ESTIMATION OF CHLOROPHYLL-A CONCENTRATION
FROM THE ATMOSPHERIC CORRECTION OF MISR DATA

SISIR KUMAR DASH', TASUKU TANAKAZ, HIROYUKI HACHIYA?3, AND
YASUHIRO SUGIMORI*

Abstract

Multi Angle Imaging Spectro Radiometer (MISR) has a capability to observe the
oceen surface from different viewing directions. Attempts were made to estimate the ocean
surfece reflectance and chlorophyll-a concentration using MISR data. The aerosol optical
thickness (AOT), available from the MISR archive is compared with the results simulated
wing the 6S radiation transfer code. It turns out that the AOT values agree with each other
up to 85% in certain areas in case-1 waters. Substituting the archive values of AOT into
the radiative transfer process, we obtain the surface reflectance. This surface reflectance, in
tun, is employed together with the in-water algorithm, to obtain the chlorophyll
conocantraion maps for three viewing directions (aft, nadir and forward). The pattern of
aatanad chlorophyll map is reasonable. It is estimated tha an error of about 35% is
invdved in the radiance cdibration and AOT. Hence, with best possibility, the surface
reflectance is quantified and the chlorophyll maps were generated. When it is compared
with the nadir observation, the forward viewing camera overestimates and the &t viewing
camgaunderestimates the chlorophyll-a concentration especially in case-1 waters- In case-
2 wdes the chlorophyll-a concentration shows similar patterns for the three different
viewing directions. Due to lack of in-situ data, absolute chlorophyll values were ignored
but erors were quantified for (he surface reflectance and the aerosol optical thickness with
the 6S dmulated results.
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1. Introduction
In the atmospheric correction of ocean
ador data, the radiance backscattered from

signifies the concentration of
phytoplankton. its decay, carbon cycle, etc.
In the atmosphere, the visible light is

the water column (water-leaving radiance)
hes to be evaluated by correcting the
redaxe a the top of the atmosphere
(TQA) for the scattering and the absorption
in the amosphere (Gordon and Morel,
1983), The amount of radiance that reaches
a gece borne ocean color sensors is
rdaivdy smdl due to the scattering in the
amogohere and absorption in the water
aumn The water leaving radiance is the
gicd property of the oceanic water which

scattered by ar molecules and aerosols;
while in the ocean, it is absorbed and
backscattered by planktons, water
molecules, and etc. The propagation of
light through atmosphere causes problem
due to the strong forward scattering by
aerosols and it varies with its size (Gordon
and Wang, 1994) and the uncertainty of
aerosol scattering is complicated while
comparing with the air molecular scattering
(Rayleigh scattering). During the
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atmospheric correction procedure,
considerations must be given to the aerosol
optical thickness and its wavelength
dependence. Besides, knowledge on the
aerosol phase function and the single
scattering abedo are required in the
radiative transfer calculations (Gordon and
Zhang, 1996, Kaufman et a., 1994,
Nakgjima et al., 1983, Wang and Gordon,
1993). The aerosol particles are
characterized by their shape, size, chemical
composition and total amount, which in
turn determine their radiative
characteristics. Remote sensing relies on
the transmission of radiation by the Earth's
atmosphere and therefore strongly affected
by the aerosol radiative characteristics
(Lenoble, 1993). In this context, the
establishment of the climatology of aerosol
characteristics for remote sensing has been
one of magor objectives of the scientific
community in the last severa decades
(International Aerosol Climatology project
(IACP), 1991). These characteristics must
be given for each wavelength (k), and the
essential parameters are the vertical profile
of the scattering coefficient (as),
absorption coefficient (aa) and the
scattering phase function. Microscopically,
al these parameters are dependent on
shape, size and composition of aerosols
and well approximated. So far, severd
conventional algorithms were proposed in
the EOS era (Gordon, 1997; Das, et al.,

2002; Haltrin, 2002) to estimate aerosol

optical thickness (AOT) and water-leaving
radiance with certain accuracies using the
data from satellite sensors with ore
viewing direction. In these algorithms, the |
sun glitter radiance and the whitecaps
radiance are assumed to be constant in dl

the spectra regions and estimated with the!
sea surface roughness and wind sped

respectively.

