 
Assumcd wind vclo口Iyror multiple calculation : 7mJs 

2 芳

巨F

2 出・~ω ; 

2.5 

True wind velocity 
。 I m!s 。 lOm!s

�. 2m!s + ISmls 
• 5m/s 

20 40 60 80 100 120 

cone angle 

FIG. 4. Rclative errors in the apparent reflectance at TOA synthe 
sized with the multip1e-scattering じomponents ignoring the depenｭ
dence of the wind ve1ocity, that is 司 U107m s -'. for various geｭ
ometries 0 く 110 < 70, 0 く O く 45 ， 0 く φ く 180. Wind velocities 
for exact ca1culations are for u 10 = 1. 2. 5‘ 10. and 15 m s• 

Fig. 4 , the dependence of the TOA apparent reflectance 
on the wind velocity is mainly caused by the singleｭ
scattenng component. 
We therefore assume U10 7 m S-I for constructing 
the LUT, which inc1udes the coefficients in Eq. (9) for・

29 solar zenith ang1es [80 = 00 (2S) 700], 21 satellite 
zenith ang1巴s [8 = 00 (2S) 500], 23 re1ative azimutha1 
ang1es [φ 二 00 (50) 400; 400 (100) 1800], and 11 cases 
of the peak ratio (γ= 0.1 , 0.2, 0 .5, 1, 2, 3, 5 , 10, 20, 
50 , 100). Figure 5 shows e口ors in R by approximation 
of Eq. (9) and inte中olation for geometries on the who1e 
sky at 80 = 600. The figure shows the maximum error 
is less than 0.0007 except for the sun-glint region. 
The water-1eaving radiance has a strong dependence 
on wavelength and is very sensitive to the pigment conｭ
centration in the region of weak absorption of water. In 
other spectra1 regions, the radiance is almost unaffected 
by the pigment concentration in case 1 water (Gordon 
and Clark 1981), whereas the upwelling radiance from 
the ocean body is not small in case 2 water. We ignore 
this upwelling radianc巴 in this study because more than 
989も of the world ocean waters are presumably comｭ
posed of case 1 water. The effect of scattering by foam 
in whitecap and water body becomes large as the surface 
wind velocity increases. We avoid data from analyses 
that u 10 is greater than 15 m s-1 to avoid the foam effect. 

3. Retrieval algorithm 

Our a1gorithm for aerosol retrieval is based on an 
LUT approach. Measured radiances in channe1s 1 and 
2 of AVHRR are compared with theoretical values that 
are reconstructed from LUT for trial values of aerosol 
parameters. 
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。• Retrievals 01 aerosol optical parameters 

The basis of retrieval is the characteristic relationship 
between apparent reflectances of A VHRR channels 1 
and 2 for various values of the aerosol optical thickness 
at 0.5μm T" and the peak ratio γof the size distribution 
as shown in Fig. 6, which is caused by the differ巴nce
in the extinction eff�iency in each channel. The f�ure 
suggests that the aerosol optical parameters , that is , T" 
and γ" are retrieved by comparing measured reflectances 
and theoretical reflectances, which are obtained from 
LUT. In the sun-glint region , however, it is diff�ult to 
retrieve the aerosol optical parameters by this principle, 
since the relationship between two channel reflectances 
becomes complicated due to increasing contribution of 
directly reflected radiation by oc巴an surface (Nakajima 
and Higurashi 1997) 
Differences between reflectances in channel 1 for T" 
= 0.0 and 0.1 are shown in Fig. 7 as a function of cone 
angles (" which are def�ed as the angle between the 
direction of specular reflection and the viewing dir巴c-
t lOn, 

cos0' 一 μμ。+刊て子げ- /L6 cosφ (1 4) 

