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ABSTRACT

This study proposes a two-channel satellite remote sensing algorithm for retrieving the aerosol optical thickness
and the Angstrbm 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 Angstrom exponent have been obtained from
AVHRR global area coverage data in January and July of 1988. Aerosol optical thickness maps show that the
major aerosol sources are located off the west coast of northern and southern Africa. and the Arabian Peninsula.
The most important contributor is soil-derived particles from the Sahara Desert that cross the Atlantic Ocean.
The authors’ optical thickness values tend to be larger than values given by the NOAA operational algorithm.
A 10-day composite map of Angstrom exponent showing man-made air polluted regions. such as the Mediter-
ranean Sea. the Black Sea. and the east coasts of North America and China, has large values. 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, especially after
several studies have pointed out that aerosols are the
source of the greatest uncertainties in evaluating climate
forcing (Hansen and Lacis 1990; Shi et al. 1994). Aero-
sols directly influence the climate through perturbation
of the radiation budget by scattering solar radiations
back to space (leading to negative radiative forcing) and
by absorbing solar and thermal radiations (leading to
positive forcing). Acting as cloud condensation nuclei
or ice nuclei, aerosol particles modify the cloud micro-
physics (Twomey 1977; Kaufman and Nakajima 1993),
and hence, aerosol particles also indirectly have an ef-
fect on climate. In contrast to the greenhouse gases,
which act only on the longwave radiation process, aero-
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
—0.9 W m~? (Charlson et al. 1992; Kiehl and Briegleb
1993; Taylor and Penner 1994), and the indirect effect
is about —1.3 W m~ (Jones et al. 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,
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 conclusion.
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 feedback loop with the global warm-
ing process. Some studies have suggested recently that
mineral dust aerosols generated from disturbed soil are
important as a climate forcing agent that needs to be
included among the climate forcing factors influenced
by human activities (Li et al. 1996; Tegen et al. 1996).

In order to reduce the above-mentioned large uncer-
tainties in evaluation of the aerosol forcing, it is nec-
essary to improve our knowledge of aerosol character-
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 far, 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-
ometer (AVHRR) channel 1 and/or 2. Stowe et al.
(1992) produced global maps of the aerosol optical
thickness at wavelength of 0.5 wm over ocean area using
channel-1 radiances of AVHRR. Although the one-chan-
nel algorithm is appreciated for showing the global dis-
tribution of the aerosol optical thickness, there is some
tendency toward underestimation of the optical thick-
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 Henyey-Greenstein phase function to solve
this problem. They obtained a global map of an index
of size distribution, which is the ratio of channel-1 and
-2 radiances of AVHRR, in addition to the optical thick-
ness obtained from channel-1 radiance. To simplify the
problem, they adopted the single-scattering approxi-
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 AVHRR, 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-
metrical mean mass radius, and the single scattering
albedo from channels 1 and 2 of AVHRR. Nakajima
and Higurashi (1997) retrieved aerosol optical thickness,
Angstrom 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-
mote sensing, because it is possible to retrieve almost
all important parameters to describe the aerosol optical
properties over land and ocean. Their applications are,
on the other hand, limited 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 using a reflectance
contrast of images between clear and hazy days has to
find an automatic detection algorithm of the contrast.
In this paper, we propose a two-channel algorithm for
retrieving aerosol optical characteristics from AVHRR
channel-1 and -2 radiances that is simple and efficient
enough for global-scale analyses. For this purpose we
reinvestigate the structure of the radiance field in aero-
sol-loaded atmosphere—ocean systems in section 2. With
these analyses, we will propose an efficient lookup table
method to synthesize satellite-received radiances ac-
curately and efficiently with careful correction of mul-
tiple scattering and gaseous absorption in channel-1 and
-2 radiances. The proposed algorithm will be tested by
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extensive numerical simulations as shown in section 3.
Finally it will be applied to real AVHRR 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-
action with atmosphere, ocean surface, and ocean body.
It is important to study the dependence of the radiance
on inherent parameters describing the optical properties
of the atmosphere—ocean system in order to develop a
lookup table (LUT) approach, which is efficient for
global remote sensing analyses.

