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Abstract. Satellite remote sensing is studied in this paper for retrieving aerosol

parameters, i.e., aerosol optical thickness at 0.5 um 7

index k, from channel 1 and 2 radiances of the NOA& 1

size exponent p, and absorption

1 advanced very high resolution

radiometer (AVHRR) in the Persian Gulf region in the summer of 1991. Results of the
remote sensing are compared with ground-based values obtained from solar radiation
measurements with a sunphotometer and a pyranometer in Bushehr, Iran. It is found that
tuning the calibration coefficients of AVHRR and introduction of a suitable aerosol
absorption are needed for a good agreement between satellite-derived and ground-based

values of Tys

The aerosol absorption index is also retrieved with two methods, i.e.,

simultaneotis analyses with ground-based 7, and p, and the Fraser-Kaufman method.
Retrieved values of the aerosol single- scattermg albedo are @ = 0.75 and 0.70 from the
two methods, respectively, for the Kuwait oil-fire smoke layer. The single scattering
albedo of another case, which is regarded as a sand-dust layer, is estimated to be w = 0.76

with the Fraser-Kaufman method.

1. Introduction

There has been recent recognition that anthropogenic
aerosols have a substantial effect on our climate [Mitchell et
al., 1995]. Charlson et al. [1992] evaluated the radiative
forcing of anthropogenic aerosols through direct and indirect
effects as large as -2 W m™ for the aerosol increase after the
industrial revolution. Recent evaluations of the direct effect,
however, have a wide range from -0.3 W m? to -0.9 W m*?
[Kiehl and Briegleb, 1993; Taylor and Penner, 1994; Kiehl
and Rodhe, 1995], indicating the estimation of aerosol effects
is difficult. There will be a 20% to 30% reduction of radiative
forcing if we count black carbon particles in the evaluation
[Penner, 1995].

The indirect effect of aerosols is a further uncertainty, even
though the finding of the ship trail cloud phenomenon
[Coakley et al., 1987; Radke et al., 1989] has prompted new
discussion on the large-scale change of the microphysical
state of maritime low-level clouds by injection of
anthropogenic cloud condensation nuclei (CCN). There has
been a significant effort, in this situation, for developing
algorithms to obtain cloud optical thickness and effective
particle radius of water clouds from satellites [Nakajima et
al., 1991; Han et al., 1994; Nakajima and Nakajima, 1995.
Han et al. [1994] has shown that the northern hemispheric
cloud particle radius is smaller than that of the southern
hemisphere, suggesting the global statistics of cloud
microphysics are more or less controlled by CCN
concentration. On the other hand, Kaufiman and Nakajima
[1993] have found that it is possible for continental clouds to
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reduce their reflectivity through interaction with light-
absorbing aerosols. This is caused by anenhanced light
absorption due to multiple scattering inside the cloud layer.
Their estimation of the absorption index (the imaginary part
of the complex refractive index) of smoke aerosols is in the
range of 0.02-0.03. This value is similar to that of
anthropogenic aerosols in turbid atmospheres of Asian urban
areas [Tanaka et al., 1983; Qiu et al., 1987; Tanaka et al.,
1990; Hayasaka et al., 1992]. Similar reduction of cloud
reflectivity is therefore possible in such areas.

The above discussion indicates that satellite remote sensing
of aerosol optical characteristics is important for studying
the direct and indirect effects of aerosols on the global climate.
There are useful retrievals of aerosol optical thickness from
the advanced very high resolution radiometer (AVHRR)
generated by NOAA [Srowe et al., 1992]. This NOAA
algorithm has considerable room, however, for further
improvement. First of all, it is important to extend their one
channel algorithm to a multichannel algorithm for getting
parameters for aerosol size distribution as well as the optical
thickness. In this issue we can learn the skills of atmospheric
correction algorithms of the ocean color community for
application to ocean color sensors [Gordon and Morel, 1983;
Gordon and Wang, 1994], such as the Nimbus 7 coastal zone
color scanner (CZCS), Sea-viewing Wide-Field-of-view
Sensor (SeaWiFS), and the Advanced Earth Observing
Satellite (ADEOS) Ocean Color and Temperature Sensor
(OCTS), which have several sensitive channels in the visible
spectral region. Itis possible to get acrosol parameters similar
to Angstr(’jm parameters from these channels as these authors
have proven. The absorption index is another important
parameter in remote sensing and climate issues, which may
be retrieved from satellite remote sensing as proposed by
Fraser and Kaufman [1985].
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In this paper, we discuss remote sensing of aerosol optical
parameters using AVHRR channels 1 and 2 in the Persian
Gulf region in the summer of 1991. In this period, Nakajima
et al. [1996a] performed a solar radiation experiment in Iran
for studying the Kuwait oil-fire smoke effect and the regional
air quality in Iran. In this experiment, daily measurements
of direct and diffuse solar radiation were made for the period
of June 12 to September 17, 1991, in Bushehr, Iran, to retrieve
aerosol optical parameters. The Persian Gulf region at this
time had complex aerosol sources, including a large loading
of smoke aerosols from Kuwait oil-well fires, heavy sand-
dust loading [Duce, 1995] and anthropogenic sulfate emission
[Langner et al., 1992]. Rao et al. [1988] reported a large
concentration of soil-derived aerosols in this region observed
by AVHRR satellite images. In this study we will compare
satellite-derived and ground-based aerosol parameters, i.e.,
aerosol optical thickness, an index of size distribution, and
absorption index, for validating the satellite retrievals.

