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Abstract. Comparing with the chlorophyll-a (Chl-a) concentration measurement in ocean, the 
measurement of the inland water body based on MODIS image data is far from mature. The inland lake 
meets a series of more harsh pollution problems yet lack of any efficient methods in fast measurement and 
prediction. Therefore, the measurement and prediction upon the in-land water body pollution and 
eutrophication became critical. 

Taihu Lake is one of the largest freshwater inland lakes in China, which is also the most important water 
source. The eutrophication in Taihu Lake is becoming more serious while the economy of Taihu lake 
drainage basin developing. In summer 2007, the algae bloom brake out widespread in Taihu lake. 
A method of Chl-a concentration measurement and prediction, base on the MODIS image data, is presented 
in this paper. Two components were included in the method. The first component is estimation of Chl-a 
concentration based on MODIS image. The DN values were derived from MODIS image data, and translated 
into normalized reflectance. An image-based atmosphere correction method was applied in preprocess of 
MODIS image data to reduce the atmospheric effect, including calculating and removing Rayleigh scattering, 
and removing aerosol contribution at desired wavelength, etc. Based on studying the spectral characteristic of 
Chl-a, the suitable MODIS bands and band combinations were correlated with Chl-a measurement. The Chl-a 
concentration were based on Chlorophyll Empirical Algorithm and remote sensing reflectance (Rrs). Field 
data were used to correct the rough Chl-a concentration data. Secondly, the eco-dynamic model in Taihu 
Lake was developed. Two sub-modules were included in the eco-dynamic model: the hydrodynamic model 
and the ecological model in lake. The eco-dynamic model had been calibrated and tested by field measured 
data. The hydrodynamic model was used to simulate the flow field drove by wind. The distribution of Chl-a 
concentration in the future could be predicted by the ecological model. 

Two dates of MODIS data of May 8 and May 19, 2007 in Taihu Lake, China, were used in this study. 
The results show that, the most serious eutrophication state occurs in the north of Taihu Lake, and the 
eutrophication state in the east part of the lake is better than other region, which agree well with the local 
measured data. The result of numerical simulations provided satisfactory result in comparison with the 
distribution of Chl-a concentration based on MODIS.   

This approach could be applied to other coastal or inland regions for the measurement and prediction of 
Chl-a concentration, but the specific relationship between MODIS reflectance and Chl-a may vary as a 
consequence of different water body. The presence of other constituents can also be investigated in the 
further research. 
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1. Introduction 
Eutrophication caused by the excessive growth of algae is a major water quality problem in water resource 
managements. The situation grows more and more serious via the rapid growth of economy. Consequently, 
measurement and prediction on water quality, especially the eutrophication becomes an urgent problem 
which must be investigated. 
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Comparing with the traditional water quality sampling, remote sensing provides a faster and more 
convenient means to monitor water quality over a large area. In recent years, the remote sensing technology, 
such as MODIS, has been widely applied in water monitoring, for its advantages like short revisit period, 
free of charge and fast acquisition, it has developing rapidly. Yet the accuracy is limited in the middle 
resolution. 

Various mathematical models have been developed and applied on river, lakes and reservoirs. Hong 
Peng and Shenglian Guo (2002) developed a 1-D water quality model in low reaches of the Hanjiang River. 
The water quality component consists of ammonia, nitrate, dissolved oxygen, chlorophyll-a, biochemical 
oxygen demand, etc. The numerical simulations of the hydrodynamic and water quality from 1995 to 1998 
provide satisfactory results in comparison with corresponding measurement [1]. Based on 2-D hydrodynamic 
model, convection-diffusion equations and water ecology system hydrodynamic model, Yan Wang et al 
(2007) modeled ecological restoration in shallow water body. This model was applied on a eutrophic 
reservoir, Xikeng Reservoir, Shenzhen City, China, to simulate the effects on water quality restoration [2]. 
However, the water quality model simulate the change based on sample data which is time-consuming, 
expensive and only over a small area.  

Due to these two limitations, researches in incorporating remote sensing data into a water quality model 
as a more accurate initial condition are developed. Ming-Der Yang et al. (1996) took the SPOT image data of 
Ta-Chia Reservoir in Taiwan province as the initial data. The water quality model (QUAL2E) and an image 
processing and GIS package (ERDAS IMAGINE) were used to estimate the concentration of Chl-a and SDD 
[3]. Two spectral bands of the visible spectrum[0.45~0.52μm(blue),0.52~0.60μm(green)] of satellite 
images obtained by LANDSAT7 ETM+ have used in a study to follow the contaminated waters of Medrano 
Creek when it flows into Rio de la Plata River(Alicia Vignolo et al,2006).They developed a model that 
predicts the water quality index (WQI) of surface waters in that study area and used linear regression 
analysis [4]. 

 In this paper, we describe and demonstrate methods to estimate the Chl-a concentration based on the 
MODIS Image data, and predict it in the future by eco-dynamic model calculating. First, the MODIS Image 
data pre-processing and atmospheric correction are necessary. Second, the parameters in chlorophyll 
empirical algorithm are adjusted by the in-situ data. Finally, the eco-dynamic model is developed by the 
additional dynamic data, such as temperature, flow, etc. 