a. The structure of radiance fields

The satellite signal over ocean area is composed of
contributions from atmospheric path radiance and water-
leaving radiance. The water-leaving radiance is further
composed of reflection by the ocean surface, scattering
by foams, and upwelling radiance from the ocean body.
The latter two components can be ignored for most ap-
plications at wavelengths of AVHRR channels 1 and 2
(A = 0.64 and 0.83 um) 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

(1)

where R, and R, are apparent reflectances for the mo-
lecular atmosphere without aerosol loading and for sun-
glint component, respectively. We define the apparent
reflectance as

R = Rm: + Rmol + Rg»

L

R = s
moFy

2
with the satellite-received radiance L, the extraterrestrial
solar incident flux F,, and the cosine of solar zenith
angles, u, = cosf,. The linearized aerosol single scat-
tering component is expressed as

R = 7w, P,(0)

as a’

Mo

3)

where w,, 7,, and P, (®) are the aerosol single-scattering
albedo, optical thickness, and phase function, respec-
tively; and w is the cosine of zenith angle of the emer-
gent radiation, 6. 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-
don (1993) have found that the multiple aerosol-mo-
lecular scattering component is almost proportional to
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FIG. 1. (a) Absolute errors in the apparent reflectance at the TOA synthesized by Eq. (5) for various

solar and satellite zenith angles: 7, = 0.1: (b) Same as (a). but synthesized by Eq. (9).

the linearized aerosol single-scattering reflectance as
follows:

mol Re = 2 cnR.Ills' (4)

n=0

R —-R

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

~R=—Sem )

Mty n=0
This formula is in some sense more convenient for re-
trieving the aerosol optical thickness 7, than using Eq.
(4), since Eq. (5) is in a form of series expansion of 7.
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, which 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, in the left-hand side of the equation. The
Advanced Earth Observing Satellite (ADEOS) Ocean
Color and Temperature Scanner (OCTS) operational al-
gorithm has adopted this formula (Nakajima and Fu-
kushima 1996).

Although the approximations in Eqgs. (4) and (5) will
be accurate enough for most applications, one can find
large errors exceeding 0.1% at large zenith angles as
well as at sun-glint angles as shown in Fig. 1a, which
indicates absolute errors in apparent reflectances for var-
ious solar and satellite zenith angles at the azimuth angle
of 0° and at the aerosol optical thickness of 0.1. In the
figure the exact values have been calculated by a general

R - Rmnl - Rus

radiative transfer code for atmosphere—ocean—land sys-
tem, Rstar-5b, which is developed by the Center for
Climate System Research (CCSR), University of Tokyo.
This code accounts for multiple scattering in the at-
mosphere by molecules and aerosol particles and bi-
directional surface reflection (Nakajima and Tanaka
1986, 1988). The ocean surface reflection is calculated
using a rough ocean model (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-
mosphere and the lognormal volume spectrum for aero-
sol size distribution as

B _1{lnr — lnr, : ©)
dlnr P73 Ins ’

where V is the aerosol volume density, r,, is the mode
radius in um, and In(s) is the standard deviation of In(r).
Here, r, and s are set to 0.2 and 1.5, respectively. As
shown by Fig. la, large errors appear at large angles as
well as in sun-glint region. Numerical simulations have
shown that these large errors are caused by the linearized
single-scattering approximation (3) adopted in (5),
which is not suitable at such large zenith angles.

The above observation in Fig. la makes us think
about an exact solution for single scattering (Chandra-
sekhar 1960) for synthesizing the satellite-received re-

flectance:

dv

Ce

R = 7TwP(®) 1 — exp[—7(1/p + Vw,)] @
' Moy Up + 1p, '
where w, 7, and P(0®) are the single-scattering albedo,
optical thickness, and phase function of the atmospheric
layer, respectively. In the actual coding we have taken
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F1G. 2. The angular dependence of the apparent reflectance at TOA
for single-scattering component R . multiple scattering components
R, . and total value R.

