
Chinese Geographical Science 2007 17(4) 364–369 
DOI: 10.1007/s11769-007-0364-7 
www.springerlink.com 

                                       

Received date: 2006-12-05; accepted date: 2007-06-01 
Foundation item: Under the auspices of National Natural Science Foundation of China (No. 40671138)  
Corresponding author: WANG Deyu. E-mail: gisnju@126.com 

 
 

A Method for Retrieving Water-leaving Radiance from  
Landsat TM Image in Taihu Lake, East China 

 
WANG Deyu1, FENG Xuezhi1, MA Ronghua2, KANG Guoding3 

(1. Department of Geographic and Information Science, Nanjing University, Nanjing 210093, China;  
2. Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China; 

 3. Department of Demography and Economics, Nanjing College for Population Programme 
 Management, Nanjing 210042, China) 

 
Abstract: The visible and infrared bands of Landsat Thematic Mapper (TM) can be used for inland water studies. A 
method of retrieving water-leaving radiance from TM image over Taihu Lake in Jiangsu Province of China was inves-
tigated in this article. To estimate water-leaving radiance, atmospheric correction was performed in three visible bands 
of 485nm, 560nm and 660nm. Rayleigh scattering was computed precisely, and the aerosol contribution was estimated 
by adopting the clear-water-pixels approach. The clear waters were identified by using the Landsat TM middle-infrared 
band (2.1μm), and the water-leaving radiance of clear water pixels in the green band was estimated by using field data. 
Aerosol scattering at green band was derived for six points, and interpolated to match the TM image. Assuming the 
atmospheric correction coefficient was 1.0, the aerosol scattering image at blue and red bands were derived. Based on a 
simplified atmospheric radiation transfer model, the water-leaving radiance for three visible bands was retrieved. The 
water-leaving radiance was normalized to make it comparable with that estimated from other remotely sensed data ac-
quired at different times, and under different atmospheric conditions. Additionally, remotely sensed reflectance of wa-
ter was computed. To evaluate the atmospheric correction method presented in this article, the correlation was analyzed 
between the corrected remotely sensed data and the measured water parameters based on the retrieval model. The re-
sults show that the atmospheric correction method based on the image itself is more effective for the retrieval of water 
parameters from Landsat TM data than 6S (Second Simulation of the Satellite Signal in the Solar Spectrum) code 
based on standard atmospheric and aerosol models. 
Keywords: retrieval method; water-leaving radiance; Landsat TM image; Taihu Lake 

 
 
1 Introduction 
 
Many sources of remotely sensed data, such as Coastal 
Zone Color Scanner (CZCS), Sea-viewing Wide Field- 
of-view Sensor (SeaWiFS) and Advanced Very High 
Resolution Radiometer (AVHRR), have been widely 
used for the research of oceanic and coastal water color 
(Gordon and Morel, 1983; Chen, 1998; Hu et al., 2000). 
The Landsat Thematic Mapper (TM) provides six visi-
ble and infrared bands with a spatial resolution of 30m, 
and is available for water color remote sensing over 
inland lakes or coastal waters (Mayo et al., 1995; Zhang 
et al., 1999; Kloiber et al., 2002). Biophysical properties 
(chlorophyll a concentration, clarity) across the water 

