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ABSTRACT

The Ocean Color Imager (OCI) onboard the ROCSAT-1 Satellite
was employed to demonstrate its capability in monitoring sandstorm
events around Mongolia and northwestern China where they have
been occurring in great frequency over these past few years.  The OCI
measures the radiance from the visible to near infrared regions in six
spectral channels.  The radiance can be used to calculate the aerosol
optical depth (AOD) of the atmosphere through an atmospheric
correction algorithm.  The variation in the AOD during January and
February of 2001 is investigated in this study.  A set of OCI images
covering the Yellow Sea was selected for analysis.  The results
showed that the AOD values increased significantly after the sand-
storms erupted, where its value was almost four times higher than
before.

INTRODUCTION

Simply put, the suspended particles in the air are
called aerosols.  They are produced either through natu-
ral processes or by human activities.  Aerosols not only
scatter, but also absorb significantly the incoming solar
radiation within the entire spectrum [1].  They are also
a provider of cloud condensation nuclei, which results
in the formation of clouds and may thus affect the
Earth’s radiation budget.  The amount of aerosol is
closely related to the air quality.  Due to the fact that
these suspended particles affect the radiance transfer,
the aerosol optical depth (AOD), a parameter in the
radiation transfer equation, can be used to describe the
optical properties of the aerosols.

Since the 1960s, satellite-borne sensors in the
visible and infrared (IR) regions have been considered
an innovative tool in investigating the atmospheric air
quality.  Durkee et. al. [2] derived the AOD and aerosol
size distribution for global analysis by using the Ad-
vance Very High Resolution Radiometer (AVHRR) data
with band ratios of the red and near-infrared channels.
Holben et. al. [3] selected the dark areas of AVHRR
data to retrieve land aerosols.  Liu et. al. [4] used SPOT
data to retrieve the aerosol characteristic parameters
and surface reflectance.  The measurement of the AOD
over the ocean with AVHRR data [5,6] has even become
a routinely operation for the National Oceanic and
Atmospheric Administration (NOAA).  In recent years,
the satellite observation data quality has risen to a level
where the monitoring of the air quality, ecology, and
environment is considered acceptable [7].

In addition to the NOAA and SPOT satellite data,
the space borne ocean color sensors (e.g., CZCS,
SeaWiFS) are also used in monitoring our environment.
Fukushima and Toratani [8] developed a semi-empiri-
cal optical model to estimate the aerosol single-scatter-
ing albedo and to improve the atmospheric correction
algorithm by using the Coastal Zone Color Scanner
(CZCS,1978-1986).  Wang et. al. [9] used the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) data to
retrieve monthly composite images of the global aerosol
optical property with spectral channels from 765nm to
865nm.  Since OCI is a SeaWiFS-like sensor, it too has
the capability in monitoring the air quality [10].

The OCI sensor is placed onboard the ROCSAT-1
satellite, which was launched into a low-earth orbit in
January 1999.  It has an altitude of 600km with an
inclination angle of 35°, and owns an orbital period of
97 minutes.  It beams downlink telemetry signals to the
surface receiving station six times a day.  The OCI
sensor provides six channels at 443nm, 490nm, 512nm,
555nm, 670nm and 865nm where an additional channel
centered at 555nm is used to evaluate the condition of
radiometric decay with time for the former six channels.
The OCI is a push-broom scanner owning a 700-kilome-
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ter field-of-view with 896 pixels in each line.  The
spatial resolution is 400 meters for the 64 pixels located
at the center, and 800 meters for the remaining ones
(Table 1).

ROCSAT-1 was designed mainly to carry out the
scientific experiments related to the oceanic and atmo-
spheric environments, which include three main catego-
ries—ocean color imaging, studying the ionospheric
plasma and its electrodynamics, and communications in
the Ka-band.  The primary mission of the OCI sensor is
providing observational data for the analyses of the
marine and atmospheric environment [11].