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-
pression for the apparent reflectance at the top of the
atmosphere (TOA) into single- and multiple-scattering
contributions:

R=R +R,. (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 angle dependence in the reflectance 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 more effective than using Eq.

(5):
R — R, — R,

1 2 1 1
= 2 c,tt+cexpl—T ) —+— ;- D)
MM | n=0 L

The exponent term in the right-hand side of Eq. (9) is
introduced to take into account the fact suggested by
Gordon and Wang (1993), that is, the multiple-scattering
component has a similar optical thickness dependence
to the linearized single-scattering approximation (3),
even though the exact single scattering (7) has an ex-
ponential function dependence. The cubic polynomial
expansion is also introduced to improve the approxi-
mation for large optical thickness cases. Figure 1b
shows that the approximation with Eq. (9) is much better
than with Eq. (5), shown in Fig. 1a, especially for larger
zenith angle cases. Detailed investigation (Higurashi et
al. 1999, manuscript submitted to Appl. Opt.) has found
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that the exponential term in both sides of Eq. (9) is
needed to improved the approximation.

b. Optical models of aerosols

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-
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-
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 nucleation
mode, which is produced by gas-to-particle conversion;
2) the accumulation mode by coagulation and hetero-
geneous condensation, and 3) the coarse mode origi-
nating from the earth’s surface. Patterson and Gillette
(1977) confirmed that the common feature of the aerosol
size distribution is a multimode lognormal size distri-
bution. Although the power-law size distribution cer-
tainly represents the general features of aerosols, bi-
modal or trimodal lognormal size distributions will be
more general in describing the optical properties of aero-
sols if we put more emphasis on inversion results of
optical remote sensing data, such as those of Kondratyev
et al. (1981), Nakajima et al. (1989), Shiobara et al.
(1991), Kaufman et al. (1994), Remer et al. (1997), etc.
Those optically equivalent size distributions have com-
mon features such as a saddle point around 0.6 wm
reflecting in situ measured size distributions. Most of
the features 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
modeling the aerosol size distribution,

av 2 1{lnr — Inr,,\’
dlnr ; C, exp _5( Ins ) > 10

n

where subscript n indicates the mode number. Table 1
lists r,,, and s, of measured volume spectra for nth mode.
Averaging the tabulated values, we adopt r,,, = 0.17
um, r,, = 3.44 pum, s, = 1.96, and s, = 2.37 for the
parameters of the modeled volume spectrum in our re-
trieving scheme. Two undetermined parameters in Eq.
(10), ¢, and c,, can be determined from two-channel
satellite radiances. Equivalently, we determine the aero-
sol optical thickness and the peak ratio of the bimodal
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TABLE 1. Parameters for the aerosol size distribution fitted to two term lognormal functions.
Reference T 5 [ $5 Fos o, 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 23 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 pollutant
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 4.48 347 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 (0.0215 0.74) m = 1.5 — 0.006i
Nilsson 1979 0.175 2.34 341 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 4.09 223

size distribution, vy (=c,/c,). It should be noted that the
peak ratio vy, which represents the contribution of large
particles, can be related to the Angstrom exponent o
defined as

_dlnt,
dlnA -’

The ;\ngstrém exponent « is approximately constant in
visible spectral region since the optical thickness spec-
trum is approximately a power-law function of A for
most of observed size distributions as many investi-
gators have pointed out. Defining the mean Angstrém
exponent « for regular sun-photometer wavelengths,

a =

an

SN
y ~

05 | \

Exponent

Angstrome
>
/

0.1 1 10 100

c2/C1

F1G. 3. The relationship between Angstro‘m exponents and peak ra-
tios of bimodal size distributions.

0.368, 0.500, 0.675, 0.862, and 1.050 wm, the peak ratio
7y can be translated to « as shown by Fig. 3. Retrieving
the set of (7,, a) is more essential since the satellite-
received radiance is not sensitive to the detailed struc-
ture of the size distribution but depends nearly uniquely
on (7,, a).

In the present algorithm for simplicity we fix the ver-
tical profile of the aerosol concentration, that is, the
aerosol density is constant from 0- to 3-km height and
is reduced lineally from 3- to 4-km height.