2. Aerosol Effects on Satellite-Received Radiances

NOAA 11 AVHRR radiances are used in this study for
retrieving aerosol parameters. In order to compare satellite-
received radiances with theoretical values, we simulate
satellite-received radiances by solving a radiative transfer
problem in a coupled atmosphere-ocean system. For this
purpose we use a general transfer package R-star in the
System for Transfer of Atmospheric Radiation (STAR) series;
which have been developed by the University of Tokyo and
Munich University. The R-star package is an assembly of
the algorithms of Nakajima and Tanaka [1983, 1986, 1988]
with a Lowtran 7 gas absorption model [Kneizys et al., 1986].
There is other package, UV-star, for shortwave calculations
with a user-friendly interface [Ruggaber et al., 1994].

Response functions of NOAA 11 AVHRR channels are
considered by integrating simulated monochromatic
radiances at 10 wavelengths in the spectral bands of channel
1 (with band center wavelength at A = 0.63 pm) and channel
2 (A= 0.84 um) [Kidwell, 1988]. To take into account the
water vapor and ozone absorption, the Air Force Geophysics
Laboratory (AFGL) middle-latitude summer atmosphere
model is assumed in our calculations. It has been confirmed
by numerical experiments that an error involved in the
assumed. model atmosphere is small because of the large
aerosol signal we are investigating. A ruffled ocean surface
reflection with surface wind velocity of 5 m s or Lambert
reflection surface is assumed, depending on surface
conditions, but the upwelling radiance from the ocean body
is neglécted, since this effect is not large in those channels
with strong light absorption by water molecules and with
relatively heavy aerosol loading.

Figures 1 and 2 show the theoretical relationship between
apparent reflectances in two channels, R, and R, at the mean
Earth-Sun distance, defined as

7L, (6,6,, ¢)P2

R,(6,6,.¢) =
o F cos6,

(1

where L, and F, are band-integrated satellite radiance and
solar insolation respectively, at the top of the atmosphere in
the ith channel of AVHRR; 6 is the solar zenith angle; 6 is
the nadir angle of emergent rays; ¢ is the azimuthal angle of
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the emergent ray relative to the solar direction; p is the Earth-
Sun distance in astronomical units. - Simulated conditions
are of July 17 and September 1 on a sea area off the coast of
Bushehr, Iran (50.8°E, 29.0°N, 10 m mean sea level (MSL)),
where Nakajima et al. [1996a] performed ground-based solar
radiation measurements. Table 1 summarizes reflectances
and angular parameters of our AVHRR imagery analyses.
Aerosol parameters obtained by Nakajima et al. [1996a] are
also listed in Table 1.

We select three parameters for modeling aerosol optical
characteristics, i.e., K, 7,,, and p, as shown in Figures 1 and
2. The first parameter is the absorption index defined as the
magnitude of the imaginary part of the aerosol complex
refractive index m = n - ki. The parameter 7, is the aerosol
optical thickness at A = 0.5 pum and p is the power of the
power-law number size distribution of aerosols as a function
of particle radius r,

dn |Cr”
dr const
With this aerosol model, we can calculate parameters for
radiation transfer by the Mie theory, i.e., the spectral optical
thickness 7,, single-scattering albedo @,, and scattering phase
function of aerosols. The following relationships are found

with the maximum particle radius of 10 um for radius
integration in Mie theory calculations:

0.1 < r<10um

r<0.1um @

T, =1,5(110.5)™°, (3)

and

p=2.76+1350. “4)

s and p as turbidity parameters or the
aerosol optical thickness (without specifying the reference
wavelength at 0.5 um) and the size exponent, respectively.
The aerosol layer is assumed to be homogeneous and located
between 1 km and 3 km in height.

It is found from Figures 1 and 2 that the relationship is
much different between the two figures. The angular
condition of September 1 (Figure 2) shows that the studied
area is inside the sun glitter (6= 6,, ¢ = 0), and in this case,
R, and R, are not a monotonic function of the turbidity
parameters unless 7,, 2 2 and p 2 4, in which case the
atmospheric path radiance becomes dominant as compared
with the surface-reflected radiance. This indicates that it is
difficult to estimate the aerosol optical thickness and the size
exponent in sun glitter conditions. Outside the sun glitter,
as on July 17 (Figure 1), on the other hand, R, and R, are a
monotonic function of the turbidity parameters, so that 7,
and p can be retrieved from channel 1 and 2 reflectances
without difficulty. ‘

The reflectance also depends on the aerosol complex
refractive index m = n - ki. In particular, the absorption index
K has a large range and is difficult to set properly for
successful retrievals of turbidity parameters. Figure 3
simulates apparent reflectances of nine selected cases with p
=3,4,5;7..=0.4,1.0,2.0; and x=0.01, 0.02, and 0.03 for