The present paper describes the direct |
estimation of aerosol optical thickness and!
surface reflectance using  Multi-Anglel
Imaging Spectro Radiometer (MISR) datan
and the 6S code. In Section 3.1, we

compare the AOT vaue provided usng!
MISR algorithm (David et a., 2001) with!
that calculated using the 6S code. Based
on the MISR AOT and other geometricall
information from the MISR archive, wel
estimate the surface reflectance &
described in Section 3.2. The surfacel
reflectance, in turn, is employed to retrievel
the chlorophyll-a  concentration  ad
described in Section 3.3

1. Methodology

a. MISR Data

MISR is a sensor onboard the Terra

satellite (launched in December 1999). It id |
equipped with three visible bands and one |
near-infrared band, and views the earth in |
nine different viewing directions to study |
the scattered sunlight from different

Table: 1. Specification of MISR Instrument

Parameters

Value

Viewing angles (Degrees)

0.0 (nadir), 26.1,45.6, 60.0, and 70.5 in
both fore and aft of nadir

Swath (Kilometers)

360

Spectral bands (hm)

446.4,577.5,671.7,866.4

Spectral bandwidth (nm)

41.9,28.6,21.9,39.7

Cross-track x along-track pixel 275mx 275 m
sampling (commendable) 550 mx 550 m
11 kmx 11 km

275 km x 11 km
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Figure 1. False color composite of MISR data on: 02 October 2003
(Path: 153, Block no: 71, MISR SOM P153 Block 71 Projection)

tages Specificaly, the MISR monitors
the monthly, seasonal, and long-term
treks in (1) the amounts and types of
amogphaic particles (aerosols), including
thoee fomed by natural sources and by
huren activities, (2) the amounts, types,
ad heghts of clouds, and (3) the
ddaribuion of land surface cover,
induding vegetation canopy structure. A
ddal  configuration of the MISR
indrument is described in Table-1.

Tre MIR data analyzed here were
amuired on 2nd October 2003 over the
Nothwesem Arabian Sea (23°58'45.16"N
to 25°2142.85'N and 63°56'28.82E to
68°4869'E). The MISR images for the
three direction viewing camera A Forward
(+26° indlingtion), Aft (-26°), and Nadir
@) obsarvaions are denoted as AF, AA
ad AN, respectively. The fase color

composite (R: 446.4nm, G: 577.5, B:
671.7) is shown in Fig. 1, containing both
in case-1 and case-2 waters. Land mask is
not applied to the images to find out the
minimum and maximum on the reflectance
value at the TOA. The radiance Li(k) are
converted to the apparent reflectance
pr\k) at the TOA, using the expression

p, ()= : T'L('%)

here Fo is the extraterrestria solar
irradiance, and 9s is the solar zenith angle.

The reflectances at the TOA for al four
bands are shown in Fig. 2.
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Figure 2. MISR reflectance at TOA
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Figure 3: Aerosol optical thickness at 557.5nm derived from MISR archive

b. 6SCode

The 6S code is a widely used radiation
transfer code which can accurately
simulate the radiative transfer process in
the atmosphere with limited computing
resources and a fast approximation
(Vermote, et a., 1997). The inputs to the
6S code in this research are zenith and
azimuth angles for solar and satellite
positions with the band wavelengths and
satellite atitude parameters. In addition,
the maritime aerosol model in the tropical
regions is chosen for the present case. The
6S code calculates the radiance L[k) (or
equivalently p/(A.) from Eq. (1)) for given

values of surface reflectance r(X) and
AQOT (named as a variable Ta(X,)). Here,
we need to evaluate r(k) and Xa(k) from
the actually observed values ofL(A,). For
this purpose, we employ the 6S code and
we determine a set of r\K) and To(A))
which reproduces the value of p/(*)
within  an  eror range of +
0.00001 (reflectance unit).

[11. Results and Discussion
Figure 2 shows the reflectance at the TOA
obtained from the ocean part of the
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Fig. 4. Relationship between the aerosol optical thickness (AOT at 550 nm)
and surface reflectance for blue and green bands

MISR data shown in Fig.l. In
accordance with the post-calibration
e involved in the instrument, a
10% error is attached to the apparent
reflectance (Bruegge, et al., 2004). In
oda to evauate the corresponding
enos in the AOT and surface
reflectance, the mean value for each
berd is considered for pixels over the
region under consideration. In the NIR
bend, the error range is significantly
larger as compared to visible bands for
dl the AN, AA, AF cameras. For the
ara caculations, the data from each
canga ae separately treated. Here, the
dda fron camera A is employed to
edimde the AOT and the surface
rdfledance using the tria and error
mahod The MISR AOT is derived
fromthe MISR archiveand the

AOT distribution for the study area is
shown in Fig, 3.

a. Comparison of AOT values from
the MISR archive and the 6S
simulation
We have three observations for one

pixel, Each observation is the function

of two unknown variable ":a(?‘v) andv.

