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Abstract
Application of MODIS in ocean color is mainly based on bands 8−16 with the spatial
resolution of 1 000 m. This spatial resolution, however, can not meet the application demand of inland
waters where the areas are relatively small. With the assumption of the black water at shortwave infrared
(SWIR) wavelengths (>1 000 nm), we first propose an atmospheric correction method for bands 1 and 2
with their spatial resolution of 250 m, and we then establish a quantitative retrieval model for suspended
sediment concentration retrieval using the in-situ data collected in Taihu Lake. We also use MODIS data
to retrieve the suspended sediment concentration of Taihu Lake with the retrieval model. The comparison
between the retrieved and measured suspended sediment concentrations confirms that our algorithm can
provide reliable data for monitoring the suspended sediment in Taihu Lake.
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1 INTRODUCTION
The process of traditional methods for water
quality monitoring mainly includes the collection
and laboratory analyses of water samples. Then, the
water quality is evaluated based on the results of
laboratory analyses. These methods are more precise,
but they are carried out on the limited water samples
thus may not reflect the overall transformation of the
water quality. Particularly, the traditional methods
can not perform and realize the real-time monitoring.
Remote sensing can observe over a large area at the
same time. Water quality monitoring by remote
sensing can reflect the variation of water quality on
different time and space scales and is able to detect
the pollution sources and pollutant movement.
Therefore, using remote sensing to monitor water
quality has attracted considerable attention and the
approach has become a research hotspot in the field
of oceanography.
Many studies have been done using remotely
sensed data for water quality monitoring. Tassan
(1993) established a three-component model and
used this model to retrieve suspended sediment
concentration (SSC) from TM data. Moore et al.
(1999) developed an algorithm and used the marine

reflectance ratios between the different bands to
retrieve SSC. The ratios include the one between the
different visible bands and the one between the
different near-infrared (NIR) bands. These studies
demonstrated that in the areas with low SSC, results
retrieved from the two ratio algorithms described
above can agree well with each other, but in the areas
with high SSC, the NIR ratio algorithm works better
than the other one does. Application of their
algorithms to MERIS demonstrated that it is possible
to retrieve SSC within ±50% error. Taking the
reflectance ratios between the near-infrared and
visible bands into consideration, Doxaran et al. (2003)
showed that these ratios had high correlation with
SSC. Doxaran et al. (2002) also found an empirical
relationship between the SSC and remote sensing
reflectance ratio which is between NIR and visible
bands of SPOT-HRV. They then used this
relationship to retrieve SSC in the Gironde estuary in
France from SPOT-HRV data with precision better
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than ±35%. Miller and McKee (2004) used MODIS
Terra 250 m imagery to map the distribution of
suspended sediment in the northern Gulf of Mexico
and found a linear relationship between SSC and
water reflectance of MODIS Terra band 1. Their
study demonstrated that the MODIS Terra could
provide data well suited for monitoring the dynamic
change of SSC in coastal waters. Chen et al. (2007)
established an empirical relationship between the
turbidity and the remote sensing reflectance of
MODIS band at 645 nm and applied this relationship
to retrieve the turbidity of Tampa Bay. Using
SeaWiFS data, Deng et al. (2003) studied the
three-dimensional distribution of suspended sediment
in Changjiang (Yangtze) estuary and Hangzhou Bay,
but their algorithm only applied to the water with
SSC between 10 and 100 mg/L. Warrick et al. (2004)
used SeaWiFS data to retrieve SSC in the Santa
Barbara Channel. Han et al. (2006) retrieved SSC of
Changjiang River estuary using CMODIS data. Yuan
et al. (2001) analyzed the correlation between the
SSC of DianChi and TM data. They then established
a model to retrieve SSC of DianChi using TM data.
Wang et al. (2007) used principal component
analysis method to retrieve SSC of Taihu Lake using
MODIS data. Other studies for SSC retrieval using
remote sensing approach have been done worldwide
(Hellweger et al., 2004; Wang, 2004; Li, 1986; Yin et
al., 2005; Ma et al., 2005; Lv et al., 2005).
MODIS on the satellites of both the Aqua and
Terra has 36 bands and three spatial resolutions
including 250 m, 500 m and 1 000 m. MODIS data
has a near daily coverage and is free for public,
making it applicable to dynamic monitoring on large
scale. At present, the software used in ocean color
atmospheric correction for MODIS is SeaDAS,
which uses bands 8−16 with spatial resolution of
1 000 m. The low spatial resolution can not meet the
application demand of inland waters with small area.
MODIS has two bands whose spatial resolution is
250 m and these two bands have sufficient sensitivity
to monitor the changes in color for inland waters (Hu
et al., 2004). Several studies have demonstrated that
these two bands have potential to monitor the water
quality of inland waters (Hu et al., 2004; Miller et al.,
2004). As a result, we focus our study on monitoring
suspended sediment of inland waters using MODIS
data. For the 1 000 m and 250 m spatial resolution
data of MODIS-Terra, they are not well calibrated
and contain more noise compared with the
MODIS-Aqua data (Hu et al., 2004). Then, our study
is focused on using MODIS-Aqua data, but the
approach developed in this study can be applied to
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MODIS-Terra data as well.
Taihu Lake is located in the Changjiang delta and
is the third largest freshwater lake in China with an
area of about 2 338 km2. Taihu Lake is a multifunctional
supplier for drinking water, irrigation, shipment, tour,
aquiculture and industry and plays an important part
in people’s daily life and industrial production in the
region. With the rapid economic development in
Taihu Lake valley, the environmental contamination
is becoming a serious problem, especially the water
pollution and eutrophication. The bad water quality
has serious negative influence on the sustainable
development of the nature, society and economy in
Taihu Lake valley. Thus, it is important to study and
assess the water quality of Taihu Lake.
The purpose of this study is to develop an
approach for application of MODIS 250 m data for
monitoring SSC of Taihu Lake. We first put forward
an atmospheric correction method that can meet the
application demand of inland waters. We call it
atmospheric correction algorithm for high spatial
resolution bands of MODIS. Then, we establish a
SSC quantitative retrieval model using the in-situ
data. Finally, using MODIS data, we retrieve the SSC
in Taihu Lake.