In the fìgure , table values are assumed for 80 , 8, and 
φUIO ニ 7 m S-I and γ1. As explained above, the 
reflectance decreases with increasing optical thickness 
for (, < 200. It should be noted that a large increase 
of reflectance appears at 200 <(, < 600 , indicating 
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that the optical thickness can be effectively retrieved in 
this cone angle range. The sensitivity decreases with 
further increases in cone angle , indicating that the opｭ
tical thickness retrieval becomes diff�ult for large cone 
angles. An increase in the multiple-scattering contriｭ
bution is not signif�ant for large emergent zenith angles. 
We regard the region in which 0' < 250 as the sunｭ
glint region, and data in this region are excluded from 
the retrieval. Although we f�ed 250 for a11 our analyses 
in this paper, data avoiding in the region of (, < 400 
may be better for thin atmosphere cases and for taking 
into account the e汀or in assumed wind velocity. 
Reflectances in channels 1 and 2 of A VHRR outside 
the sun-glint region are compared with theoretical valｭ
ues that are reconstructed from LUT for trial values of 
T" and γThe optimal values of Tυand γ， which minｭ
imize the root困mean-square deviation e between obｭ
served and theoretical reflectances , are searched by an 
iteration method until e becomes less than 0.0001 for 
each channel and each grid value of γ'. If we could not 
get the accuracy after 20 iterations , the data were disｭ
carded from the analysis. The peak ratio is then deterｭ
mined so that two values of T" estimated from channels 
1 and 2 agree with each other. 

b. The accuracy ザ the retrieval 

We examine in Figs. 8 and 9 errors in re~rieved values 
of the aerosol optical thickness and the Angstr� exｭ
ponent caused by the retrieval algorithm using numerｭ
ical experiments. In th巴se experiments, we assume table 
values at a grid point as test reflectance data and evaluate 
errors caused only by the inversion process. Other paｭ
rameters assumed are w 4.0 g cm-2 and U10 7 m 
� 1. Figure 8 shows that the retrieval eηor in T" is less 
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small differences of reflectances in channels 1 and 2 
significantly affect the retrieval. 
From the above experiments, it may be conc1uded 
that we have !o be careful to retrieve aerosol optical 
thickn巴ss and Angstr� exponent of thin aerosollayers. 
Along with interpolation errors of LUT by Eq. (9)0 and 
gas absorption correction errors by Eq. (1 2) , the Angｭ
st凶m exponent retrieval can be affected by eηors Inｭ
volved in the assumed water vapor amount, ozone 
amount, vertical profile of aerosol concentration, and 
calibration constants of the radiometer. Those e汀orsare 

than :::':::0.01 in most regions. Although the accuracy for 
optically thin cases seems to be better than thick cases 
in Fig. 8, various e町ors in obtaining the reflectance will 
cause a large retrieval 巴町or as understood by the shape 
of the small optical thickness region in Fig. 6. Figure 
9 shows that the retrieval error in αis less than :::':::0.05 
except for small cone angles and becomes worse as the 
optical thickness decreases due to the same reason as 
for optical thickne.ss retrieval. It is more difficult to keep 
the accuracy of Angstrりm exponent retrieval than to 
keep the accuracy of optical thickness retrieval, because 
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expected to be woavelength dependent and hence cause 
an eηor in the Angström 巴xponent retrieval. For 巴x­

ample , as studied in Higurashi et al. (1999 , manus~ript 
submitted to Appl. Opt.) the expected error in the Angｭ
str� exponent is less than 0.2 for an error in the asｭ
sumed water vapor amount 2 g cm-2 for T" > 0.1. As 
for the effect of an error in the assumed vertical aerosol 
concentration profile, numerical tests with two aerosol 
pro創出， in which the aerosol layers are located at 0-4 
km and 0-7 km, show that retrieved Angstrりm paramｭ
eters start having a difference for T" < 0.2. 
Neglect of upwelling radianc<? from the ocean will 
cause an underestimation of the Angstr� exponent for 
very turbid ocean. According to numerical simulations, 
however, its effect is not significant to retrievals at the 
wavelengths of AVHRR channels 1 and 2 (λ= 0.64 
and 0.83μm) in a general range of pigments and sedｭ
iments (0.01-1.0 mg m-3). Whitecaps will bring an e汀or

in the ¥?ptical thickness retrieval, but not significantly 
in the Angstr� exponent retrieval, because the whiteｭ
cap contribution is nearly independent of wavelength 
A detai1ed discussion will appear in Higurashi et al. 
(1 999, manuscript submitted to Appl. Opt.) 

