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Abstract Total suspended matter is an important
water quality parameter, and plays a key role in water
quality evaluation, especially of inland waters. Many
different methods have been developed to estimate
TSM from remote sensing data, in which empirical
methods and model-based methods are two types of
commonly used methods. Compared with empirical
methods, model-based methods have the advantages
of definite physical meanings, high robustness and
retrieval accuracy. In model-based methods, matrix
inversion method is commonly used in monitoring
water qualities of inland waters. However, matrix
inversion method has to predetermine some optical
parameters by empirical values or simplified optical
model, which may introduce some errors in retrieved
water quality parameters. In order to overcome the
shortcomings of matrix inversion method and increase
the estimating accuracy of total suspended mater, in
this paper, a bio-optical model based method is
developed, which estimates total suspended mater by
using remote sensing reflectance of two near-infrared
bands. This method is validated by in-situ experiment

data measured in Lake Taihu, a big turbid lake in
eastern China. The results show that this method has
better performance than matrix inversion method. The
average relative error of the estimated total suspended
matter by this method is only 13.0%, which is much
smaller than the errors by matrix inversion method
(32.7%). This method has the advantages of definite
physical meaning, easiness to carry out, and high
estimating accuracy. However, the applicable scope of
this method has limitations: it can only be applied to
optically deep waters with high concentrations of total
suspended matter.

Keywords Bio-optical model . Total suspended
matter . TSM . Lake Taihu . Remote sensing
reflectance . Empirical method .Model-based method .

Matrix inversion method

Introduction

Total suspended matter (TSM) is an important water
quality parameter, and plays a key role in water
quality evaluation, especially of inland waters (e.g.
lake, reservoir, and river). TSM determines the
transparency of water, and ultimately determines the
primary productivity of water (Zhang et al. 2004).
TSM is traditionally measured by collecting water
samples and analyzing them in laboratory. Monitoring
TSM in this way can be time consuming and require a
large amount of human and material resources if a
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large area is involved. Furthermore, a limited number
of field samples often cannot truly characterize the
spatial variation of TSM within a body of water. With
the development of remote sensing technology,
remote sensing data have been utilized to assess
TSM (Hoogenboom et al. 1998; Ammenberg et al.
2002; Dekker et al. 2002; Pozdnyakov et al. 2005;
Kishino et al. 2005; Chen et al. 2007). Estimating
TSM from remote sensing has four main advantages:
ability to cover large areas, rapid results, low cost,
and convenience for dynamic monitoring (Qi and
Wang 1999).

Many different methods have been developed to
link remote sensing data with TSM, in which empirical
methods and model-based methods are two types of
commonly used methods (IOCCG 2000). Empirical
methods are based on statistical relationships between
remote sensing data and in-situ measured water
quality data. However, because of the differences
among experiment conditions, these statistical rela-
tionships are often not stable; as a result, they are
difficult to compare and extend from one study to
another. In contrast, model-based methods are based
on bio-optical models, and have the advantages of
definite physical meanings, high robustness and
retrieval accuracy (Dekker et al. 2002).

In model-based methods, matrix inversion method
is commonly used in monitoring water qualities of
inland waters (Hoogenboom et al. 1998; Dekker et al.
2002). Matrix inversion method transforms a bio-
optical model into a matrix and then retrieves three
types of water quality parameters (TSM, chlorophyll-
a and CDOM) simultaneously through matrix inver-
sion operation. Matrix inversion method has been
proven to have higher robustness and retrieval
accuracy than empirical methods in monitoring inland
water qualities in different seasons and different areas
(Dekker et al. 2002). However, in matrix inversion
method, the values of some optical parameters must
be predetermined, such as ratio of upward irradiance
to upward radiance under water (Q) and anisotropy
factor of the light filed in the water (f). These
parameters are often affected by many factors, such
as viewing geometry of remote sensor, roughness of
water surface, bidirectional reflectance of water, and
atmospheric conditions (Morel and Gentili 1993). It
will cause some errors by estimating the values of
these optical parameters from simplified optical
models or empirical values.