The detailed scheme to obtain the
solution is as follows: (1) Let assume

‘ca(K) = 0, then we can find three
different r(l) for three different
observations, which yield p:(L)
individually by the try and error
application of the 6S code. (2) Then by
changingt.( ), we try to obtain a set
of 'E.;(?L) and r(“h), where it
satisties pr (A ;3
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Fig. 4 (@ and Fig 4 (b) show the
relationship between the  surface
reflectance and AOT derived using the 6S
code for the blue and green bands of the
MISR respectively. Since, the 6S code was
used to estimate the ground reflectance for
sensors like OCTS, MISR and MODIS
etc., here we will not repeat the discussions
on the accuracy involved in the 6S
caculation. The best possible solution
would be obtained using the multi viewing
direction images without effecting spectral
variations. The range of AOT is taken from
Ramanathan et al, 2001, Rasch et al, 2000
before showing simulation results. The 6S
code simulation is carried out directly in
the visible regions to obtan AOT.
However, as seen from Fig. 4(3)
uncertainty of AOT for the blue band is
quite large. The ocean region under
investigation is free from the sun glitter.
Under the assumption of the Lambertian
surface, it is expected that the reflectance
values from the three observation
directions agree with each other within the
error range. In some cases, the &ft viewing

camera (AA) shows some irregularity,
occasiondly it yields negative reflectance
values. On the other hand, the forward
viewing camera (AF) and the nadir viewing
camera (AN) show positive AOT values.
The ranges of these AOT values are in a
range of 0.1 to 0.3. This is somewhat larger
than the typical AOT of maritime aerosols,
presumably, due to transportation of land
aerosols toward the marine region
(Ramanathan et a, 2001). The average of
al these AOT with respect to the directions
(except the negative values) are employed
here, to calculate the 6S derived AOT and
apply to the data for all viewing directions.
Scatter plot between the MISR AOT (at
557.5 nm) and the AOT estimated with the
6S code (at 550 nm) in five selected pixels
isshown in Fig. 5. Correction for the
spectral dependence of AOT is considered
small due to the small difference in these
wavelengths. In case of marine aerosol, this
error is attributed to a minimum percentage
from the real estimation. It is quite evident
that the error for the MISR AOT is larger
than that from the 6S estimation in five

R? =0.898 |
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Figure 5 Scatter plot between MISR AOT (557.5 nm) and
new AQOT calculated using the 68 code (550 nm)
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pixels shown in Fig. 5. Furthermore,
this eror estimation is a standard error
etimaion that pertained during data
andyds and the radiative process incurred
wing 6S code. The range of both MISR
ad present AOT are quiet similar to the
ranges from in situ measurements reported
from the Indian Ocean Experiment
(Ramanathen et al., 2001). The regression
paande (R2) between the MISR AOT
ad the new AOT is 0.898. Here the
andyss is limited to few pixels and the
digance between them is uniform. Due to
the limited computational environment; all
these pixels are 100% cloud free and dust
freeregions.

b. Edimation for surface reflectance
and itsuncertainty

The present estimation of AOT derived
from the 6S code using the multi viewing
imegss is limited to few geographical
pxds In order to estimate the surface
refledtance, for a larger region, the most

aiticd parameter is AOT ia\k Jtaken from

the MISR archive, because the agreement
of the MISR archive and the multi-viewing
direction method are farly good. Using
Chandrasekhar's integration equation for
the plane parallel atmosphere
(Chandrasekhar, 1960) for the single
scattering approximation, the radiative
transfer equation can be shown as Eq. 2.

pwm(t ik )= T, F, (COS @)+T o (COS__G_)

4,1,
(z, . %) :
] S B ;,_( IS TSN
\2!.11 2}%) 2“] 2“'}

.......................................................... )

where, prowt (c S, 0s ) is the reflectance at
TOA., tr and T« are the optical thickness
for Rayleigh and aerosol respectively.

B, P are the phase function for Rayleigh
and aerosol respectively. 7 and £ are the
water-leaving radiance and the asymmetric
factor respectively. pu and are the cosine
of satellite and the solar

Blue Band

Green Band

Figure 6. Surface Reflectance
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zenith angle respectively. © is the
scattering angle, k is assumed as
1 <k < 2 for al possible calculations.