0.5
the angular condition of July 17. The real part of the refractive

We hereafter refer to T
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Table 1a. Imagery Information for NOAA11 AVHRR Local Area Coverage (LAC) Data Sets

Date in Time Corner Locations, 0, 6, 0, R, R, Comment
1991 deg deg deg deg % Yo
June 12 1107 (38N, 25E) (19N, 62E) 349 370 173.8 4.63 237
June 15 1032 (38N, 33E) (19N, T71E) 272 216 5.3 Sunglitter
June 22 1053 (38N, 28E) (19N, 66E) 31.2 13.4 173.6 7.60 645
June 24 1030 (34N, 36E) (19N, 72E) 26.1 26.8 5.4 Sunglitter
July 2 1039 (34N, 34E) (19N, 70E) 27.8 13.7 5.0 Sunglitter
July 8 1111 (34N, 26E) (19N, 62E) 347 383 174.9 8.69 6.37
July 17 1108 (34N, 27E) (19N, 63E) 343 334 177.3 8.00 5.09
July 25 1117 (34N, 23E) (19N, 61E) 36.6 434 179.4 11.48 8.22
Aug. 4 1102 (34N, 29E) (19N, 65E) 346 220 176.1 7.60 - 5.11
Aug. 12 1111 (34N, 27E) (19N, 63E) 378 338 173.3 8.70 6.06
Aug. 15 1035 (38N, 34E) (19N, 71E) 312 248 11.7 Sunglitter
Aug. 20 1119 (38N, 23E) (19N, 61E) 412 437 170.9 9.07 6.57
Sept. 1 1041 (34N, 35E) (19N, 71E) 36.0 19.4 17.6 Sunglitter
Sept. 10 1037 (38N, 34E) (19N, 72E) 38.2  26.1 21.6 Sunglitter
Sept. 15 1121 (34N, 25E) (19N, 61E) 479 429 161.9 9.53 6.54

Date, starting time, and locations of upper right and lower left corners of images in Plate 1 are shown together with solar

zenith angle 6

0,

satellite zenith angle 6, and azimuthal angle of the satellite relative to the Sun ¢; R, and R, are apparent

reflectances of channels 1 and 2 in percent with S, = 0.114 and S, = 0.122 in (5). Indicated times are Iranian standard

time (subtract 4.5 hours to get universal time).

index is fixed at a typical value of 1.5. The figure shows that
the dependence of R, and R, on Kis similar to that on 7 and
hence the separauon of the information of optical thickness
and absorption is difficult. We have to know one of the

parameters, T, Or K, to retrieve the other parameter.

3. Simultaneous Analyses With Ground-Based
Aerosol Parameters

To help in the analyses of AVHRR reflectances, we use
ground-based turbidity parameters and the absorpuon index
derived from solar radiation measurements in the summer of
1991 (June 12 to September 17, 1991) in Bushehr [Nakajima
etal., 1996a]. Turbidity parameters 7, and p were derived
from direct spectral solar irradiance measurements by a
sunphotometer and also the absorption index k from diffuse
and total solar radiative fluxes measured by a pyranometer.
Figure 4 shows the time series of turbidity parameters and
absorption index derived in this way. Increases in the aerosol
optical thickness occurred almost every week in June. The
associated absorption index was estimated to be larger than

0.05 and the single-scattering albedo of aerosols was less
than 0.7. Nakajima et al. [1996a] concluded, taking into
account the aerosol optical characteristics thus obtained, as
well as air mass trajectories and AVHRR images, that these
increases in 7, and k were caused by intrusion of oil-fire
smoke mostly due to the breakdown of strong seasonal
northwest wind in this season.

The flow pattern of oil-well fire smoke has been intensively
investigated by trajectory analyses and satellite imagery
[Cahalan, 1992; Limaye et al., 1992; McQueen and Draxler,
1994; Husain, 1994]. The dominant flow pattern was along
a narrow region of the Persian Gulf coast line of Saudi Arabia,
as shown in the case of June 12 in Plate 1. Nakajima et al.
[1996a] pointed out that the aerosol optical thickness at
Bushehr was small when this steady northwesterly seasonal
wind system dominated, whereas the aerosol optical thickness
became large almost once a week when the seasonal wind
broke down and the smoke layer spread around the smoke
source relatively isotropically, as in the case of June 22 in
Plate 1. Wind speed was generally weak in the latter case.
According to Husain [1994], a simulation of SO,