To calculate the phase function, single-scattering al-
bedo, and the wavelength dependence of the aerosol
optical thickness, we simply assume Mie particles with
the size distribution in Eq. (10) and the complex re-
fractive index of m = 1.5 — 0.005i. Introduction of the
aerosol absorption is important for successful retrievals
of the aerosol optical thickness (Ignatov et al. 1995a;
Ignatov et al. 1995b; Nakajima and Higurashi 1997).
The NOAA operational aerosol maps show that dust
aerosols have the largest optical thickness contributing
to the global atmospheric turbidity. The averaged imag-
inary index of refraction of dust aerosols is in a range
from 0.003 to 0.005 for shortwave spectral region (Pat-
terson and Gillette 1977; Carlson and Benjamin 1980).
Urban-type aerosols also tend to have a large absorption
(WCP 1983; Shettle and Fenn 1979; Tanaka et al. 1983;
Hayasaka et al. 1992). The averaged value of imaginary
index of refraction is in a range from 0.005 to 0.01.
Ohta et al. (1996) measured the imaginary index of
aerosols in the free atmosphere as 0.005 to 0.01 at the
top of Mt. Lemmon, Arizona. Although we fix the aero-
sol complex refractive index as 1.5 — 0.005i in our
algorithm, next generation algorithms can adopt more
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sophisticated algorithms for an automatic determination
of aerosol types with recent and near-future multichan-
nel radiometers such as SeaWiFS, ADEOS/OCTS, and
EOS-AMI/MODIS (Gordon et al. 1994; Fukushima and
Toratani 1997; Kaufman and Tanré 1994).

¢. Application to the remote sensing of AVHRR

For analyzing radiances in the visible and near-infra-
red channels of AVHRR, 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-
merical simulations have shown that the effect of gas-
eous absorption on the AVHRR-received radiances can
be approximated by correction factors for ozone ab-
sorption t,, and water vapor f, . as

R = 1y tuoR, (12)

where R’ is the 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-
oratory Lowtran-7. Here, t,, is given by

lo, = CXp[—TO_\(l/[.L + /o)l (13)

The formula (13) is understandable, since ozone exists
in the upper atmosphere, and a simple correction with
two-way transmittance will be enough.

The correction for the water vapor absorption is more
complicated. In our algorithm, we have tabulated the
value of ;,,, as the ratio of the apparent reflectance with
water vapor to that without water vapor for eight solar
zenith angles [0, = 0° (10°) 70°], six satellite zenith
angles [6 = 0° (10°) 50°], seven relative azimuth angles
[¢ = 0° (30°) 180°], eight cases for 7, (1.0 X 107'°,
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 calculations we have applied a Lowtran-type
wavelength integration over the width of the response
function of AVHRR with 15 wavelength grids for chan-
nel 1 and 22 grids for channel 2 that are set respectively
for suitable evaluation of the water vapor and oxygen
band absorption. The aerosol size distribution is fixed
at y = 1, since the size distribution effect is not sig-
nificant in the results.

d. Construction of LUT

The coefficients in Eq. (9) depend on the geometry,
that is, 6,, 6, and ¢, the aerosol optical property 7y, and
surface wind velocity u,,. Figure 4 shows relative errors
in the apparent reflectances at TOA when the depen-
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 10 m above the sea
surface as u,, = 7 m s~' to calculate the multiple com-
ponent in synthesizing the TOA reflectance for various
conditions (#,, = 1, 2, 7, 10, 15 m s~'). According to
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sized with the multiple-scattering components ignoring the depen-
dence of the wind velocity, that is, u,, = 7 m s™', for various ge-
ometries 0 < 6, < 70, 0 < 6 < 45,0 < ¢ < 180. Wind velocities
for exact calculations are for u,, = 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-
scattering component.