2 DATA AND METHODS
2.1 IN-SITU DATA
Two cruises (2004 autumn cruise and 2007 summer
cruise) were carried out during Oct. 10−29, 2004 and
June 10−18, 2007 to Taihu Lake. The water spectra
and concentrations of the three components (Ma et al.,
2006) were measured. There were 67 cast stations for
the autumn cruise. We measured the water spectra for
66 cast stations. Spectra data of station No. 48 was
not measured due to the weather. There were 94 cast
stations for the summer cruise. Among these 94 cast
stations, both water spectra and concentrations of the
three components were measured for 75 stations. For
the other 19 stations, only concentrations of the three
components were measured. The cast stations for the
autumn and summer cruises are shown in Fig.1.
Measurement of the parameters is detailed in Ma et al.
(2006). The Remote Sensing Reflectance (Rrs)
spectra measured during the autumn cruise are shown
in Fig.2.
2.2 ATMOSPHERIC CORRECTION
The total radiance Lt, at a wavelength λ, received
by sensor is given as (Robinson, 2004):
Lt(λ)=Lr(λ)+La(λ)+tLf(λ)+TLg(λ)+tLw(λ)

(1)
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Fig.1 Cast stations of Taihu Lake cruises
a. 2004 autumn cruise; b. 2007 summer cruise
Table 1 MODIS bands used in this study
Band

1

2

5

6

7

Bandwidth/nm 620-670 841-876 1230-1250 1628-1652 2105-2155
Center645
859
1240
1640
2130
wavelength/nm