Sandstorms occur over Mongolia and the arid re-
gions of northwestern China virtually each year. [12].
From January to February 2001 alone, three major
sandstorms were recorded over northwestern China [13].
Past records revealed that these events occurred unusu-
ally earlier, and were more frequent and powerful than
before.  The sandstorms were induced by the strong
south-moving Siberian cold air mass, which signifi-
cantly degenerated the air quality over the western
Pacific region including China, Korea, Japan and Taiwan.
The phenomenon even affected the air quality over
portions of North America [14].  Therefore, it may be
inferred that the occurrence of the sandstorms around
the arid areas of northwestern China can affect regions
in a global scale.  Finding ways to monitor and evaluate
their influences on the Pacific region, especially through
satellite-borne observations, is becoming an increas-
ingly important topic.  In this paper, the ROCSAT-1/
OCI images will be used to estimate the AOD and
delineate the time variation of the AOD over the Yellow
Sea.

DATA  AND  METHODOLOGY

The occurrence of a sandstorm can be observed by
estimating the atmosphere’s AOD.  Hence, calculations
of the AOD were conducted by monitoring the radiom-
etry of the atmosphere from images acquired by OCI.  In
order to quantitatively compare the variations before
and after the sandstorm event, effects of the Mie
(suspended par t ic le)  scat ter ing and Rayleigh
(atmosphere molecules) scattering are separated from
the total radiance observed by OCI.

In this study, the single scattering approximation
was employed [15] under the consideration of simplify-
ing the mathematical modeling and reducing the calcu-
lation time.  The aerosol radiance in the single scatter-
ing mode observed by OCI at the top of the atmosphere
in the visible and NIR regions can be simplified by

   
L a(λ) =

ωa(λ)τ a(λ)F0
' (λ)Pa

4πcosθ (1)

where ωa is the aerosol single scattering albedo, λ is the
wavelength, τa is the aerosol optical depth, Pa is a
parameter which is dependent on the scattering phase
function and Fresnel reflectance, θ is the zenith angle.

  F0
'

 is the instantaneous extraterrestrial solar irradiance
after it is weakened by the atmosphere, such as

   F0
' (λ) = F0(λ)T(λ)

   
F0(λ) = F 0(λ) 1 + 0.0167cos

2π(D – 3)
365 (2)

where T is the total transmittance,   F 0  is the extrater-
restrial average solar irradiance, and D represents Julian
days.  In our computation, the Henyey-Greenstein aero-
sol scattering phase function [16] was used for marine
aerosol type.  The multiple aerosol scattering mode was
further assessed by using a linear transformation [17],
the radiance L was changed to the reflectance ρsa such as

   ρsa(λ) =
πL a(λ)
F0cosθ0

(3)

ρma(λ) = I(λ) + S(λ)ρsa(λ) (4)

where ρsa is the reflectance of the single aerosol
scattering, ρma is the reflectance of multiple aerosol
scattering, F0 is the extraterrestrial solar irradiance, and
θ0 is the solar zenith angle.  I(λ) and S(λ) are the
intercept and the slope, respectively. The parameters
were each obtained from the LOWTRAN-7 model [18].

The Angstrom formulation for the aerosol optical
depth is

τa(λ) = βλ−α (5)

Table 1.  The parameters of ROCSAT-1/OCI

Parameters Description

Inclination 35°
Altitude(km) 600
Period(min) 96.7

B1 443-453
B2 480-500
B3 500-520

Spectral bands(nm) B4 545-565
B5 660-680
B6 845-885

Ground resolution(m2) 800 × 800
Swath width(km) 702

Total pixels per scan line 896
Observation method Push broom

Acquisition time (local) 9:00-15:00
Tilt no

Launch date Jan. 1999
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where α is the Angstrom exponent, and is related to the
Junge exponent.  The Junge exponent describes the
slope of the aerosol size distribution, while β is the
turbidity coefficient, representing the aerosol con-
centration.