We therefore assume u,, = 7 m s~' for constructing
the LUT, which includes the coefficients in Eq. (9) for
29 solar zenith angles [0, = 0° (2.5°) 70°], 21 satellite
zenith angles [0 = 0° (2.5°) 50°], 23 relative azimuthal
angles [¢ = 0° (5°) 40° 40° (10°) 180°], and 11 cases
of the peak ratio (v = 0.1, 0.2, 0.5, 1, 2, 3, 5, 10, 20,
50, 100). Figure 5 shows errors in R by approximation
of Eq. (9) and interpolation for geometries on the whole
sky at 6, = 60°. The figure shows the maximum error
is less than 0.0007 except for the sun-glint region.

The water-leaving radiance has a strong dependence
on wavelength and is very sensitive to the pigment con-
centration in the region of weak absorption of water. In
other spectral 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 radiance in this study because more than
98% of the world ocean waters are presumably com-
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 , is greater than 15 m s~' to avoid the foam effect.

3. Retrieval algorithm

Our algorithm for aerosol retrieval is based on an
LUT approach. Measured radiances in channels 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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a. Retrievals of aerosol optical parameters

The basis of retrieval is the characteristic relationship
between apparent reflectances of AVHRR channels 1
and 2 for various values of the aerosol optical thickness
at 0.5 um 7, and the peak ratio vy of the size distribution
as shown in Fig. 6, which is caused by the difference
in the extinction efficiency in each channel. The figure
suggests that the aerosol optical parameters, that is, 7,
and v, are retrieved by comparing measured reflectances
and theoretical reflectances, which are obtained from
LUT. In the sun-glint region, however, it is difficult 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 ocean surface (Nakajima
and Higurashi 1997).

Differences between reflectances in channel 1 for 7,
= 0.0 and 0.1 are shown in Fig. 7 as a function of cone
angles ®', which are defined as the angle between the
direction of specular reflection and the viewing direc-
tion,

cos®' = —up, + V1 — w21 — ul cosd. (14)

In the figure, table values are assumed for 6,, 6, and
¢; u, =7 ms ' and y = 1. As explained above, the
reflectance decreases with increasing optical thickness
for ®' < 20°. It should be noted that a large increase
of reflectance appears at 20° < @' < 60°, 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-
tical thickness retrieval becomes difficult for large cone
angles. An increase in the multiple-scattering contri-
bution is not significant for large emergent zenith angles.
We regard the region in which ®' < 25° as the sun-
glint region, and data in this region are excluded from
the retrieval. Although we fixed 25° for all our analyses
in this paper, data avoiding in the region of ®' < 40°
may be better for thin atmosphere cases and for taking
into account the error in assumed wind velocity.

Reflectances in channels 1 and 2 of AVHRR outside
the sun-glint region are compared with theoretical val-
ues that are reconstructed from LUT for trial values of
7, and . The optimal values of 7, and y, which min-
imize the root-mean-square deviation & between ob-
served and theoretical reflectances, are searched by an
iteration method until & becomes less than 0.0001 for
each channel and each grid value of vy. If we could not
get the accuracy after 20 iterations, the data were dis-
carded from the analysis. The peak ratio is then deter-
mined so that two values of 7, estimated from channels
1 and 2 agree with each other.

b. The accuracy of the retrieval

We examine in Figs. 8 and 9 errors in retrieved values
of the aerosol optical thickness and the Angstrom ex-
ponent caused by the retrieval algorithm using numer-
ical experiments. In these experiments, we assume table
values at a grid point as test reflectance data and evaluate
errors caused only by the inversion process. Other pa-
rameters assumed are w = 4.0 gcm 2 and u,, = 7 m
s~'. Figure 8 shows that the retrieval error in 7, is less
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FI1G. 7. Increases of the apparent reflectance with increasing optical thickness as a function of
the cone angle. Values for various angular conditions are shown simultaneously.

than +0.01 in most regions. Although the accuracy for
optically thin cases seems to be better than thick cases
in Fig. 8, various errors in obtaining the reflectance will
cause a large retrieval error as understood by the shape
of the small optical thickness region in Fig. 6. Figure
9 shows that the retrieval error in « is 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 thickness retrieval. It is more difficult to keep
the accuracy of Angstrom exponent retrieval than to
keep the accuracy of optical thickness retrieval, because

0.20 T
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small differences of reflectances in channels 1 and 2
significantly affect the retrieval.