Table 1b. Ground-Based Values of 7, p, @, and x Obtained by Nakajima

et al.[1996a]
Date in Time T P w K
1991

June 12 1630 0.1610 4.0120 0.8491 0.0515
June 15 1625 1.3570 3.6470 0.6630 0.0684
June 22 1530 1.8530 3.6660 0.6786 0.0620
June 24 1530 0.5310 4.1130 0.8296 0.0258
July 2 1530 0.8790 4.0430 0.7096 0.0584
July 8 1530 0.8730 3.6170 0.8307 0.0178
July 17 1530 0.5290 3.4640 0.9246 0.0043
July 25 1530 0.8340 3.4550 0.8312 0.0146
Aug4 1530 0.7690 3.8940 0.8141 0.0262
Aug.12 1530 0.9230 3.4420 0.7829 0.0224
Aug.15 1530 0.6820 3.8970 0.8346 0.0216
Aug.20 1530 1.2750 3.8070 0.6988 0.0576
Sept.1 1530 0.6850 3.9240 0.7925 0.0318
Sept.10 1530 0.3240 4.3080 0.8654 0.0201
Sept.15 1530 0.8770 4.0200 0.7689 0.0393
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Figure 1. Relationship between AVHRR channel | and 2 apparent

reflectances (%) for various optical thicknesses 7, and size

exponents p. The angular geometry of July 17, 1991, is assumed.

concentration and soot deposition, which are integrated from -

March to October, indicates the value at Bushehr should be
5 to 10 times smaller than that around Qatar. This value
seems to be consistent with the frequency of increases in
optical thickness.

Superimposed symbols in Figure 4 show turbidity
parameters retrieved from the satellite, assuming three
aerosol absorption indices k= 0.01, 0.02, and 0.03 for nine
AVHRR images. To derive the reflectance in (1), we assume
the following formula recommended by NOAA:

_ S (G = Cy)

Ri
cos@,

(%) )

where C, is the digital count of the ith channel of NOAA 11
AVHRR. Calibration coefficients S, depend on days after
satellite launch owing to deterioration of the radiometer.
Adopting the formula of Kaufman and Holben [1993], we
assume S, = 0.114 and S, = 0.122 for the summer of 1991.
We refer to these calibration coefficients as the original
calibration coefficients. The deep space counts C, and C,,
are fixed as 40 counts. Table 1 lists reflectance values of the
nine cases thus obtained. Plotting these satellite-observed
reflectances in figures similar to Figure 1, we can estimate
satellite-derived values of 7, and p. We could not find
reliable values in the sun glitter cases of Table 1 and have
omitted those from the analyses. Figure 4 indicates that there
are similarities between ground-based and satellite-derived
values of turbidity parameters. It is found, however, that
there is a large uncertainty in estimating satellite values unless
the aerosol absorption index is assigned in the proper way.
In Figures 5-7 we compare the ground-based turbidity
parameters with satellite-derived values with several different
assumptions in the retrievals. Figure 5 shows satellite-derived
7,5 and p retrieved with an assumption k= 0, which has been
adopted in the NOAA algorithm. It is found that the ground-
based 7, and p are largely underestimated by satellite
retrievals. Ignatov et al. [1995] found a similar situation in
that 7, values from their shipborne sunphotometry in 1989
and 1991 were about 2 times larger than their NOAA 11
AVHRR retrievals. They assumed C,;=40and S, =0.110 in
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Figure 2. Same as Figure ! but for September 1, 1991, The region

is in a sun glitter.

their analyses, which are very similar to the assumption
adopted in Figure 5. To overcome their problem, they needed
to increase the absorption index from O to 0.01. Figure 6
shows a comparison similar to that in Figure 5 but using the
ground-based absorption index for satellite analyses. In this
case, ground-based turbidity parameters are slightly
overestimated by the satellite, contrary to the result of Figure
5. Comparison of Figsures 5 and 6 suggests that it is possible
to find the best fit with an absorption index between zero
and ground-based values. Although not shown in the figures,
we found the best fit is realized if we decrease the ground-
based Kk by a factor of 2.

Another way to overcome our problem is to tune the
calibration coefficients so as to get good agreement between
satellite-derived and ground-based turbidity parameters. One
possible solution is given in Figure 7 with S, = 0.093 and S,
=0.094. We refer to these calibration coefficients as tuned

10 T T T
1991.7.17
(Long. 50.60E, Lat. 28.85N) Tp5=2)
6, =34.2°
g + 6 =33.4° g
[} =177.3°
- k =0.01
&
e -
@
4 4
to.s=0.4
2 " . "
4 6 8 10 12

Ry (%)

Figure 3. Dependence of AVHRR channel 1 and 2 reflectances on
7, (solid dots), p (open circle), and K (open triangles) .
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June 12. 1991
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June 22, 1991

Plate 1. Two distinct flow patterns of oil-fire smoke obtained by NOAA 11 AVHRR imagery over the Persian Gulf
region on June 12 and June 22, 1991. Numbered boxes show the areas for Fraser-Kautman method analyses.

calibration coefficients. The figure shows that there is good
agreement between satellite-derived and ground-based values
of TM.with one exception at T s, ground = 2, which corresponds
to an intensive oil-fire smoke layer. One possible reason for
this exception is an underestimation of the aerosol optical
thickness of the very thick smoke layer by ground-based
sunphotometry. The local observer of the sunphotometer
reported that it was not able to measure direct solar irradiance
by the sunphotometer in cases of very heavy oil-fire smoke
layers. This suggests our ground-based measurements tend
to underestimate the mean aerosol optical thickness of oil-
fire smoke layers over Bushehr.