area can be estimated through remote sensing technol-
ogy. Due to atmospheric scattering and absorption, the 
water-leaving radiance accounts for about 15% or less 
of the total radiance measured by the sensor in the blue 
band and 5% in the red band over water (Zhang et al., 
1999). Atmospheric correction is therefore critical to 
remote sensing over water areas. The goal of atmos-
pheric correction is to remove the effects of scattering 
and absorption by the atmosphere and derive the wa-
ter-leaving radiance from the remotely sensed data. 
Gordon and Morel (1983) first provided the method of 
atmospheric correction of CZCS for oceanic application. 
Hu et al. (2000) modified the method and corrected the 
SeaWiFS image of turbid coastal waters. Zhang et al. 
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(1999) implemented a simplified CZCS algorithm to 
remove Rayleigh scattering and aerosol scattering from 
TM image. Rayleigh scattering is comparatively stable 
and can be calculated precisely. However, it is critical 
and difficult to derive aerosol properties. For estimating 
aerosol characteristics, Zhang et al. (1999) assumed that 
the water-leaving radiance was negligible in the red part 
of the spectrum over clear-water pixels and that the 
aerosol was homogenously distributed over the test area. 
However, the first assumption will result in large errors, 
and frequently yield negative water-leaving radiance 
and erroneously high chlorophyll a concentrations (Hu 
et al., 2000). The aerosol over inland lakes, such as 
Taihu Lake, is sensitive to human activity, and can not 
be assumed to be uniformly distributed. Therefore, this 
article provided an advanced method of atmospheric 
correction for Landsat TM image, as well as a method of 
retrieving water-leaving radiance from corrected image. 
 
2 Data and Methods 
 
2.1 Data 
Taihu Lake lies in the Changjiang (Yangtze) River Delta, 
in Jiangsu Province of East China. It is the largest lake in 
the Changjiang River basin, with a water area of 2338.1 
km2. The position of the lake is between 30º55'40"–31º  

32'58"N, 119º52'32"–120º 36'10"E (Fig. 1).  
The Landsat TM image in Taihu Lake acquired on 

July 13, 2002 was chosen for this study. Three visible 
bands of 450–520nm, 520–600nm, 630–690nm with 
spatial resolution of 30m, and one middle infrared band 
(2080–2350nm) were used. Synchronous water quality 
parameters (clarity and chlorophyll a concentration) at 
10 points were acquired from the Taihu Lake Monitor-
ing Station on July 15, 2002. The accessorial field 
spectra data and corresponding water quality data over 
67 sampling points were acquired during the period 
October 18–29, 2004, and the details about the cam-
paign and data processing can be seen from Ma et al. 
(2006). Topographical maps on the scales of 1︰50,000 
and 1︰100,000 were also available for reference in this 
study. 
 
2.2 Methods 
The total radiance Lt(λ) measured at the sensor consists 
of contributions from Rayleigh scattering Lr(λ), aerosol 
scattering La(λ), and water-leaving radiance t(λ)Lw(λ), 
where t(λ) is the air-path attenuation coefficient or dif-
fuse transmittance coefficient. The atmospheric correc-
tion scheme for Landsat TM is based on the simple rela-
tionship shown in Equation (1) (Zhang et al., 1999): 

( ) ( ) ( ) ( ) ( )t r a wL λ = L λ + L λ +t λ L λ         (1) 

 

 
 

Fig. 1 Position of Taihu Lake in China 
 

Any Rayleigh-aerosol multiple scattering is ignored. 
If the solar zenith angle is not very small, dazzle can be 
ignored (Chen, 1998). Lt(λ) can be obtained from the 
calibrated Landsat TM data, and Lr(λ) can be calculated 
precisely. From Equation (1), it is important to estimate 
La(λ) for estimating t(λ)Lw(λ). 

2.2.1 Calculation of Rayleigh scattering 
The Rayleigh scattering is practically constant in the 
atmosphere and only dependent on the wavelength λ, 
altitude h0, solar zenith angle θ0, and view zenith angle θ. 
It can be obtained from (Gilabert et al., 1994; Chen, 
1998): 
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In Equation (2), F0(λ) is the extraterrestrial solar ir-
radiance at wavelength λ, which varies according to the 
sun-earth distance; TOZ(λ) is the total downward and 
upward and transmittance of ozone, which can be ex-
pressed as: exp[–τOZ(λ) (1/μ + 1/μ0)], where τOZ(λ) is the 
ozone optical depth, and is computed by the method 
from Gueymard (1995); μ0, μ are the cosine of solar and 
view angles (θ0, θ). 
τr(λ) is Rayleigh optical depth, which depends on the 