The aerosol albedo of the single scattering, ωa(λ),
was estimated [19, 20] by,

ωa(0.55) = (-0.0032AM + 0.972)exp(3.06
× 10-4RH) (6)

ωa(λ) = ωa(0.55)exp[-0.095[ln(λ/0.4)]2

+ 0.0096342] (7)

where RH is the relative humidity of the atmosphere
obtained from the Comprehensive Ocean-Atmosphere
Data Set (COADS) of the National Center for Atmo-
spheric Research (NCAR).  AM is the air mass character.
Generally speaking, AM can be used as an indicator for
quantifying the aerosol type over the ocean producing a
scale from 1 to 10, where 1 stands for the open ocean
(clear air quality), and 10 for coastal areas (rather poor
air quality).  The AM character is strongly influenced by
natural or industrial aerosols originating from neigh-
boring continents [21].

In determining the AM values during the time of
acquisition, this study employed the Lowtran-7 model
to simulate the total radiance observation by the six
channels of OCI under different observation and atmo-
spheric conditions.  The observation geometry and time
of observation, sea surface albedo, and different air
mass characters, were compiled into a database.  The
channels at 670nm and 865nm were then used to aid the
assessment of the aerosol scattering effect and the air
mass character parameter in the Lowtran model.  The
total radiance observed by the ROCSAT sensor was
then compared with the database.  The sea surface
albedo and AM values that matched with the database
were chosen as the observation conditions during the
satellite flyby (Fig. 1).  After the parameters were
determined, the AOD of the aerosols could be computed.

RESULTS

Generally, the Asian sandstorms that originated
from northwestern China and Mongolia moved south-
eastwardly with the winter-spring circulations, which
significantly deteriorated the air quality over the East-
ern Asian area.  Parts of North America were also
affected where some of the particles were carried along
in the easterly stream.  In this study, a 1° latitude × 1°
longitude area near the Yellow Sea centered at 35.5° N,
122.0° E was selected as the observation area (Fig. 2) to
investigate the effects on the AOD values.

Due to the limited operational time and rather
unique special orbit, OCI is unable to maintain a high
revisit rate.  In addition, sun-glint and cloudy pixels
must be excluded in advance.  Therefore, gathering a set
of high temporal resolution images of the OCI was not
easy.  Eventually, a collection of nine qualified OCI
images was selected and processed by our atmospheric
correction and AOD retrieval algorithm.  Before
processing, we also performed a cloud-masking proce-
dure for any cloud-contaminated pixels.

As discussed previously, the satellite observed
radiance is contributed both by scattering from atmo-
spheric molecules or aerosols and reflectance from the
earth’s surface.  The radiance component of the atmo-
spheric molecules should be removed from the observed
radiance in order to reveal the actual radiance compo-
nent contributed by the sandstorm particles.  After the
Rayleigh scattering was eliminated, the sandstorm ef-
fect could be qualitatively demonstrated (Fig. 2).  The
pseudo-color images were composed by the OCI chan-

Fig. 1. The flow chart of air mass character (AM) and sea surface albedo
(ρs) determination.
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nels at 443nm (B), 555nm(G) and 670nm(R).  For better
visualization, the cloudy pixels were not masked in the
pair.  The images cover the Shan-Tung Peninsula of
eastern Mainland China and the East China Sea.  Fig. 2
(a) shows a clear image acquired before a major sand-
storm was recorded on January 31, 2001.  Both the
textures of the land topography and the borders of the
land/sea border can be clearly identified.  Meanwhile,
the image also shows a darker tone, revealing that the air
was clearer because the scattering effect was small over
the land and sea area.  Contrary to the former image, Fig
2(b) acquired two days later after the sandstorm event,
indicates a brighter tone in the image, revealing a much
stronger scattering effect in the aerosol component.
From these Rayleigh corrected images; the effects of the
particles from the sandstorms on the atmosphere can be
clearly demonstrated.  Meanwhile, we further investi-
gated spatial variation of the radiance along a latitudinal
line.  In this study, a strip along the 37° N latitude was
analyzed.  In order to illustrate clearly the radiance
variance with the longitude, the mean radiance was
obtained from a succession of 0.1° × 0.1° windows
along the 37° N latitude between longitude 110° E to
135° E.  Fig. 3 shows the result from the 555nm channel.
Each dot in the figure represents the mean radiance of a
0.1° × 0.1° area.  As mentioned earlier, the radiance rose
significantly after the sandstorm event, either over the
land or sea area where clouds were not detected.  Al-
though the cloudy pixels were not excluded in this step,
the radiance variation could still be seen.  The compari-
son shows that the Mie scattering radiance greatly in-
creased after the sandstorm event.  Detailed comparison
with cloud free pixels revealed that the sea had a low