4. Global data analysis 

α . Datasets 

The pres巴nt retrieval algorithm has been applied to 
NOAA-9 AVHRR GAC data in January and July of 
1988. To analyze global data efficiently without missing 
the global feature of aerosol characteristics , 1.50 gridded 
segment datasets of AVHRR radiances in the region 
were made from 600N to 600S. Each 1.50 by 1.50 segｭ
ment inc1udes 10 by 10 pixels. One c1ear sky pixel daｭ
tum was selected out of 100 pixels through the following 
screening steps. 1) A void data in which 8 > 450 and 
80 > 700 and data with u]O > 15 m s-] to avoid the 

effect of whitecaps and (, < 250 to exc1ude sun glint. 
2) Screen out c10udy pixels above threshold values, that 
is, R] > 0.45 or the brightness temperature for channel-4 
TIlH less than 275 K. 3) Judge the remaining pixels to 
be suitable if they consist of more than 40 pixels , the 
30th reflectance of channel 1 from the lowest in reｭ
maining pixels is less than 0.2 , and the standard deviｭ
ation of reflections of remaining pixels is less than 0.02; 
4) Select the third reflection of channel 1 from the lowest 
in the remaining pixels. 
Our algorithm requires three ancillary data, that is, 
total ozone amount, total water vapor amount, and surｭ
face wind velocity. Those data were obtained from 
TOMS gridded ozone data provided by the National 
Aeronautics and Space Administration (NASA)/Godｭ
dard Ozone Processing Team, the European Centre for 
Medium-Range Weather Forecasts 0句ective analysis 
data, and Special Sensor Microwave/lmager-derived 
data, which is produced by Rob巴rt Atlas and Joseph 
Ardizzone (NASA/Goddard Space Flight Center). 

b. Sensor calibration 

Since the visible channel sensors of AVHRR have 
been degrading from the prelaunch calibration, aft巴rthe
launch a correction is nec巴ssary to reduce the retrieval 
error due to a calibration e町or. There have been perｭ
sistent efforts for monitoring the calibration constants 
as a function of time (巴.g. ， Che and Price 1992; Holben 
et al. 1990; Kaufman and Holben 1993). Most invesｭ
tigators use the following transformation formula of digｭ
ital counts to radiances: 

L， α ， (C， -Co,), (15) 

where L , is the spectral radiance detected by the sensor 
in channel i. C, is the digital count value on a data tape, 
α， is the calibration coefficient, and Co, is the deep space 
count for channel i. Kaufman and Holben (1993) have 
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January and July 1988. A lO-day composite was made 
by taking a mean value of the results we could retrieve 
in 10 days for each segment. Figure 11 shows such 10-
day composites of retrieved aerosol optical thicknesses 
in J anuary and July 1988. Due to the restriction on the 
solar zenith angle 00 < 700 there were no retrievals in 
mid-and high latitudes of the winter hemisphere. We 
see in Fig. 11 that there are several specific regions of 
large optical thickness , off the west coast of North Afｭ
rica, the Arabian Peninsula, and the west coast of southｭ
ern Africa. Saharan dust particles form the largest aeroｭ
sol layer, off the west coast of North Africa extending 
across the Atlantic Ocean along the trade winds. The 
tongue of the aerosol1ay巴r becomes dispersed, shifting 
to the south in January as compared with that in July 
This seasonal change in aerosol loading pattern is conｭ
sist巴nt with th巴 flow pattern of the surface wind fields 
used in retrievals as shown in Fig. 12. The aerosollayer 
off the west coast of south町n Africa in July also can 
be explained by the wind field. Herman et al. (1997) 
has pointed out that these aerosols are caused by a bioｭ
mass burning in the southern African region. Those feaｭ
tures have been found by NOAA op巴rational aerosol 
products (Stowe et al. 1997), but it should be noted that 
the mean optical thickness is twice as large as the NOAA 
values. This diff，巴rence may be caused by differences in 
the two algorithms , that is, assumed size distribution, 
lower boundary condition for radiativ巴 transfer， and caト
ibration constants. It is also possible that an inaccurate 
cloud screening might cause an overestimation of the 
retrieved aerosol optical thickness in the present study. 
We need more ground truth to establish the accuracy of 
retrieved values of optical thickness. 。
Figure 13 shows the distribution of the Angst凶m