λ and h0: 
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(3) 
where Hr(h0) = exp(–0.1188h0 –0.0011h0

2).  
Pr(γ↓) and Pr(γ↑) are Rayleigh phase functions of 

downward and upward radiance, respectively. They can 
be obtained from equations (4) and (5):  

( )2
r

3( ) 1 cos
4

P γ γ↓ ↓= +           (4) 

        2
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       (5) 

where, γ↓, γ↑are the scattering angle for the downward 
and upward directions, respectively:  

0 0 0cos cos cos sin sin cos( )γ θ θ θ θ φ φ↓= − −     (6) 

0 0 0cos cos cos sin sin cos( )γ θ θ θ θ φ φ↑=− − −   (7) 

where φ0, φ are the solar and view azimuth angles, re-
spectively.  
ρ(x) is Fresnel reflectance, which can be obtained 

from Equation (8) : 
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where x=μ0, μ, 2 21 ( 1)y m x
m

= + − , m is refraction 

index of water.  
2.2.2 Estimation of aerosol contribution 
The aerosol contribution can be estimated by using the 
clear-water-pixels approach from the blue, green, and 
red TM bands of TM (Ouaidrari and Vermote, 1999). 
Identification of clear-water pixels can be performed by 
using the mid-infrared band, 2100nm (TM band 7). The 
mid-infrared band is less sensitive to aerosol scattering 

compared to the visible bands, but it is still sensitive to 
the surface characteristics (Kaufman and Sendra, 1988). 
Therefore, the mid-infrared band was used to identify 
the clear-water pixels. The aerosol scattering was ig-
nored, and the water-leaving radiance at mid-infrared 
band Lw(2.1μm) was computed by Equation (9) and 
Equation (10): 
      w t r(2.1 m) (2.1 m) (2.1 m) (2.1μm)t L L L↑ μ μ = μ −    (9) 

r
OZ

( )( ) exp ( ) / cos
2

t τ λλ τ λ θ↑ ⎧ ⎫⎡ ⎤= − +⎨ ⎬⎢ ⎥⎣ ⎦⎩ ⎭
   (10) 

The Lw(2.1μm) was used to identify clear water pixels, 
general water pixels and non-water pixels. If Lw(2.1μm) 
<0.2, this pixel is classified to clear water dataset; 
0.2≤Lw(2.1μm)<0.9, general water dataset; Lw(2.1μm)≥ 
0.9, non-water dataset. 

The water-leaving radiance over clear water 0
w (560)L  

is relatively constant at green band (Chen, 1998). Then 
the contribution of aerosol scattering at green band over 
these pixels 0

aL (560) was computed by Equation (11). 
0 0 0 0
a t r w(560) (560) (560) (560)L L L L= − −      (11) 

where 0
tL (560), 0

rL (560) denote the total radiance meas-
ured at the sensor and the contribution of Rayleigh scat-
tering over the clear-water pixels at wavelength of 560nm, 
respectively.  
  The aerosol was not homogeneously distributed over 
the test area. However, the aerosol optical properties 
acquired over clear-water pixels can be applied to the 
adjacent water area. The aerosol scattering image for 
green band was made from the numerical values of 0

aL  
(560) by interpolation. As Lt(λ) is measured by the sen-
sor and Lr(λ) can be computed by equations (2)–(8), and 
the water-leaving radiance can be computed by rewrit-
ing Equation (1) as (Zhang et al., 1999):  

( )w t r 2 a( ) ( ) ( ) ( , ) (560)i i i i it λ L λ L λ L λ S λ λ L= − −  (12) 

where i = 1, 3 (TM band number) and S(λi, λ2) is defined 
by Equation (13): 

        
'

0
'