Fig.2 Rrs spectra measured in 2004 autumn cruise

The term of the parameters in Eq.1 is detailed in
Gordon et al. (1994a). The purpose of atmospheric
correction is to remove the atmospheric and ocean
surface effects from Eq.1 and to get the Lw term
which has the water information.
On the equation, we put forward an atmospheric
correction algorithm for Taihu Lake that is relatively
turbid and small. This algorithm uses SWIR wavelengths
to realize the correction of MODIS bands 1, 2 whose
spatial resolution is 250 m. The bands used in this study
are listed in Table 1. The algorithm is detailed as following:
For productive waters (e.g., pigment concentration >
~2 mg/L (Ma et al., 2007)) and inland waters with
high sediment concentration, the NIR Lw can be
significant (Siegel et al., 2000; Ruddick et al., 2000;
Wang et al., 2005). Many studies have been
conducted for the purpose of eliminating the effect of
NIR Lw (Hu et al., 2000; Lavender et al., 2005;
Ruddick et al., 2000). However, all these studies had

limitations because of the complexity of inland
waters. For the SWIR wavelengths, the fresh water
has significant larger absorption ability than that for
the NIR wavelengths and the absorption increases
rapidly with the increase of wavelengths (Haleet et
al., 1973). Then, with the assumption of black water
at the SWIR wavelengths, we realize the atmospheric
correction of MODIS bands 1 and 2.
2.2.1 Lr
Lr of bands 8−16 can be calculated precisely from
exact Rayleigh Look Up Table (Gordon et al., 1988;
Wang, 2005). We then can get Lr of bands 1, 2 from
that of bands 13, 16 (1 and 13, 2 and 16 are
respectively the nearest bands):
Lr(λi)/Lr(λj) = Lrs(λi)/ Lrs(λj)= τr(λi)
F′0(λi)/(τr(λj)F′0(λj))

i=1, 2 j=13, 16

(2)

where Lrs is the single-scattering term of Lr, τr is the
optical thickness of air molecule, and F′0 is the
instantaneous extraterrestrial F0 reduced by two
strips through the ozone layer, then:
F′0= F0 exp[−τoz(1/cosθv+1/cosθs)]

(3)

where θv, θs, τoz are the satellite zenith angle, the solar
zenith angle and ozone optical thickness, respectively,
The Lr of SWIR bands comprises such a small part in
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the total radiance and it can be calculated by
single-scattering algorithm (Gordon et al., 1989).
2.2.2 La
For the calculation of Lg, we first calculate sun
glint coefficient based on Cox et al. (1954). The
influence of sun glint can be neglected if the
coefficient is smaller than the threshold (0.0001 in
our algorithm). Otherwise, Lg can not be neglected
and it can be calculated based on Wang et al. (2001).
Lf is calculated based on Gordon et al. (1994b).
We get La (λ) (λ=1 240 nm, 2 130 nm. The reason
for choosing 1 240 nm and 2 130 nm is detailed in
Wang (2007)) from Eq. 1 with the assumption that Lw
(1240) and Lw (2130) can be neglected. From Wang
et al. (1994):
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log10 (SSC) = 0.3568 ln (Rrs (λ2)) +3.3431

(9)

SSC is in mg/L. The correlative coefficient is 90%.
We use data collected from the 56 stations to establish
the model. There are 66 stations for the autumn cruise.
Data for the other 10 stations measured on Oct. 21,
2004 is used for validation. The comparison between
the model estimated and measured SSC is shown in
Fig.3. The average relative error is about 20.5%.

La(λi)F′0(λj)/ La(λj)F′0(λi) = ε(λi, λj) = exp[c(λj−λi)] (4)
we can get parameter c which is related to the aerosol
type. Then, La of bands 1, 2 can be calculated from:
La(λi) = La(λ5) F′0(λi) exp[c(λ5− λi)]/ F′0(λ5) i=1,2 (5)
We choose La (λ5) as the basis for aerosol
extrapolation because that the La can usually be more
accurately extrapolated for shorter wavelength
distance than for the longer one (Wang, 2007). So far,
the La of bands 1, 2 is obtained and we then have Lw
from Eq.1:
L w (λi)= ( L t (λi) −L r (λi) −L a (λi) −t L f (λi) −
T L g (λi)) / t i = 1 , 2

(6)