As for the difference in the size exponent p in Figure 7, it
is possible to get a better size exponent by tuning calibration
coefficients so as to increase the ratio S/S,, as understood
from Figure 1. In this case, however, the satellite-derived
optical thickness 7, . _ starts deviating from the ground-based
ONe Ty s o This suggests there may be some ipconsistency
Nt . wedndp, . to interpret our satellite radiance model.

Alternatively from the above mentioned method, it is
possible to obtain the satellite-derived absorption index
assuming 7,0 andp for simulating satellite radiances.
Figure 8 illustrates the idea of this retrieval. In the figure,
satellite-derived values (7, , p)_, are plotted assuming several
values of k. The open circle shows the ground-based data
(Ty.50 P)yrouna THITEC different candidates are found for the
optimal satellite-derived K in this plot. If we believe T ground?
we get point A along the constant 7 line; likewise, point B
along the constant p line is obtained if we believe P grouna
Figures 1, 3, and 8 show that Tys has more information on K
than p, so that point A might be more reliable. However, an
accurate estimation of 7, is more difficult than p in ordinary
sunphotometry. It is possible therefore to determine the
optimal value at point C, which can be found in order to

minimize the relative error in both 7, and p. We thus define
three methods,7, p, and 2D for the points A, B, and C,
respectively. Figures 9 and 10 compare ground-based values
with three possible values of x and the single-scattering
albedo w thus obtained from the satellite. We have assumed
in the calculations the tuned calibration coefficients S, = 0.093
and S, =0.094. An overall agreement with ground-based
values is found regardless of methods with two exceptions
of large absorption. Significant disagreement in the large
values may be due to an underestimation of ground-based
optical thickness of the oil-fire smoke layer as explained.
above. Aninconsistency of 7,0 andp found in Figure
7 is not fatal for the satellite retrievals of K in Figures 9 and
10 with the tuned calibration coefficients. Although not
shown in the figures, the three methods estimate very different
values from ground-based values if §, =0.114 and §, = 0.122
are assumed.

4. Application of Fraser-Kaufman Method

The study in the preceding section has shown that it is
very useful to have ground-based turbidity parameters for
retrieving the aerosol absorption index from satellites. This
method cannot be applied, however, over areas without
ground support data. Fraser and Kaufman [1985] has
proposed an interesting method for retrieving the absorption
index using a contrast of ground surface reflectance. The
idea is that a black light-absorbing aerosol layer changes the
apparent reflectance over a high-reflecting surface, whereas
it does not significantly change the reflectance over a low-
reflecting a surface. On the other hand, a white transparent
aerosol layer changes the reflectance over a low-reflecting
surface, whereas it does not change the reflectance over a
high-reflecting surface. The Fraser-Kaufman method finds
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Figure 4. Time series of turbidity parameters (a)7,;, (b)p, and (c)x derived from ground-based solar radiation
measurements (reproduced from Nakajima et al. [1996a]). Symbols show satellite-derived turbidity parameters from

AVHRR with different assumption of K.

a neutral surface reflectance with which there is no change
in the apparent reflectance of the aerosol-laden atmosphere.
By adding theory of two layers [Plass et al., 1973], we have
the following expression for the deviation of apparent
reflectance from the surface albedo A :

-1
AR=R-A =R, -A +T,(1-AR)"AT,

2
=R, -(1-THA, (6)
where R, and 7, are reflection and transmission functions,
respectively, and an angular integration is implied with a
product of two functions in (6). To derive the last equation
in (6), reflection and transmission functions are roughly.
approcximated by scalars and have neglected terms of
O(A; ). Equation (6) gives the neutral reflectance as

O]

Since R, almost linearly depends on 7, ; [Gordon and Wang,
1994], we may have the following approximation,

1-T 2= 2k1,,, ®)

where the slope ¢ and a diffusion coefficient k depend on the
aerosol absorption index. Equations (7) and (8) suggest that
the neutral reflectance will depend on the aerosol absorption
index without significant dependence on the aerosol optical
thickness.
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Figure 5. Comparison of satellite-derived turbidity parameters with
ground-based values. The absorption
index k=0 is assumed.

The above mentioned idea can be realized in satellite data
analyses by a scatter plot of apparent reflectances of clear
and hazy days as shown in Figurel1. We have simulated
apparent reflectances with different ground albedos (A,=0,
0.1, 0.2, 0.3, and 0.4) with three absorpuon indices K = 0,
0.01, and 0.05. Parameter T, = 0.05 is assumed for
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Figure 6. Same plot as in Figure 5 but for satellite retrievals with
ground-based absorption index.
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Figure 7. Same plot as in in Figure 6 but with tuned calibration
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thicknesses, 7, = 0.5 and 1.0, are assumed for ca[culating’
hazy day reflectances R, oy 1O make two lines for each
absorpuon index in Flourel 1. Since the clear-sky reflectance
is mostly dependent on the ground albedo, as shown in
Figurel1, the horizontal axis can serve as an index of surface
reﬂectance in the Fraser-Kaufman method The figure shows

that the neutral reflectance R (=R ) depends on the
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Figure 8. Determination of the aerosol absorption index from a -
plot of satellite-derived 7, versus p assuming various absorption
indices. Open circle shows the observed point. There are three
possible candidates for the absorption index, depending on how
ground-based parameters are used for the retrieval.
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Figure 9. Comparison of satellite-derived absorption index with
ground-based values from three different with SI=O.O93 and
§,=0.094. Values are shown from three methods, 7, p, and 2D,
which are defined in Figure 8.