0

( )( ,560) ( ,560)
(560)

i
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F

=          (13) 

where, '
0F is extraterrestrial solar irradiance at the stan-

dard sun-earth distance. With a limited number of visi-
ble bands provided by Landsat, the atmospheric correc-
tion coefficient ε(λi, 560) =1.0 was assumed in this study. 
Then the water-leaving radiance at visible bands of 
Landsat TM can be calculated. 
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2.2.3 Derivation of normalized water radiance 
The water-leaving radiance Lw(λ) carries information about 
the water, and is used to retrieve the water physical and 
chemical parameters. Besides the extraterrestrial solar ir-
radiance, the solar and view zenith angles, the water- 
leaving radiance is also affected by the incidence of irra-
diation. Therefore, the water-leaving radiance estimated 
from remotely sensed data was normalized to make it 
comparable with that acquired at different times and under 
different atmospheric conditions (Tang et al., 1998; Tang et 
al., 2004).  

2
w

wN w 0 d
0 0

( )( ) ( ) ( ) / (0 )
( ) (1 ( ))cos

d L λL λ L λ F λ E
t λ ρ θ θ

+
↓

= =
−

 

(14) 
where, LwN(λ) denotes the normalized water-leaving ra-
diance; Ed(0+) is the incidence of irradiation of water; d is 
the sun-earth distance; ρ(θ0) is Fresnel reflectance of wa-
ter; t(λ)↓ is downward air-path attenuation coefficient.  

The water remotely sensed reflectance is commonly 
used for academic study, and can be converted from the 
water-leaving radiance. The water remotely sensed re-
flectance Rrs(λ) was defined by Equation (15). 

rs w d wN 0
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3 Results 
 
Three visible bands of 485, 560 and 660nm and one-
middle infrared band of 2100nm of the Landsat TM im-
age were calibrated. The image Digital Number (DN) 
was converted to irradiance. The irradiance images were 
geometrically corrected by using topographical maps on 
the scale of 1︰50,000 and 1︰100,000.  

The Rayleigh scattering for the four bands was calcu-
lated by using equations (2)–(9) (Table 1). 

The water-leaving radiance image at TM band 7 (Fig. 2) 
was generated by using equations (10) and (11). The 
“clear-water pixels” must satisfy the following conditions: 
1) high water transparency, and low concentration of 
suspended particulate matter (<40mg/L); 2) hardly af-
fected by the bottom; and 3) low reflectance at green 
band. The distribution of clear-water pixels is shown in 
Fig. 3, and their parameters are shown in Table 2. 
 

Table 1 Rayleigh contribution for visible and mid-infrared bands of Landsat TM image 

Band Central wavelength λ (nm) oz( )τ λ  
oz ( )t λ↑  oz ( )t λ↓  rτ  Lr 

1 485    0.0056 0.9944 0.9938 0.1630 34.8160    

2 560    0.0358 0.9649 0.9612 0.0843 15.7870    

3 660    0.0157 0.9844 0.9828 0.0465 7.6520    

7 2100    0.0000 1.0000 1.0000 0.0004 0.0030    
 
 

 
Fig. 2 Water-leaving radiance image at band 7                Fig. 3 Location of clear-water 
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Table 2 Suspended particulate matter (Cspm) and 
remote sensing reflectance (Rrs) of 

clear-water pixels 

Clear-water pixel Cspm (mg/L) Rrs (560nm) 

1 17.03 0.028 

2 38.64 0.031 

3 15.36 0.031 

4 18.12 0.047 

5 29.97 0.047 

6 34.85 0.055 

 
The aerosol contribution in the green band was esti-

mated from six clear-water pixels shown in Fig. 3. The 
water-leaving radiance in the green band of clear-water 
pixels was estimated from field spectral data acquired 
during the period October 18–29, 2004. And the total 
radiance was got from calibrated image; the Rayleigh 
scattering was computed precisely for each clear-water 
area. Therefore the aerosol contribution was estimated 
by Equation (11). The image of aerosol scattering radi-
ance in the green band was generated by interpolation. 
The images in the blue and red bands were computed by 
Equation (13). 