2.3 SSC RETRIEVAL MODEL
The reflectance of wavelength domain 700−900 nm
is more sensitive to the change of SSC (Mahtaba et
al., 1998) and thus it is the best choice for SSC
retrieval. We use band 2 to retrieve SSC in Taihu
Lake. The model for SSC retrieval is based on the Rrs
of band 2. Then, we can translate Lw into Rrs:
(7)
Rrs = Lw/ (ts cosθs F′0)
ts is the diffuse transmittance from the sun to water.
Before establishment of the retrieval model, we
have to translate the in-situ hyperspectral Rrs into Rrs
(λ2), with λ2 the center-wavelength of band 2, by
means of band-equivalent calculation (Gordon,
1995):
Rrs(λ2) = ∫s(λ) Rrs(λ) dλ /∫s(λ) dλ

(8)

S(λ) is spectral response.
Using the Rrs and SSC measured during 2004
autumn cruise, we then establish a SSC quantitative
retrieval model by means of least-square fitting
method:

Fig.3

Comparison between
measured SSC

model

estimated

and

3 RESULTS
There is only one MODIS-Aqua image can be
used for the time of 2004 autumn cruise. However,
for the time of 2007 summer cruise, there is no image
can be used. Then, we use one image acquired for the
time that is closest to the 2007 summer cruise time.
We use these two MODIS-Aqua images (Fig.4) to
assess the precision of our algorithm.
First, we use our atmospheric correction algorithm
to process the selected two MODIS-Aqua images.
The atmospheric correction results are shown in
Fig.5. In order to assess the precision of our
atmospheric correction algorithm, we compare the
atmospheric correction result obtained by processing
MODIS-Aqua image acquired on Oct. 21, 2004 with
in-situ data measured on the same day (Table 2).
Table 2 Comparison between retrieved Rrs (λ2) and in situ
data of the 10 stations on Oct. 21, 2004
Retrieved Rrs(λ2) Measured Rrs(λ2) Relative error
0.004 97

0.004 41

0.127

0.006 50

0.005 83

0.116

0.001 74

0.002 68

0.350

0.003 17

0.003 84

0.176

0.004 23

0.007 89

0.464

0.002 50

0.005 39

0.536

0.007 87

0.005 98

0.317

0.004 10

0.004 23

0.030

0.006 61

0.010 84

0.390

0.015 33

0.009 94

0.543

RMS
relative error

0.184
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Fig.4 MODIS-Aqua band 2 radiance image of the Taihu Lake (30º55′− 31º33′ N, 119º52′− 120º37′ E) acquired on (a) Oct.
21, 2004. (b) June 8, 2007

b

a

0

(a)

0

(b)

0.09
0.16

Fig.5 Rrs (λ2) retrieved from MODIS-Aqua images acquired on (a) Oct. 21, 2004. (b) June. 8, 2007

a

b

0
0

(a)
(b)

305
490

Fig.6 SSC retrieved from MODIS-Aqua images acquired on (a) Oct. 21, 2004. (b) June. 8, 2007

Second, using the atmospheric correction result,
we retrieve SSC by means of our SSC quantitative
retrieval model. The retrieved SSC is shown in Fig. 6.

In order to assess the precision of our retrieval model,
we compare the retrieved SSC with in situ data. The
comparison is shown in Fig.7 and Table 3. As can be
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seen from Fig.7, almost all the retrieved SSC values
are higher than the measured SSC values in the areas
with relative low SSC. The reason is due to the effect
of water bottom reflectance. Zhou (2007) and Ma et
al. (2007) pointed out that the biggest water depth is
3 m and the average depth is 1.8 m in Taihu Lake. In
the relatively clear areas, the atmospheric corrected
Lw (858) contains the signal of water bottom
reflectance and the SSC is overestimated.
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On the other hand, our algorithm has some aspects
that need to be further adjusted. First, for our
algorithm, in relatively clear areas, the atmospheric
corrected water leaving radiance contains the signal
of water bottom reflectance and the SSC is then
overestimated. The elimination of water bottom
reflectance effect deserves further research. Second,
we have the in situ data measured during the 2004
autumn and 2007 summer cruises at present. The
validation of our algorithm only uses in situ data of
104 stations, 10 stations for the autumn cruise and
94 for the summer cruise. We need more in situ data
which can cover larger dynamic range of the lake to
validate our algorithm in future studies.
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