aerosol absorption and does not depend significantly on the
optical thickness, as expected from (7) and (8). More
precisely, the neutral reflectance depends almost uniquely
on aerosol single-scattering albedo, since an inherent variable
for radiative transfer is the single-scattering albedo rather
than the absorption index. Figure 12 shows how the neutral
reflectance depends on the aerosol single-scattering albedo,
but does not depend significantly on the assumed aerosol
size distribution.

We plot in Figure 11 real AVHRR data of oil-fire smoke
over the high-reflecting desert area of Saudi Arabia and the
low-reflecting Persian Gulf sea surface designated as location
4 in Plate 1. To cover various underlying surface albedos,
we have sampled pixels from the entire region of the square
across the desert and sea. The figure shows that it is possible
to find the neutral reflectance from AVHRR in this region.
Table 2 summarizes our analyses with the Fraser-Kaufman
method. We have selected locations and dates for which
two AVHRR images are found on clear and hazy days without
large difference in angular condition. A ruffled ocean surface
has been tested with a wind velocity of 5 m s over the sea
areas, but the results have no significant difference from the
case with A = 0. Locations 1-4 in Plate 1 are selected for
oil-fire smoke layers. The obtained single-scattering albedo
and absorption index are shown in Table 2. It is found that
the tuned calibration coefficients give a larger absorption
value than is obtained with the original coefficiénts. Since
we do not know the size exponent, we assumed three values,
e, p=3,4,and S, in our simulations. Taking into account
the typical ground-based value p = 3.6 found in Bushehr for
oil-fire smoke events [Nakajima et al., 1996a), we have =
0.73 with the original calibration coefficients, and w= 0.70
with the tuned calibration coefficients for both channels. The
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Figure 10. Same as Figure 9 but for aerosol single-scattering albedo.
Values obtained by Fraser-Kaufman method and by Weiss and
Hobbs [1992] are also plotted.

latter value is in between values from Figure 10 (w = 0.75)
and ground-based values at Bushehr (w = 0.55-0.68).
Although the retrieved single-scattering albeédo does not
depend significantly on the assumed size exponent, the
absorption index depends strongly on the size distribution,
as is easily understood by the light-scattering theory of
polydispersion. Table 2 indicates x = 0.036 and 0.033 in
channels 1 and 2 with the original calibration coeftficients,
and k= 0.044 and 0.042 with the tuned calibration coefficients
for p = 3.6. v

We found thick aerosol layers in several AVHRR images
that were not regarded as oil-fire smoke, such as shown by
location 5 in Plate 1. Those thick aerosol layers may be sand-
dust aerosol layers caused by strong wind. With this
expectation, we obtain the absorption index by the Fraser-
Kaufman method. To take into account the nonsphericity of
the particle shape of sand-dust particles, we adopted the
method of Nakajima et al. [1989], in which the phase function
is calculated with a fictitious complex refractive index m =
1.7-0.08:, and the total extinction and scattering cross sections
are calculated with m = 1.55 - ki with various values of k.
The obtained results are shown in Table 2 along with the
results obtained with the ordinary Mie theory, i.e., the phase
function is calculated with m = 1.55 - ki. The aerosol
absorption with the nonspherical assumption is smaller than
that from the Mie model. We also tested the effect of water
vapor by doubling the model value and found that an error in
the assumption of water vapor amount does not change our
results noticeably. If we assume p = 3 found in Bushehr (=
0.1 - 0.4) for dusty cases, we obtain @ = 0.82 and 0.80 with
the original calibration coefficients, and w= 0.77 and 0.74
with the tuned calibration coefficients in channels 1 and 2,
respectively.
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Figure 11. Fraser-Kaufman plot of reflectances of a hazy day versus
those of a clear day. Three groups of theoretical lines for various
ground albedos are calculated with k=0, 0.01, and 0.05. The optical
thickness of the clear day is assumed to be 0.05, and that of the
hazy day is assumed to be 0.5 and 1.0.

5. Discussion and Conclusions

We have studied remote sensing of turbidity parameters
7,5 and p from AVHRR data analyses. A comparison of
satellite-derived values with ground-based values indicates
that it is important to assume a proper aerosol absorption for
adequate retrievals of turbidity parameters. A popular
assumption of k = 0 will not be suitable for successful
retrievals of turbidity parameters, at least in the Persian Gulf
region investigated in this study.