The remotely sensed images of the three visible bands 
of Landsat TM were atmospherically corrected, and 

normalized water-leaving radiance and water remotely 
sensed reflectance were computed. There was no isoch- 
ronous field spectral data for the direct evaluation on the 
atmospheric correction results. Therefore the indirect 
evaluation, correlation analysis between the corrected 
remotely sensed data and water parameters was used. To 
evaluate the atmospheric correction method, the atmos-
pherically corrected water remotely reflectance was 
compared with the 6S (Second Simulation of the Satel-
lite Signal in the Solar Spectrum) reflectance and the 
reflectance at the top of atmosphere (uncorrected). 6S 
reflectance was computed by using the code from Ver-
mote et al. (1997a; 1997b). Midlatitude Summer Atmos- 
pheric Model and Continental Aerosol Model were used 
for inputting parameters of 6S code. 

The water parameters retrieval models (Kloiber et al., 
2002; Mayo et al., 1995) were chosen for correlation 
analysis. According to the meteorological data, there 
was no precipitation during the period July 13–15, 2002. 
The remotely sensed data and measured water parame-
ters can be, therefore, considered to be isochronous. The 
correlation between remotely sensed data and measured 
water parameters is the theoretical base of retrieving 
water parameters from remotely sensed data. The results 
are shown in Table 3. 
 

Table 3 Correlative coefficients between water parameters and remotely sensed reflectance 

Water parameter Retrieving model TOA reflectance* 6S reflectance Water remotely sensed reflectance** 

Clarity TM1/TM3 –0.354 0.606 –0.776    

Chlorophyll (TM1–TM3)/TM2 0.787 –0.500 0.823 

* Reflectance at the top of atmosphere; ** Corrected using the method presented in this study 

 

The results show that the retrieval of water clarity is 
more sensitive to the atmosphere effects than chloro-
phyll. For retrieval of water clarity, the atmospheric 
correction method presented in this article is better than 
6S code. And the uncorrected remotely sensed data 
cannot be used for retrieval of water clarity. The atmos-
pheric correction presented in this article can improve 
the retrieval precision of chlorophyll parameters. The 6S 
code, however, reduces the precision. To sum up, the 
atmospheric correction based on image itself is more 
effective to retrieval of water clarity and chlorophyll 
from Landsat TM image than 6S code based on standard 
atmospheric model and standard aerosol model. 

4 Conclusions 
 

Based on a simplified atmospheric radiation transfer 
model, an atmospheric correction method for Landsat 
TM image was developed in response to low reflectance 
of water. The method described in this article corrected 
the atmospheric effects of TM data, particularly the 
Rayleigh, ozone, aerosols. The Rayleigh and ozone are 
extracted from the meteorological data. The aerosols 
were estimated from the TM image itself by the 
clear-water-pixels approach considering that the aero-
sols were not uniformly distributed over the test area 
and that the water-leaving radiance over clear water in 
the green band was not zero. The normalized water- 
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leaving radiance and remote sensing reflectance of wa-
ter were computed from the TM image over the test area. 
Based on existed retrieval model, the remotely sensed 
data corrected by the approach presented in this article 
shows better agreement with the water parameters than 
the data corrected by 6S code and the data uncorrected. 
The atmospheric correction method based on image it-
self is better than 6S code based on standard atmos-
pheric and aerosol models for retrieving water parame-
ters from Landsat TM data. 

The atmospheric correction coefficient ε(λi, 560) =1.0 
(i=1, 3) was assumed to estimate the aerosol contribu-
tion. This assumption may introduce errors to the re-
trieving process and would be reconsidered in the fur-
ther study. Without isochronous field spectral data, the 
indirect evaluation method was used to evaluate the 
corrected results. The evaluation may be more convinc-
ing using the direct method with the isochronous field 
spectral data. 
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