In order to overcome the shortcomings of matrix
inversion method and improve the accuracy of TSM
estimating, this study focuses on developing a new
bio-optical model based method. This method is
based on a transformed bio-optical model, and TSM
can be retrieved from remote sensing reflectance of
two near-infrared bands. Then, this method is vali-
dated by in-situ experiment data measured in Lake
Taihu, a big turbid lake in eastern China.

Materials and methods

Description of the filed sampling data

Lake Taihu is selected as the study area in this study.
Lake Taihu is located between 30°55′40″N and 31°32′
58″N, and 119°52′32″E and 120°36′10″E in eastern
China. It is the third largest lake in China. With the
increasing pollution from both urban and rural areas
surrounding Lake Taihu Region over the past two
decades, water pollution is becoming a serious
problem, and more efficient water quality monitoring
of the lake is urgently needed (Ma and Dai 2005).

From 9 A.M. on Jan. 7, 2006 to 4 P.M. on Jan. 9,
2006, a field campaign was carried out in Lake Taihu.
Water surface spectra were measured and water
samples were collected on 47 sampling stations. The
distribution of the 47 sampling stations in Lake Taihu
is shown in Fig. 1.

Water surface spectra were measured by using an
ASD field spectrometer, with a spectral response range
of 350 to 1,000 nm and a spectral resolution of 3 nm.
The “above water method” was used to measure water
surface spectra (Tang et al. 2004). When the boat was
anchored, the radiance spectra of light from the
reference panel, water, and sky were measured 10
times each. On each sampling station, these measured
radiance spectra of each object were averaged, and
then remote sensing reflectance spectra Rrs(λ) were
calculated. The remote sensing reflectance spectra
Rrs(λ) on the 47 sampling stations are shown in Fig. 2.

The water samples collected from the 47 sampling
stations were immediately sent to a laboratory, where
the concentrations of water quality parameters and
inherent optical properties (IOPs) were measured.
Concentrations of TSM (Cs) were measured by
filtering the water samples on GF/C filters, and then
drying and weighting on electronic balance. Concen-
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trations of chlorophyll-a (Cchl-a) were measured by
filtering the water samples on GF/C filters, extracting
with ethanol (90%) at 80°C, and analyzing spectro-
photometrically at 750 and 665 nm (Moed and
Hallegraeff 1978).

According to NASA ocean optics protocols (Pegau
et al. 2003) we measured and calculated the IOPs,
including absorption coefficient spectra of TSM
[ap(λ)], absorption coefficient spectra of phytoplankton
[aph(λ)], absorption coefficient spectra of nonpigment
suspended matter [ad(λ)], absorption coefficient spectra
of CDOM [aCDOM(λ)], scattering coefficient spectra of
TSM [bp(λ)], beam attenuation coefficient spectra
[C(λ)]. The spectra of ap(λ), ad(λ), and C(λ) were
obtained directly between wavelength region of 400
and 750 nm at 1-nm intervals using a UV2401PC
spectrometer. The spectra of aph(λ) were calculated by
subtracting ad(λ) from ap(λ). The spectra of bp(λ) were
calculated by subtracting total absorption coefficients
of water [a(λ)] and scattering coefficients of pure water
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Fig. 2 Remote sensing reflectance spectra on the 47 sampling
stations in Lake Taihu

Fig. 1 Distribution of the
47 sampling stations in
Lake Taihu
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[bw(λ)] from C(λ), which was based on the following
equation (Mobley, 1994):

C 1ð Þ ¼ a 1ð Þ þ b 1ð Þ ¼ aw 1ð Þ þ aph 1ð Þ þ ad 1ð Þ
þ acdom 1ð Þ þ bw 1ð Þ
þ bp 1ð Þ ð1Þ

Many scientists have measured the values of aw(λ)
and bw(λ) (Buiteveld et al. 1994; Pope and Fry 1997;
Kou et al. 1993). The measurements of aw(λ) and
bw(λ) proposed by NASA ocean optics protocols is
adopted in this study (Pegau et al. 2003). These
measurements include Pope and Fry’s (1997) mea-
surement of aw(λ) from 400 to 705 nm, the
measurement of Kou et al. (1993) of aw(λ) from
705 to 900 nm, the measurement of Buiteveld et al.
(1994) of bw(λ) from 400 to 750 nm.