It has been found, however, that satellite-derived optical
thickness overestimates the ground-based values, especially
for large Tys when the ground-based absorption index is
assumed in our retrievals. A better agreement between
satellite-derived and ground-based optical thicknesses can
be found if the ground-based 7, and/or k have some
syslemauc difference from suitable values for the remote
sensing. This may be possible, since the location of remote
sensing is not exactly same as the site of ground-based
measurements. With the calibration coefficients §, = 0.114
and S, = 0.122, the aerosol optical thickness should be 20%
to 100% larger than Bushehr values, as indicated by Figure
6, or the absorption index must be half of the ground-based
values.

Contrary to the above explanation, it is also possible to
question the other assumptions in our analyses. To have a
better agreement between satellite-retrieved and ground-
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Figurg 12. Dependence of the neutral reflectance on the single-
scattering albedo and size distribution of aerosols.

based optical thicknesses, we have tuned the calibration
coefficients of NOAA 11 AVHRR from §,=0.114and S, =
0.122 t0 §, = 0.093 and S, = 0.094 in the summer of 1991.
Vermote and Kaufman [1995] claimed that the center
wavelength of NOAA 11 AVHRR channel 1 shifted after
launch by 0.017 um toward longer wavelengths. We have
tried this assumption, but could not get substantial
verification of the above conclusion. This is natural, since
the shift effect is almost equivalentto S, = 0.113 and §, =
0.129in (5) , which are very similar to the onomal coefﬁuenls
adopted in this study. Ignatov et al. [1995] used S, = 0.110.
None of calibration coefficients in those preceding studies
therefore can not bring our reflectances close to reasonable
theoretical values in this study. Even though our tuned
coefficients are strange when compared with those values
and the preflight callbrauon §,=0.095 and S, = 0.090, we
have obtained more consistent results of remote sensing than
with the original calibration coefficients. It should be noted
in this regard that calibration constants themselves are not as
well known as shown by a large range in reported values of
Ignatov et al. [1995a].

To explain our difficulty in the calibration constant, Y.
J. Kaufman (private communication,1996) has pointed out
that it is highly possible that there is a systematic difference
between magnitudes of phase functions with power law size
distributions and with bimodal lognormal distributions at
large scattering angles. There are several observations that
lognormal size distributions are more realistic than power
law distributions in representing the optical properties of
aerosol scattering, although this is another guess without
ground support data to validate our case. We should
accumulate more validation studies before making a final
conclusion on this problem.

Apart from a suspicion that there may be some
inconsistency between our optical models and the actual
situation in the Persian Gulf at that time, we state below the
findings of our study with the tuned calibration coefficients.

The single-scattering albedo of oil-fire smoke was
estimated as @ = 0.75 from the simultaneous satellite data
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Table 2. Parameters and Results With Fraser-Kaufman’s Method of Analysis

5,=0.114, §,=0.122

P K‘l KZ wl wZ

$,=0.093, §,=0.094

K K (0] .

Location 1: (35.9% 19.7% 173.49),,,,. (34.7% 31.6° 179.0%)

1 2 1 2

. R,=7.8 R,=6.6

hazy’

3 0.0227 0.0224 0.761 0.735 0.0306 0.0297 0.761 0.706
4 0.0491 0.0457 0.727 0.727 0.0574 0.0550 0.703 0.697
5 0.0599 0.0562 0.696 0.659 0.0667 0.0644 0.674 0.629
Location 2: (36.0°, 20.8°, 174.0°),,,,, (34.8° 32.5°, 1784°),,.; R, =80, R,=7.0

3 0.0225 0.0210 0.720 0.742 0.0299 0.0286 0.694 0.710
4 0.0487 0.0438 0.728 0.734 0.0572 0.0536 0.704 0.701
5 0.0591 0.0543 0.698 0.666 0.0660 0.0630 0.676 0.634
Location 3: (36.3°, 23.1°, 174.9°) ., (35.2°,34.6° 177.4°),.; R,=85, R0_2= 7.0

3 0.0211 0.0221 0.727 0.736 0.0289 0.0294 0.697 0.707
4 0.0467 0.0444 0.734 0.732 0.0556 0.0539 0.708 0.700
5 0.0574 0.0549 0.704 0.664 0.0646 0.0635 0.680 0.632
Location 4: (36.7¢, 37.2¢,176.6°),,,,,, (35.7°, 37.2°,176.6°), ., R,=8.0, Rm=7.0

3 0.0240 0.0223 0.715 0.735 0.0330 0.0296 0.683 0.706
4 0.0504 0.0452 0.723 0.729 0.0586 0.0548 0.700 0.698
5 0.0604 0.0554 0.694 0.662 0.0671 0.0638 0.672 0.631
Location 5: (Aspherical)(34.2° 32.5¢, 178.6°) ., (36.5° 42.6°, 179.4°), ; R,=11.3, R,=8.0

3 0.0085 0.0133 0.823 0.796 0.0142 0.0218 0.772 0.737
4 0.0406 0.0488 0.758 0.716 0.0534 0.0610 0.715 0.680
5 0.0515 0.0559 0.724 0.660 0.0604 0.0646 0.694 0.628
Location 5 (Mie) '

3 0.0150 0.0186 0.761 0.758 0.0192 0.0253 0.761 0.723
4 0.0335 0.0399 0.787 0.751 0.0452 0.0511 0.739 0.709
5 0.0475 0.0519 0.738 0.675 0.0569 0.0615 0.705 0.639
Location 5 (Mie, 2 x water vapor)