proposed C01 二 37.8 ， C02 = 39.0 ， α0.71 ， and αz 
= 0.46 for January and July of 1988. 
For aerosol remote sensing, especially for thin aerosol 
layer cases , sensor calibration is a serious problem, beｭ
cause a small eηor in radiances may cause a large e町or

in retrieved results as indicated in Fig. 6. It is therefore 
desirable to investigate the validity of the assumed calｭ
ibration constants for our retrieval scheme. Figure 10 
plots the observed minimum reflections among clear sky 
pixels in each segment obtained with Kaufman and Holｭ
ben's calibration constants against the theoretical minｭ
imum values that correspond to no aerosolloading cases 
for each segment. The figure shows that calibrated satｭ
ellite radiances with Kaufman and Holben's calibration 
constants fall within the theoretical region as a whole , 
suggesting that the calibration constants can generate 
consistent values of reflectance with our optical model. 
It should be noted that small changes in the calibration 
constants from the assumed values will cause intolerable 
modifications of the data region from the shown pattern 
in Fig. 10. In other words, it will be possible to deterｭ
mine calibration constants very accurately from such a 
plot if we are provided with aerosol optical thickness 
and Angst凶m exponent for thin aerosol layers by 
ground-based measurements. Observed data points outｭ
side theoretical region have systematically larger reｭ
flectances in channel 2, indicating that those points had 
a cloud and/or whitecap contamination or other effects 
other than molecular scattering and surface reflection. 

The retrieval algorithms and calibration constants 
were applied to the AVHRR GAC data for 10 days of 

C. Results 
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FIG. 12. Averaged surface wind velocities for the analyses shown in Fig. 11 

exponent corresponding to the retrieved optical thickｭ
ness distribution shown in Fig. 12. Pixels with optical 
thickness less than 0.2 w巴re masked , because retrieved 
Angstr� exponents for thin optic~l thickness ar巴 un­
certain , as discussed in section 3b. Angstr� exponents 
for optically thick regions are about 0.5 off the west 
coast of North Africa and off the Arabian Peninsula and 
around 0.7 for the west coast of southern Africa. A 
roemarkable feature in Fig. 13 is that there are large 
Angstr� exponent regions in July around the Black 
Sea, off the east coast of North America around New 
York, and off the east coast of southern China around 
Shanghai. Since those regions co町espondto the world's 
l~rger industrial areas , it is highly possible that large 
Angstr� exponents in these regions were caused by 
small particles associated with anthropogenic pollutants. 
With a careful comparison of aerosol optical thickness 

maps with Angstr� exponent maps for July we can 
recognize slight increases in the optical thickness in 
these regions. Over time will be possible by such comｭ
parison to evaluate the optical thickness increase due to 
anthropogenic aerosols. 

5. Discussion and conclusions 

We have obtained
e 
global distributions of aerosol opｭ

tical thickness and Angst凶m exponent as our main reｭ
sults as shown in Figs. 11 and 13, applying the proposed 
algorithm to lO-day AVHRR GAC datasets. The spatial 
pattern of the optical thickness distribution is similar to 
the NOAA operational products, but the magnitude 
tends to be twice as large as NOAA products (Husar et 
al. 1997). As listed in the preceding section, there are 
significant differences between our algorithm and the 
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FIG. 14. Retrieved aerosol oplical thicknesses plotted against the s lI rfac巴 wind velocity in a 
Pacit� Ocean area (800E-IOOoW. 60oN-600S) 

can propagate to the optic号1 thickness r巴trieval process 
through ill retri巴vals of Angst凶m exponent, as disｭ
cussed in section 3b. It is therefore recommended that 
in the future we should develop an ~utomatic switching 
algorithm between an adjusted Angst凶m expopent 
method , as in the present study, and a prescribed Angｭ
str� exponent method with a c1assification technique 
of aerosol types. At the same time , we have to accuｭ
mulate more ground truth of the present method in order 
to study the limitation of the method. 
To see the validity of the optical properties thus obｭ