Due to spectral dependencies, To (A.)
were extrapolated to respective bands (blue
band and green band) of the MISR, while
the surface reflectance is computed by Eq.
(2) for three viewing directions (aft, nadir
and forward) and shown in Fig. 6. For the
all calculations, we make use of the MISR
Level -3 AOT validated with the AIR-
MISR data. The ranges of al these
reflectances agree well with the 6S
estimation shown in Fig. 5. For blue band,
the aft viewing camera yields the
reflectance values from 0.04 to 0.05, which
are dightly larger than the ranges of 0.02 to
0.03 from the forward viewing camera. For
these two directions, the resulting patterns
are quite similar from the coastal regions to
the open ocean. The nadir viewing result
shows reflectance values from 0.03 to 0.04
and becomes identical with the aft viewing
surface reflectance in the coastal regions.
As compared with the forward and nadir
results, the aft viewing reflectance exhibits
somewhat larger uncertainty to the
calibration error in the aft viewing camera
(Bruegge, et a., 2004). However, the
accuracy has not been, quantified yet.
Estimation of AOT from the MISR archive
contains some percentages of error which
can be attributed to the surface reflectance
which is avoided.

c. Chlorophyll-a estimation from MISR
The chlorophyll-a concentration is
directly related to the surface reflectance
ratio between different bands (Gordon,
1997). Though the MISR is not the ocean
color sensor, its blue and green bands give
information pertinent to the ocean color
analysis. In a recent report on the MISR
data archive (David, et al., 2001), attempts
were aso made to derive surface
reflectance for the ocean application. We
estimate the ocean surface reflectance

using the single scattering approximation
for three cameras (AF, AA and AN) and its
accuracy is quantified. The concentration
of chlorophyll-a (chl) is estimated using the
following expression given below (Kahru
and Mitchell, 1999)

C’hl =] Oi«-“ FatR+g 2R +a3R" +aa R + a:-

. (3)

‘where
R=log:(nl-(Blue)’ nl.(Green))

In Eq. (3), aO through & are the

regression coefficients. The above equation
is the maximum band ratio and modified
cubic polynomial equation. The regression
coefficients are modified from O'Reilly et
a 1998 (Kahru and Mitchell, 1999). The
values are &0, al, a2, a3, a4 and & are
0.565, -2.561, -1.051, -0.294, 5.561, -0.04
respectively.  The unit of chlorophyll-a
concentration is expressed in mg m-3. The
resulting distributions from three viewing
cameras are shown in Fig. 7. The same set
of regression coefficients aO - &5 is used for
deriving these concentration patterns.
In Figs.7 (a) - (c), similar distribution
patterns are observed for three viewing
directions, but the concentration values are
different. The error may be dightly more or
less in the case of the forward and aft
cameras but the nadir camera estimates
reflectance with a fair accuracy. High
concentration of chlorophyll-a is observed
in the coastal (case-2) waters due to
intrusion of riverine water (the Indus river)
and vertica  dratification.  Similar
observations were reported in various
literatures. Among the three viewing
directions, nadir and &t results show
identical pattern in the coastal regions,
while the forward result exhibits various
patterns in the open ocean. Although the
chlorophyll concentration can  be
reasonably  derived from the nadir
observations in both coastal and open
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Figure 7 Chlorophyll-a concentration (mg/m’)

oceen regions, there are small scae
eddes in the open ocean revedled only
from the forward observations. In the open
o, the at image shows the
concentration assessment that is consistent
with the nadir image. It is evident that
while the nadir viewing camera reveals
large scale eddies, small features such as
meandas and small scale eddies are more
dealy detected in the forward and aft
viemng images. The accuracy of these
chlorophyll-a  concentrations can  be
edimated on the basis of the accuracies in
the AOT retrieval from the MISR and the
inweter algorithm.

REMOTE SENSING AND EARTH SCIENCES September 2006 Volume 3

Conclusions

The MISR sensor views the Earth using its
different viewing direction cameras to
observe the scattered sunlight. Not only it
reveals the atmospheric constituents such
as aerosols and clouds, but it aso helps to
estimate the reflectance properties of
various targets. We can retrieve the AOT
from the MISR data by the multi
directional method. In this calculation we
employ the 6S code to find both the AOT
and surface reflectance by iterating the
forward calculation. The obtained AOT,
thus, agree with that provided by the
NASA MISR archives. These AOT values
were applied to all different viewing
directions. The forward and &t

21



viewing results. Substituting the derived
surface reflectance into the in-walcr
algorithm, we obtain the ocean
chlorophyll-a concentration. The pattern of
the chlorophyll-a concentration shows
good agreement with that of the surface
reflectance derived from blue and green
bands. Forward (aft) viewing observations
overestimate (underestimate) the

chlorophyll-a concentrations as compared
with the nadir viewing results. This effect
IS conspicuous in case-1 waters.
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