From the above experiments, it may be concluded
that we have to be careful to retrieve aerosol optical
thickness and Angstrom exponent of thin aerosol layers.
Along with interpolation errors of LUT by Eq. (9) and
gas absorption correction errors by Eq. (12), the Ang-
strom exponent retrieval can be affected by errors in-
volved in the assumed water vapor amount, ozone
amount, vertical profile of aerosol concentration, and
calibration constants of the radiometer. Those errors are
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F1G. 8. The accuracy of retrieved aerosol optical thicknesses as a function of the cone angle. The true values are set as 7, = 0.1 (left
panel) and 0.5 (right panel) with a = 1.29.
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expected to be wavelength dependent and hence cause
an error in the Angstrom exponent retrieval. For ex-
ample, as studied in Higurashi et al. (1999, manuscript
submitted to Appl. Opt.) the expected error in the Ang-
strom exponent is less than 0.2 for an error in the as-
sumed water vapor amount 2 g cm~? for 7, > 0.1. As
for the effect of an error in the assumed vertical aerosol
concentration profile, numerical tests with two aerosol
profiles, in which the aerosol layers are located at 0—4
km and 0-7 km, show that retrieved Angstrom param-
eters start having a difference for 7, < 0.2.

Neglect of upwelling radiance from the ocean will
cause an underestimation of the Angstrom 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 (A = 0.64
and 0.83 wum) in a general range of pigments and sed-
iments (0.01-1.0 mg m~3). Whitecaps will bring an error
in the gptical thickness retrieval, but not significantly
in the Angstrdm exponent retrieval, because the white-
cap contribution is nearly independent of wavelength.
A detailed discussion will appear in Higurashi et al.
(1999, manuscript submitted to Appl. Opt.)

4. Global data analysis
a. Datasets

The present 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, 1.5° gridded
segment datasets of AVHRR radiances in the region
were made from 60°N to 60°S. Each 1.5° by 1.5° seg-
ment includes 10 by 10 pixels. One clear sky pixel da-
tum was selected out of 100 pixels through the following
screening steps. 1) Avoid data in which § > 45° and
0, > 70° and data with u,, > 15 m s~' to avoid the

effect of whitecaps and ®' < 25° to exclude sun glint.
2) Screen out cloudy pixels above threshold values, that
is, R, > 0.45 or the brightness temperature for channel-4
Ty, 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-
maining pixels is less than 0.2, and the standard devi-
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-
face wind velocity. Those data were obtained from
TOMS gridded ozone data provided by the National
Aeronautics and Space Administration (NASA)/God-
dard Ozone Processing Team, the European Centre for
Medium-Range Weather Forecasts objective analysis
data, and Special Sensor Microwave/Imager—derived
data, which is produced by Robert 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, after the
launch a correction is necessary to reduce the retrieval
error due to a calibration error. There have been per-
sistent efforts for monitoring the calibration constants
as a function of time (e.g., Che and Price 1992; Holben
et al. 1990; Kaufman and Holben 1993). Most inves-
tigators use the following transformation formula of dig-
ital counts to radiances:

L, = a(C, — Cy), (15)

where L, is the spectral radiance detected by the sensor
in channel i, C, is the digital count value on a data tape,
«a; is the calibration coefficient, and C,, is the deep space
count for channel i. Kaufman and Holben (1993) have
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are transformed from digital data by Eq. (15) with C,, = 37.8. C,, = 39.0, @, = 0.71. and a, = 0.46.

proposed C,, = 37.8, Cy, = 39.0, «, = 0.71, and «,
= 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-
cause a small error in radiances may cause a large error
in retrieved results as indicated in Fig. 6. It is therefore
desirable to investigate the validity of the assumed cal-
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-
ben’s calibration constants against the theoretical min-
imum values that correspond to no aerosol loading cases
for each segment. The figure shows that calibrated sat-
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-
mine calibration constants very accurately from such a
plot if we are provided with aerosol optical thickness
and Angstrom exponent for thin aerosol layers by
ground-based measurements. Observed data points out-
side theoretical region have systematically larger re-
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.