taineg , relatioI凶ips between aerosol optical thickness 
and Angstrりm exponents are shown in Fig. 15 for・ SlX
particular areas in July 1988 , that is 司 the west coast of 
North Africa, the west coast of south Africa, the Black 
Sea, the Mediterranean Sea, the east coast of North 
America, and th巴 east coast of southern China. Longiｭ
tudes and latitudes of the regions are list巴d in Table 2 
The f�ure shows that off the west coast of North Africa 
the Angstr� expon巴nt increases from about 0.3 to 0.5 
with increasing optical thickness anq is almost con山nt
after reaching 0.5. In this region, the Angstr� exponent 
stays at small values du巴 to large desert dust partic1es. 
Fqr the region off the w巴st coast of southern Africa, 
the Angstr� exponent is larger in the range from 0.5 
to 0.7 , with the maximum at optical thickness around 
0.5. If those aerosols are of biomass burning origin as 

NOAA operational algorithm, so that we have to be 
careful before drawing the final conc1usions to the evalｭ
uation. There are some problems with our products as 
compared with NOAA products. Figure 11 shows an 
aerosol plume over the Arabian Sea extending to the 
southeast in the July case, wh巴reas the wind ftow diｭ
rection is rather to the northeast. One possible expla司

nation is a contamination by whitecaps generated by the 
strong wind in this season. To study this point, we plot 
in Fig. 14 the aerosol optical thickness against the surｭ
face wind velocity in a region from 800E to 1000W and 
from 600N to 600S inc1uding the Pacific Ocean and the 
eastern lndian Sea. The figure shows that the minimum 
value of optical thickness for each wind velocity slightly 
increases with increasing wind velocity. This fact sugｭ
gests that retrieved optical thicknesses may have conｭ
tributions from whitecap and/or injected partic1es from 
roughened ocean. It should be not巴d ， however, that this 
effect seems to be less than 0.1 in optical thickness for 
the wind velocity less than 15 m s-1 and is unlikely to 
b巴 the reason for the large optical thickness around the 
region. We will need a future ground truth for underｭ
standing the feature. 
In the above context it should be pointed out that a 
prescribed phase function may give a better value of the 
aerosol optical thickness wh巳n it is small , because varｭ
ious uncertainties in the assumptions for th巴 retrieval
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TABLE 2. Ar巴as for analyses shown in Fig. 15 

Latitude Longitude Notes 

250N 10"N 400W 10DW off the wcst coast of North Africa 
200N 100N 600W 400W 

100N 150S OOE 150E off the west coast of southern Africa 

500N 400N 250E 450E B1ack Sea 

500N 300N OOE 250E Mediterranean Sea 
400N 300N 250E 3(tE 

450N 350N 800W 600W off the east coast of North Am巴nca

350N 250N 120"E 1250E off the east coast of southern China 

Herman et al. (1997) suggested, the value of the Angｭ
str� exponent is expected to be a rather small with a 
bimodal feature of the aerosol size distribution with both 
the accumulation and smoldering mode aerosols (Holｭ
ben et al. 1999, manuscript submitted to Remote Sens目
Environ.). It is also possible that there is a contribution 
from soil partic1es originating from the Kalahari deosel・t.
Therefore, the characteristic dependence of the Angｭ
str� exponent on the aerosol optical thickness is 
caused by a correlation between the accumulation mode 
and the large coarse particle mode attributed to soil or 
ash partic1es. 
In the regions on the Black Sea, the regions off the 
east coast of North America, and the regions off the east 
coast of South China, which are expected to be affected 
by anthropogenic pollutants ‘ the Angstrりm 巴xponent
tends to increase with increasing 7" until αreaches 
around 1 and then decreases as 7" increases further. This 
characteristic dependence of αon 7" was also found with 
in situ measurement data for urban-type atmospheres 
(Kaufman 巴tal. 1996). Th巴品rstincrease of αcorr巴sponds
to an increasing contribution of accumulation mode 卵子
tic1es relative to the contribution from background aeroｭ
sols. The decrease of αwith further incl巴ase in optical 
thickness can be caused by partic1e growth due to water 
vapor uptake. 
In Fig. 15 and Table 3 we introduce ground truth data 
from several investigators. Our results agree with the 
ground-based m巴asurements within the tolerance of unｭ
certainties and 巴町orsassociated with various measur巴ment
techniques. For the Mediterranean Sea, however, the agree四
ment looks poor. In this region there are several aerosol 