Average values of these IOPs on the 47 sampling
stations are shown in Fig. 3.

The IOPs of each water constituent are assumed to be
linear functions of the concentration of each water
constituent. The specific inherent optical properties
(SIOPs) are just the IOPs per unit concentration of each
water constituent, including specific absorption coeffi-
cient of nonpigment suspended matter(a

0
d), specific

absorption coefficient of CDOM(a
0
CDOM ), specific ab-

sorption coefficient of phytoplankton (a
0
ph), specific

scattering coefficient of total suspended matter (b
0
p).

Then, total absorption and scattering coefficients of

water can be expressed by SIOPs with the following
equations (Dekker et al. 2001):

að1Þ ¼ awð1Þ þ a¶phð1Þ � Cchl�a þ a¶dð1Þ � Cn

þ a¶cdomð1Þ � acdomð10Þ ð2Þ

b 1ð Þ ¼ b 1ð Þ þ b
0
p 1ð Þ*Cs: ð3Þ

where λ0 is reference wavelength, which is often set
to be 440 nm; Cn is the concentration of nonpigment
suspended matter. In waters with high concentrations
of TSM, Cn can be approximately replaced by Cs.

Since the concentrations and IOPs of water con-
stituents in Lake Taihu were measured and calculated,
the SIOPs of water constituents in Lake Taihu were
calculated. Average values of these SIOPs on the 47
sampling stations are shown in Fig. 4.

Another important IOP is the total backscattering
coefficient of water [bb(λ)], which is commonly used
in bio-optical models. bb(λ) can be calculate from the
following equation (Dekker et al. 2001):

bb 1ð Þ ¼ 0:5*bw 1ð Þ þ ebbp*b
0
p 1ð Þ*Cs: ð4Þ

where ebbp is backscattering to total scattering ratio of
TSM.

The values of ebbp can be measured in laboratory
(Pegau et al. 2003). However, due to the lack of
relevant instrument in this field campaign, the value
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Fig. 3 Average spectra of the IOPs measured on the 47
sampling stations in Lake Taihu (ad absorption coefficient of
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Fig. 4 Average spectra of the SIOPs measured on the 47
sampling stations in Lake Taihu (b’p specific scattering
coefficient of total suspended matter, a’CDOM specific
absorption coefficient of CDOM, a’d specific absorption
coefficient of nonpigment suspended matter, a’ph specific
absorption coefficient of phytoplankton)
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of ebbp has to be determined from former literature or
empirical models. Li (2007) calculated the value of
ebbp in Lake Taihu in winter by optimization of a bio-
optical model with water surface spectra and IOPs,
and the average value of ebbp was calculated to be
0.052. Since the values of ebbp are almost constant for
water bodies in the same region and the same season,
this value of ebbp is used in this study.

Derivation of the new TSM estimating method

Dekker (1993) found that the following form of bio-
optical model was an appropriate model for turbid
inland waters:

R 0�ð Þ 1ð Þ ¼ f *
bb 1ð Þ

a 1ð Þ þ bb 1ð Þ ; ð5Þ

where R(0-) is sub-surface irradiance reflectance,
which is the bridge linking water surface spectra and

IOPs; bb(λ) is the total backscattering coefficient of
water; f is a factor that accounts for the anisotropy of
the light filed in the water (Tassan and d’Alcalá 1993;
Hoogenboom et al. 1998; Dekker et al. 2002).