¢. Results

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

January and July 1988. A 10-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 January and July 1988. Due to the restriction on the
solar zenith angle 6, < 70° 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-
rica, the Arabian Peninsula, and the west coast of south-
ern Africa. Saharan dust particles form the largest aero-
sol layer, off the west coast of North Africa extending
across the Atlantic Ocean along the trade winds. The
tongue of the aerosol layer becomes dispersed, shifting
to the south in January as compared with that in July.
This seasonal change in aerosol loading pattern is con-
sistent with the flow pattern of the surface wind fields
used in retrievals as shown in Fig. 12. The aerosol layer
off the west coast of southern 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-
mass burning in the southern African region. Those fea-
tures have been found by NOAA operational 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 difference may be caused by differences in
the two algorithms, that is, assumed size distribution,
lower boundary condition for radiative transfer, and cal-
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 Angstrom
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F1G. 11. The 10-day composite of retrieved aerosol optical thicknesses at 0.5 wm in January and July 1988.
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FiG. 12. Averaged surface wind velocities for the analyses shown in Fig. 11.

exponent corresponding to the retrieved optical thick-
ness distribution shown in Fig. 12. Pixels with optical
thickness less than 0.2 were masked, because retrieved
Angstrom exponents for thin optical thickness are un-
certain, as discussed in section 3b. Angstrém 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
remarkable feature in Fig. 13 is that there are large
Angstrom 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 correspond to the world’s
larger industrial areas, it is highly possible that large
Angstrom exponents in these regions were caused by
small particles associated with anthropogenic pollutants.
With a careful comparison of aerosol optical thickness

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

5. Discussion and conclusions

We have obtained global distributions of aerosol op-
tical thickness and Angstrom exponent as our main re-
sults as shown in Figs. 11 and 13, applying the proposed
algorithm to 10-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. 13. The 10-day composite of retrieved Angstrém exponents in January and July 1988.
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NOAA operational algorithm, so that we have to be
careful before drawing the final conclusions to the eval-
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, whereas the wind flow di-
rection is rather to the northeast. One possible expla-
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-
face wind velocity in a region from 80°E to 100°W and
from 60°N to 60°S including the Pacific Ocean and the
eastern Indian Sea. The figure shows that the minimum
value of optical thickness for each wind velocity slightly
increases with increasing wind velocity. This fact sug-
gests that retrieved optical thicknesses may have con-
tributions from whitecap and/or injected particles from
roughened ocean. It should be noted, however, that this
effect seems to be less than 0.1 in optical thickness for
the wind velocity less than 15 m s™' and is unlikely to
be the reason for the large optical thickness around the
region. We will need a future ground truth for under-
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 when it is small, because var-
ious uncertainties in the assumptions for the retrieval

can propagate to the optical thickness retrieval process
through ill retrievals of Angstrom exponent, as dis-
cussed in section 3b. It is therefore recommended that
in the future we should develop an automatic switching
algorithm between an adjusted Angstrom exponent
method, as in the present study, and a prescribed Ang-
strom exponent method with a classification technique
of aerosol types. At the same time, we have to accu-
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-
tained, relationships between aerosol optical thickness
and Angstrom exponents are shown in Fig. 15 for six
particular areas in July 1988, that is, 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 the east coast of southern China. Longi-
tudes and latitudes of the regions are listed in Table 2.
The figure shows that off the west coast of North Africa
the Angstrom exponent increases from about 0.3 to 0.5
with increasing optical thickness and is almost constant
after reaching 0.5. In this region, the Angstrém exponent
stays at small values due to large desert dust particles.

For the region off the west coast of southern Africa,
the Angstrom 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
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TABLE 2. Areas for analyses shown in Fig. 15.