3 0.0148 0.0179 0.761 0.763

4 - 0.0330 0.0371 0.789 0.763

5 0.0470 0.0494 0.740 0.685

Angles (6, 6, ¢) for clear and hazy days, neutral reflectance R, absorption index K, and smgle—scattenng
albedo @' for channels 1 and 2 of AVHRR. Values for the ongmal and tuned calibration coefficients

are shown.

analyses with ground-based turbidity parameters off the coast
of Bushehr. We also estimated the single-scattering albedo
with the Fraser-Kaufman method as = 0.70 on the Arabian
side of the Gulf. These values are larger than ground-based
values at Bushehr i.e., w=0.55 - 0.68. Weiss and Hobbs
11992] made airborne measurements of the single-scattering
albedo of an intense oil-fire plume. There were two kinds of
smoke, with carbon-rich small particles and with water-rich
large particles, with w= 0.4 and 0.9, respectively. The single-
scattering albedo of the well-mixed smoke plume took the
value w=0.56 and was not strongly dependent on the distance
from fires. Satellite-derived values are larger than these
values, as shown in Figure10. This fact suggests-that the
satellite-derived single-scattering albedo over Bushehr (w =
0.75) seems to be slightly higher than expected. There might
be an underestimation of the optical thickness of smoke layers
with sunphotometry, as discussed in Figure 7. The indicated
value in Figure 7 of 7, = 4 is, however, substantially larger
than in situ values of 7 = 0.7 - 2.0 as observed by aircraft in

the smoke plume [Pilewskie and Valero, 1992], suggesting
it might be difficult to explain by this reasoning. Another
explanation may be a strong vertical inhomogeneity of acrosol
optical characteristics in the smoke layer. If there were fewer
light-absorption aerosols near the top layer, for example, the
radiation will be much more effectively scattered to space
than in the homogeneous aerosol layer case that we have
assumed. Ferrare et al. [1990] found that the single-
scattering albedo of forest fire aerosols can increase, as high
as 0.9, owing to water vapor absorption during transport. It
should be noted that the transport time will be longer than 1
day in the smoke event at Bushehr in weak wind conditions
[Nakajtma et al., 1996a).

We have analyzed one more case at location 5 of Plate 1
with the Fraser-Kaufman method and got x = 0.0192 and
0.0253 (w=0.77 and 0.74) in channels 1 and 2 of AVHRR,
respectively. If this is a sand-dust layer, a tendency for larger
absorption at shorter wavelengths is réasonable, as indicated
by spectral refractive indices of Saharan and Asian dusts.
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Our values are, however, smaller than those of Saharan dust
(x=0.013, 0.0033, 0.0020 at A= 0.35, 0.5, 0.7 um) [Carlson
and Benjamin, 1980] and Chinese yellow sand dust (x =
0.0080, 0.0052, 0.0037 at A= 0.35, 0.5, 0.7 um) [Ohta, 1987].
The layer observed at location 5 may not be a sand-dust layer,
but an anthropogenic aerosol layer with soot particles or a
mixture with sand-dust particles. It is difficult to draw a
conclusion on the origin of aerosols without accompanying
chemical data.

. It should be noted in Table 2 that the inclusion of the
nonspherical particle effect is important for estimating the
relevant parameters of sand particles with adequate accuracy.
Recent nonspherical scattering theories [e.g., Mischenko et
al., 1995] will be promising for better assumption of aerosol
optical characteristics for the use of remote sensing.

Through all the analyses in the present study, light
absorption played an important role in aerosol retrievals in
this region. At the same time, we experienced that accurate
retrievals of aerosol absorption is difficult. It should be noted
that reported aerosol absorption indices of Tsuson, Arizona,
as one of the most well-investigated cases, range as large as
k= 0.0 - 0.030, partly owing to differences in measurement
methods [King, 1979; Spinhirne et al., 1980; Reagan et al.,
1980; Ohta et al., 1996]. It is therefore vital to find a reliable
method of retrieving aerosol absorption. In this regard,
simultaneous airborne measurements of aerosols and radiation
will be helpful for satellite data analyses to eliminate
ambiguity such as that experienced in this study [e.g.,
Wendisch et al., 1996]. A new network of sky radiometer
under development [Holben et al., 1996; Nakajima et al.,
1996b] is also noteworthy for providing better aerosol optical
characteristic information from the ground. Remote sensing
techniques should be closely compared with in situ sampling
techniques for deriving single-scattering albedo [e.g., Hénel,
1988, 1994].

Those aerosol retrievals should be linked in the future with
cloud microphysical retrievals to estimate the cloud-aerosol
interaction strength as well as aerosol direct forcing. New-
generation satellite radiometers, such as Earth Obseving
Satellite moderate-resolution imaging spectrometer (EOS
MODIS) [King et al., 1992] and ADEOS II Global Imager
(GLI), should be used to realize better retrievals of aerosols
and clouds with their 36 channels of good sensitivity and
dynamic range.
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