R(0−) can be calculated from Rrs(λ) with the
following equation (Tzortziou et al. 2007):

R 0�ð Þ 1ð Þ ¼ Rrs 1ð Þ*Q
1� r θvð Þð Þ* 1� r θsð Þð Þ=n2 ; ð6Þ

where Q is the ratio of upward irradiance to upward
radiance under water; θv is the viewing zenith angle;
θs is the sun zenith angle; r(θv) and r(θs) are ref-
lectance over the water-atmosphere surface, which
can be calculated by Fresnel formula; n is the
refractive index of water, and is about 1.333.

Replacing the variables R(0−)(λ), a(λ) and bb(λ) in
Eq. 5 by Eqs. 6, 2 and 4, a new equation is obtained:

Rrs 1ð Þ*Q
1� r θvð Þð Þ* 1� r θsð Þð Þ=n2

¼ f *
0:5*bw 1ð Þ þ ebbp*b

0
p 1ð Þ*Cs

aw 1ð Þ þ a
0
ph 1ð Þ*Cchl�a þ a

0
d 1ð Þ*Cs þ a

0
cdom 1ð Þ*acdom 10ð Þ þ 0:5*bw 1ð Þ þ ebbp*b

0
p 1ð Þ*Cs

ð7Þ

In Eq. 7, Rrs(λ), aw(λ), bw(λ), b
0
p lð Þ, a0

ph lð Þ, a0
d lð Þ,

a
0
cdom lð Þ, θs, θv, n, and ebbp are often regarded as

known parameters, and Cs, Cchl-a, acdom(λ0), f, and Q
are often regarded as unknown parameters. If the
values of f and Q can be estimated from optical
models or from empirical knowledge, there are only
three unknown parameters: Cs, Cchl-a, and acdom(λ0).
Equation 7 can be transformed into a matrix. Using
remote sensing reflectance values from three or more
bands (or wavelengths) in visible region, the values of
Cs, Cchl-a, and acdom(λ0) can be solved by matrix
inversion operation. This is the so-called matrix
inversion method (Hoogenboom et al. 1998).

As can be seen from above, the values of Q and f
have to be predetermined in matrix inversion method.
However, these optical parameters can be affected by
many factors, including viewing geometry of sensor,
roughness of water surface, bidirectional reflectance
of water, atmospheric condition, and are often
different at different water locations and times (Morel
and Gentili 1993). Estimating the values of Q and f by

simplified optical models or empirical values will
introduce some errors in retrieved water qualities.

In order to overcome the shortcomings of matrix
inversion method and improve the estimating accura-
cy of TSM, this study develops a bio-optical model
based method of estimating TSM from near-infrared
remote sensing reflectance.

In near-infrared wavelength region (750∼1,000 nm),
the values of aph(λ), ad(λ), acdom(λ) and bw(λ) are
approximately equal to zero. Therefore, in near-
infrared wavelength region, Eq. 7 transforms into the
following form, when divided by Q on both sides of
the equal sign:

Rrs 1ð Þ
1� r θvð Þð Þ* 1� r θsð Þð Þ=n2

¼ f

Q
*

ebbp*b
0
p 1ð Þ*Cs

aw 1ð Þ þ ebbp*b
0
p 1ð Þ*Cs

: ð8Þ
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In Eq. 8, Rrs(λ), aw(λ), b
0
p lð Þ, ebbp, θs, θv and n are

known parameters, while only Cs and
f
Q are unknown

parameters. The value of Cs can be solved by the
following equation with remote sensing reflectance of
two near-infrared bands:

Cs ¼
rrs 11ð Þaw 11ð Þb0

p 12ð Þ � rrs 12ð Þaw 12ð Þb0
p 11ð Þ

ebbpb
0
p 11ð Þb0

p 12ð Þ rrs 12ð Þ � rrs 11ð Þð Þ
;

ð9Þ
where λ1 and λ2 are wavelengths in near-infrared
region, and rrs(λ) is defined by the following
equation:

rrs 1ð Þ ¼ Rrs 1ð Þ
1� r θvð Þð Þ* 1� r θsð Þð Þ=n2 : ð10Þ

This is the bio-optical model based method of
estimating TSM from remote sensing reflectance of
two near-infrared bands, which can be called Two Near-
Infrared Bands Method or TNIB method for short.