radiance count, because the land surface reflectance
was greater than that on the sea surface, around 110° E
to 122.4° E (Mainland China) and 126.3° E to 129.4° E
(Korea).  By comparing the radiance before and after the
sandstorm event, it could be more clearly distinguished
from the ocean area.

Finally, we analyzed the temporal variations of the
effects produced by the sandstorm particles of the ob-
servational area, as shown in Fig. 2.  The AOD values
retrieved from the OCI observation from the end of
January to the middle of February of 2001 are shown in
Fig. 4.  In this figure, all cloud-contaminated pixels
were masked before comparing the actual AOD values
contributed by aerosol particles.  The results show a
drastic increase in the AOD after January 30, 2001
because a sandstorm occurred in Mongolia on January
31, 2001.  The AOD value attained its highest level on
February 4 and dropped very slowly afterwards.  During
our study period, no major forest fire or volcanic erup-
tions was reported.  This reveals clearly that the sand-

Fig. 2. The comparison of OCI pseudo-color images acquired on (a) 2001/
01/29 07:26Z (before sandstorm), and (b) 2001/02/02 06:49Z.  The
white square area is the observational area of this study, where its
center location is (35.5°N, 122.0°E).

Fig. 3. The comparison of the radiance observed by the OCI excluding the
Rayleigh scattering component before (circle line)/after (plus line)
at 555 nm along the 37°N latitude.  The bright background ex-
presses the land area, while the dark background represents the sea
area.

Fig. 4. The variation of the mean AOD over the observational area.  Some
dates are empty either because the satellite did not perform a flyover
or clouds were detected.
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storm particles were the main contributor to the AOD
changes.  In the result, the AOD value rose almost four
times higher (from 0.12 up to 0.41).  The high AOD
indicated high aerosol particle concentration, which
were comprised mostly of sand or dust that were thrown
into the sky by the strong turbulent winds in Mongolia
and then carried out by the Asia winter monsoon.

CONCLUSIONS

In this study we have proposed a scheme for moni-
toring Asian sandstorms with the ROCSAT-1/OCI data.
The air quality can be distinguished from the pseudo-
color OCI images in eastern Asia.  The pseudo-color
images show a deeper tone under clear sky conditions
and brighter tones after the eruption of the sandstorm.
The stronger scattering effect is caused by the sus-
pended particles from the sandstorm.  It may also be
inferred that the sandstorm is easier to be distinguished
over the ocean when the Raleigh effect is excluded,
because the ocean surface is more uniform and owns a
lower reflectance than over the land.

The AOD values at the Yellow Sea produced a
range from 0.12 to 0.41 during our study period.  They
rose almost four times higher while the sandstorm
occurred.  The high AOD values exhibit the high aerosol
particles concentration suspended in the air.  Therefore,
the OCI data can be used to delineate the region under
influence and also measure the extent of the Asian
sandstorm.  The developed AOD algorithm in this study
can only be applied over a cloud free ocean.  A suitable
algorithm to retrieve the AOD over the land will be
developed in the near feature.
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