sources with quite different Angst凶m exponents, that is, 
Saharan desert dust, marit�p.e partic1es, and urban aerosols 
from Europe, so that the Angstr� exponent value may 
change significantly and may be difficult to be va!idated 
To our knowledge , the only previous retrieval of the 
global distribution of an aerosol size parameter is that 
ofDurk巴e et al. (1991). It is very interesting to compare 
our result with theirs. They found that the aerosol optical 
thickness and size parameter show marked differences 
between the Northern and Southern Hemispheres. They 
suggested this feature is consistent with Northern Hemiｭ
spheric continental sources of small partic1es. It is dif二
ficult to see a similar phenomenon in our results. Durkee 
et al. also c1aimed that they have detected small DMS 
aerosols around the equator, wh巴reas our results do not 
show such small aerosol partic1es in the region. Such 
differences in the two studies may b巴 attributed to difｭ
ferences in the observation time. It should be noted , 
however, that there might be some effect from water 
vapor in the result of Durkee et al., since the water vapor 
correction of channel-2 radiance is v巴ry difficult and 
delicate. A significant discontinuity in their retrieval reｭ
sults at edges of scan !ines shows some probl巴ms in 
their interpretation of the satellite-received radiances. 
We need a ground truth to explain these differences 
Although there are several unsolved problems as 
mentioned above, it is found that our lookup table methｭ
od with NOAA AVHRR channel-l and -2 radiances is 
sufficient1y useful to depict global distributions of difｭ
ferent, aerosol types through aerosol optical thickness 
and Angst凶m exponent. The obtained distributions 
show that th巴 majority of atmospheric a巴rosolsoriginate 
from desert dust , biomass burning, and human activities. 
Particularly, the loading of desert dust partic1es are conｭ
spicuously strong , and its impacts extend broadly by 
long distance atmospheric transport. Although anthroｭ
pogenic aerosols do not strongly contribute to the at叩
mospheric tu出idity as compared wゆ desert dust , they 
can be c1early identified with the Angstr� exponent 
with significantly large values exceeding 1.0. 
In the future , we have to estimate more detailed opｭ
tical param巴ters ， such as mode radii of th巴 size distriｭ
bution, composition , etc. , using multichannel radiance 
data from advanced radiometers , such as ADEOS/ 
OC 

TAIlLE 3. Aerosol optical thicknesses (1'J at 0.5μm and Angstr� exponents (臼) measured by sev巴 ral investigators for comparison with 
Fig. 15. Here司汀 and げ" arc root-mean-square deviations 01' mcasllred 1'" and ci 

ReferenじC Period 01' lime 1'" σ 臼 σu Area 

Villevalde et al. (1984) 17 Ju1y 1983-30 July 1983 0.50 0.20 0.63 0.38 札1editerranean Sea 
Shifrin et al. (1989) 4 JlIne 1983-17 Junc 1983 0.25 0.11 0.69 0.32 恥1editerrancan Sea 
Deuze et al. (1988) 20 July 1983-29 Ju1y 1983 0.68 0.42 0.69 0.53 恥1editerrancan Sea 
Volgin et al. (1988) 11 AugusI 1986-16 Septemb巴 r 1986 0.20 0.09 1.17 0.30 恥1editcrranean Sea 
Zibordi et al. (1988) 28 May 1983-1 June 1983 0.60 0.17 0.82 0.11 恥1editerranean Sea 
Yershov et al. (1990) 25 June 1988-22 July 1988 0.21 0.08 0.86 0.38 Mediterranean S巴a
Reddy et al. (1990) 6 May 1988-12 May 1988 0.37 0.09 0.33 Saharan dllst 

30 AUgllst 1988-31 AUgllst 1988 0.38 0.06 0.37 0.09 Saharan dust 
16 JlIly 1988-4 August 1988 0.50 0.16 1.15 0.06 North American aiI 
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