The two near-infrared bands method needs input
remote sensing reflectance of two near-infrared bands
(750∼1,000 nm). It can be seen from Fig. 2 that the
values of Rrs(λ) at wavelength region between 750
and 850 nm are not small. However, in wavelengths
longer than 850 nm, the values of Rrs(λ) drop fast
with wavelength increasing, and almost drop to zero
at 1,000 nm. When the values of Rrs(λ) are small, the
signal-to-noise of these data are low. It will cause
much error in estimating TSM from remote sensing
reflectance with low signal-to-noise. Therefore, the
two near-infrared bands method require inputting
remote sensing reflectance of two bands in wave-
length region from 750 to 850 nm to ensure enough
accuracy of estimated TSM.

Rrs(λ) at 814 and 828 nm are selected as inputs in
this study. Eight hundred fourteen and 828 nm are
characteristic wavelengths of the Rrs(λ) spectra shown
in Fig. 2. Eight hundred fourteen nanometer is the
extreme value of the Rrs(λ) spectra, and 828 nm is the
inflexion point of the Rrs(λ) spectra.

Results

Results by the two near-infrared bands method

The inputs of the two near-infrared bands method
include Rrs(λ1), Rrs(λ2), aw(λ1), aw(λ2), b

0
p l1ð Þ,

b
0
p l2ð Þ, ebbp, θs, and θv, where λ1 and λ2 are selected

to be 814 and 828 nm in this study. The values of θs
can be calculated through the locations and sampling
time of each sampling station. The values of θv are set
to be 40° in the experiment. The measurement of Kou
et al. (1993) of aw(λ) from 750 to 900 nm is adopted
in this study, so aw(814 nm) equals 2.2230, and
aw(828 nm) equals 2.9139.

The spectrum of b
0
p lð Þ from 400 to 750 nm is

shown in Fig. 4. The spectrum of b
0
p lð Þ decreases

exponentially with wavelength increasing. The nega-
tive exponential function can be used to fit the
spectral dependence of b

0
p lð Þ:

b
0
p 1ð Þ ¼ b

0
p 1ð Þ � exp S � ð10 � 1Þ½ � ð11Þ

where λ0 is the reference wavelength, which is often
set to be 440 nm; S is the slope parameter in the
function. The value of S is calculated to be 0.0017,
when the fitted spectrum best fit the original spectrum
of b

0
p lð Þ. Then, b0

p 814 nmð Þ is calculated to be 0.3485
by Eq. 11, and b

0
p 828 nmð Þ is calculated to be 0.3402.

With all these inputs, the concentrations of TSM
on the 47 sampling stations are calculated by the two
near-infrared bands method. The comparison between
the retrieved TSM and in-situ measured TSM are
shown in Fig. 5 as squares. Average relative error and
root mean square error (RMSE) of the estimated TSM
are 13.0% and 20.24 mg/l respectively.
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Results by matrix inversion method

The inputs of matrix inversion method include Rrs(λ),
aw(λ), bw(λ), b

0
p lð Þ, a0

ph lð Þ, a0
d lð Þ, a0

cdom lð Þ at three or
more wavelengths, and also include θs, θv, ebbp, f, Q.

Considering that TSM affects the optical properties
of water more greatly at longer wavelength in visible
region, three characteristic wavelengths of the Rrs(λ)
are selected in this study, which are 677, 696, and
734 nm. Six hundred seventy-seven and 696 nm are
extreme values of the Rrs(λ) spectra, and 734 nm is
the inflexion point of the Rrs(λ) spectra.