Latitude Longitude Notes
25°N 10°N  40°W 10°W  off the west coast of North Africa
20°N 10°N 60°W 40°W
10°N 15°S 0°E 15°E off the west coast of southern Africa
50°N 40°N 25°E 45°E Black Sea
50°N 30°N 0°E 25°E Mediterranean Sea
40°N 30°N 25°E 30°E
45°N 35°N  80°W 60°W  off the east coast of North America
35°N 25°N  120°E 125°E  off the east coast of southern China

Herman et al. (1997) suggested, the value of the Ang-
strom 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-
ben et al. 1999, manuscript submitted to Remote Sens.
Environ.). It is also possible that there is a contribution
from soil particles originating from the Kalahari desert.
Therefore, the characteristic dependence of the Ang-
strom 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 particles.

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 Angstrdm exponent
tends to increase with increasing 7, until « reaches
around 1 and then decreases as 7, increases further. This
characteristic dependence of a on 7, was also found with
in situ measurement data for urban-type atmospheres
(Kaufman et al. 1996). The first increase of « corresponds
to an increasing contribution of accumulation mode par-
ticles relative to the contribution from background aero-
sols. The decrease of a with further increase in optical
thickness can be caused by particle 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 measurements within the tolerance of un-
certainties and errors associated with various measurement
techniques. For the Mediterranean Sea, however, the agree-
ment looks poor. In this region there are several aerosol
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sources with quite different ;\ngstrcsm exponents, that is,
Saharan desert dust, maritime particles, and urban aerosols
from Europe, so that the Angstrom exponent value may
change significantly and may be difficult to be validated.

To our knowledge, the only previous retrieval of the
global distribution of an aerosol size parameter is that
of Durkee 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-
spheric continental sources of small particles. It is dif-
ficult to see a similar phenomenon in our results. Durkee
et al. also claimed that they have detected small DMS
aerosols around the equator, whereas our results do not
show such small aerosol particles in the region. Such
differences in the two studies may be attributed to dif-
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 very difficult and
delicate. A significant discontinuity in their retrieval re-
sults at edges of scan lines shows some problems 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-
od with NOAA AVHRR channel-1 and -2 radiances is
sufficiently useful to depict global distributions of dif-
ferent aerosol types through aerosol optical thickness
and Angstrom exponent. The obtained distributions
show that the majority of atmospheric aerosols originate
from desert dust, biomass burning, and human activities.
Particularly, the loading of desert dust particles are con-
spicuously strong, and its impacts extend broadly by
long distance atmospheric transport. Although anthro-
pogenic aerosols do not strongly contribute to the at-
mospheric turbidity as compared with desert dust, they
can be clearly identified with the Angstrom exponent
with significantly large values exceeding 1.0.

In the future, we have to estimate more detailed op-
tical parameters, such as mode radii of the size distri-
bution, composition, etc., using multichannel radiance
data from advanced radiometers, such as ADEOS/
OCTS, EOS-AM1/MODIS, and ADEOS2/GLI.

TABLE 3. Aerosol optical thicknesses (7,) at 0.5 wm and /D\ngslrbm exponents (o) measured by several investigators for comparison with
Fig. 15. Here. o and o, are root-mean-square deviations of measured 7, and .

Reference Period of time

T, o a o, Area

Villevalde et al. (1984)
Shifrin et al. (1989)
Deuze et al. (1988)
Volgin et al. (1988)
Zibordi et al. (1988)
Yershov et al. (1990)
Reddy et al. (1990)

17 July 1983-30 July 1983

4 June 1983-17 June 1983

20 July 1983-29 July 1983

11 August 1986-16 September 1986
28 May 1983—-1 June 1983

25 June 1988-22 July 1988

6 May 1988-12 May 1988

30 August 1988-31 August 1988
16 July 1988—4 August 1988

0.50 0.20 0.63 0.38 Mediterranean Sea

0.25 0.11 0.69 0.32 Mediterranean Sea
0.68 0.42 0.69 0.53 Mediterranean Sea
0.20 0.09 1.17 0.30 Mediterranean Sea
0.60 0.17 0.82 0.11 Mediterranean Sea
0.21 0.08 0.86 0.38 Mediterranean Sea
0.37 0.09 0.33 Saharan dust

0.38 0.06 0.37 0.09 Saharan dust

0.50 0.16 1.15 0.06 North American air
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