The values of aw(λ), bw(λ) are shown in Fig. 3,
and the values of b

0
p 1ð Þ, a0

ph lð Þ, a0
d lð Þ, a0

cdom lð Þ are
shown in Fig. 4.

Both f and Q are factors that depend upon the light
field distribution of the water. The values of f and Q
are set to be constants in some studies, for instance f
equals 0.33 (Gons 1999; Krijgsman 1994), and Q
equals π (Hoogenboom et al. 1998; Dekker et al.
2002). While in other studies, the values of f and Q
are calculated from optical models, which take the
mean cosine (μ0) or θs as inputs (Walker 1994; Gons
1999). It is more appropriate to calculate the values of
f and Q from optical models than to set them to be
constants. Therefore, the values of f are calculated
from the optical model of Walker (1994) and the
values of Q are calculated from the optical model of
Gons (1999) in this study.

With all these inputs, the concentrations of TSM
on the 47 sampling stations are calculated by
matrix inversion method. The comparison between
the retrieved TSM and in-situ measured TSM are
shown in Fig. 5 as triangles. Average relative error
and RMSE of the estimated TSM are 32.7% and
66.56 mg/l respectively.

Discussion and conclusion

This study develops a bio-optical model based
method of estimating suspended matter concentra-
tions from remote sensing reflectance of near-
infrared bands. When this method is applied to
estimate TSM in Lake Taihu from in-situ measured
remote sensing reflectance, the errors of the estimat-
ed TSM are quite small. Average relative error and
RMS of the estimated TSM are only 13.0% and
20.24 mg/l respectively.

It further shows the advantages of the two near-
infrared bands method by comparing with matrix
inversion method. When matrix inversion method is
applied to the same remote sensing reflectance of
Lake Taihu, the errors of the estimated TSM are much
bigger: average relative error and RMSE of the
estimated TSM are 32.7% and 66.56 mg/l respectively.
The comparison of the in-situ measured TSM and
TSM retrieved from both two near-infrared bands
method and matrix inversion method are shown in
Fig. 5, where squares represent TSM retrieved from
two near-infrared bands method, triangles represent
TSM retrieved from matrix inversion method, and the
diagonal is the 1:1 line. All of the squares are close
to the 1:1 line, while some triangles are quite far
from the 1:1 line, especially when the in-situ
measured TSM (X-axis) are bigger than 155 mg/l.
When the in-situ measured TSM are smaller than
155 mg/l, the average relative error and RMSE of the
TSM retrieved by matrix inversion method are 27.1%
and 36.12 mg/l respectively. However, when the in
situ measured TSM are bigger than 155 mg/l, the
average relative error and RMSE of the TSM
estimated by matrix inversion method are 50.6% and
121.56 mg/l respectively. All these show that matrix
inversion method works poorly when TSM are bigger
than 155 mg/l, while two near-infrared bands method
works well no matter TSM are big or small.

There are three main reasons why the two near-
infrared bands method gets smaller errors in estimat-
ing TSM in Lake Taihu. Firstly, in near-infrared
region, the optical properties of water are only
controlled by absorption of pure water and backscat-
tering of TSM. Because the absorption coefficient
spectrum of pure water is known, the remote sensing
reflectance spectra in near-infrared region are directly
affected by TSM. While in visible region, the optical
properties of water are jointly affected by the
absorption and backscattering of pure water, phyto-
plankton, CDOM, and suspended matter. These facts
can be reflected from the remote sensing reflectance
spectra in Fig. 2. The Rrs(λ) spectra curves on the 47
sampling stations do not cross in wavelength region
from 750 to 850 nm. This reflects the fact that TSM
controls the optical properties of water in near-
infrared region, and the higher the concentration of
TSM is, the higher the spectra is. In contrast, the
Rrs(λ) spectra curves cross in visible region, which
reflects the fact that the optical properties of water in
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visible region are controlled by multi factors. There-
fore, it is more difficult to estimate TSM from remote
sensing reflectance in visible region. Secondly, there
is only one SIOP parameter as input in the two near-
infrared bands method, which is b

0
p lð Þ. Furthermore,

the variation of the values of b
0
p lð Þ on different

sampling stations is small. In contrast, there are four
kinds of SIOPs as inputs in matrix inversion method,
which are b

0
p lð Þ, a0

ph lð Þ, a0
d lð Þ, a0

cdom lð Þ. It is more
difficult to prepare the values of the four kinds of
SIOP. Furthermore, the variations of the values of the
four kinds of SIOPs on different sampling stations are
much bigger. Therefore, it may cause bigger errors
when average values of the four kinds of SIOPs are
introduced into matrix inversion method. Thirdly,
matrix inversion method need predetermine the values
of optical parameters Q and f, while the two near-
infrared bands method need not. The values of Q and f
can be affected by many factors, including the viewing
geometry of remote sensor, the roughness of water
surface, the bidirectional reflectance of water, and the
atmospheric conditions (Morel and Gentili 1993). It
will cause some errors by estimating the values of Q
and f from some simplified optical models.

However, the applicable scope of the two near-
infrared bands method has limitations. Firstly, the two
near-infrared bands method can only be applied to
waters with high concentrations of TSM. The values
and signal-to-noise ratios of water surface spectra in
near-infrared region should be big and high, otherwise
the noise of the water surface spectra in near-infrared
region will cause big errors on estimated TSM. In the
experiment in Lake Taihu, most of the concentrations
of TSM on the 47 sampling stations are bigger than
50 mg/l, and the measured remote sensing reflectance
spectra in wavelength region from 750 to 850 nm
have big values and high signal-to-noise ratio.
Secondly, the two near-infrared bands method can
only be applied to optically deep waters, because the
bio-optical model, which is used in development of
the two near-infrared bands method, neglects the
reflection of light from water floor. Nevertheless,
because the waters with high concentrations of TSM
are often optically deep waters, the latter limitation of
optically deep water can be neglected.

In a word, the two near-infrared bands method
developed in this study has definite physical meaning;

is easy to carry out; can estimate TSM with high
accuracy in waters with high concentrations of TSM.
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Appendix

List of main symbols

TSM total suspended matter
CDOM colored dissolved organic matter
IOPs inherent optical properties
SIOPs specific inherent optical properties
Cchl-a concentration of chlorophyll-a (μg/L)
Cs concentration of total suspended matter (mg/l)
Cn concentration of nonpigment suspended matter

(mg/l)
Rrs remote sensing reflectance
R(0−) sub-surface irradiance reflectance
F anisotropy factor of the light filed in the water
Q ratio of upward irradiance to upward radiance under

water
θs sun zenith angle
θv viewing zenith angle
a(λ) total absorption coefficient of water (m−1)
aw(λ) absorption coefficient of pure water (m−1)
ap(λ) absorption coefficient of total suspended matter

(m−1)
aph(λ) absorption coefficient of phytoplankton (mainly

chlorophyll; m−1)
ad(λ) absorption coefficient of nonpigment suspended

matter (m−1)
acdom(λ) absorption coefficient of CDOM (m−1)

a
0
ph lð Þ specific absorption coefficient of phytoplankton

(mainly chlorophyll; m2 mg−1)

a
0
d lð Þ specific absorption coefficient of nonpigment

suspended matter(m2 mg−1)

a
0
cdom lð Þ specific absorption coefficient of CDOM

b(λ) total scattering coefficient of water (m−1)
bw(λ) scattering coefficient of pure water (m−1)
bp(λ) scattering coefficient of total suspended matter

(m−1)

b
0
p lð Þ specific scattering coefficient of total suspended

matter (m2 g-1)
bb(λ) total backscattering coefficient of water (m−1)
ebbp backscattering to total scattering ratio of total

suspended matter
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