2. Methods 

2.1. Chl-a estimation 
2.1.1 Overview 

Three different approaches can be used to monitor water quality on remote sensing: empirical approach, 
semi-empirical approach and analytical approach. Empirical approach is also called “statistical approach”, 
and is a simple and straightforward method. In the semi-empirical approach, the spectral characteristics of 
the water constituents are well known and this knowledge is used to improve the algorithms developed by 
statistical approach. In this paper, the semi-empirical approach is applied. 

2.1.2 MODIS image acquisition and pre-processing 

The MODIS data obtained from MODIS Receiving Centre in Wuhan University, where produced level 1B 
data set and all the MODIS images were calibrated and geo-located. All the images can be previewed in the 
web site of MODIS Receiving Centre in Wuhan University and the cloud-free coverage over study area can 
be selected. After application, the specific data were obtained, including img format data and the 
corresponding angle files, such as solar zenith angle, sensor viewing zenith angle. 

   MODIS data is so large that it’s necessary to subset the area of interest of the image data after 
projection conversion using ERDAS 8.6. Finally, the resizing image data was converted into ASCⅡformat 
for the following calculations. 

2.1.3 Atmospheric correction 

Comparing with the atmospheric correction in ocean based on MODIS image data, the correction of the 
inland water body is far from mature. Therefore, the atmospheric correction of MODIS imagery for turbid 
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coastal waters was adopted. The turbid coastal caseⅡ waters were not only determined by the phytoplankton 
and their decomposition material, but also other element. Coastal regions and lakes often have more complex 
bio-optical properties compared to the open sea, and thus are classified as “caseⅡ” waters [5]. 

An amendatory algorithm was developed to correct the atmospheric effects for coastal waters by 
combing the Gordon’s atmospheric correction algorithm (Liangmin Liu et al.). This atmospheric correction 
algorithm can achieve very high accuracy, and can be used to the areas where no caseⅠ waters existed or 
caseⅠ waters just covered by clouds[6]. And the amendatory algorithm was following: 

（1）Rayleigh calculation  
The phase function is following: 

( ) ( ) ( ) ( )[ ] ( )+− ++= θθθθλφθφθ rsvrssvvr PrrPp coscos;,;,                                   (1) 

The Rayleigh scattering phase function is 
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Where ±θ  is the scattering phase angle of forward/backward scattering light. The Rayleigh phase angle of 
entry and emergence was calculated by the follow equation: 

( )svv cossinsincoscoscos φφθθθθθ −−±=± vss   
and sϕ are, respectively, the zenith and azimuth angles of a vector from the point on the surface under 

examination to the sun, and vθ and vϕ  are the zenith and azimuth angles of a vector from the pixel to the 
sensor. 

（2）Calculation of Rayleigh scattering contribution at desired bands: 
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0ω  is single scattering albedo（ 0ω

≈1）, toz  is the Ozone transmittance, and ( )iOz λτ  is Ozone optical 
thickness. Where aoz (λ) is the ozone absorption coefficient (unit: cm-1) defined so that the Ozone spectral 
optical depth for a concentration of DU (Dobson units or milliatmosphere centimeters) is  
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（3）Aerosol Contribution Calculation 
According to the theory of Gordon and Wang [7], there is an exponential relationship between 

spectrum characteristic of Aerosol Optical Thickness, which is used in the atmospheric correction algorithm. 

The constant c is calculated form the following formula by the term ( )7480
asρ  and ( )8690
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where ( ) ( ) sasas FL θλπλρ cos0=   is aerosol single scattering reflectivity, and c is aerosol index. The 
aerosol radiated contribution at random wavelength is: 

( ) ( ) ( )0
0

0, λρλλελρ asiias =  
Therefore, the aerosol contribution at other visible light wavelength is calculated from the formula 

above.    

There is a simple linear relationship between ( )λρa + ( )λρ ar  and ( )λρas , which is presented as follow: 
( ) ( ) ( )( ) ( )iasiasiiraia K λρλρλλρλρ ,=+                                                        (4) 

where ( )( )λρλ asK ,  is a constant which found from the looking tables(LUTs) ( )sas λρ
 and ( )las λρ  are  

provided by the leave water radiance at 748nm and 865nm. 

2.1.4 The estimation of Chl-a concentration 

Based on studying the spectral characteristic of Chl-a, the suitable MODIS bands and band combinations 
were correlated with Chl-a measurement. The Chl-a concentration were based on Chlorophyll Empirical 
Algorithm and remote sensing reflectance (Rrs). 
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where Chl-a is the chlorophyll a concentration and maxR  is the maximum band radio determined in Eq.(5) 
from the  Rrs ration at the wavelengths(O’Reilly et al.,1998,2000)[7]. Field data were used to calibrate the 
parameters. 

2.2. Eco-dynamic model  
The eco-dynamic model in Taihu Lake was developed. Two sub-modules were included in the eco-dynamic 
model: the hydrodynamic model and the ecological model in lake. The eco-dynamic model had been 
calibrated and tested by field measured data. The hydrodynamic model was used to simulate the flow field 
which driving by wind. The distribution of Chl-a concentration in the future could be predicted by the 
ecological model. 

2.2.1 Hydrodynamic model 

2-D St. Venant equations are employed in hydrodynamic model to simulate the hydrodynamic characteristics 
of water depth and flow field, and provide condition for water quality simulation.  
Continuity Equation: 
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Momentum equations: 
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Based on frictional law,     
2
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Where  fC  frictional coefficient,
2

12 / hgnC f = , n is roughness. 
 sxτ , syτ  are wind stress in direction X, Y on free surface, respectively. 
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2.2.2 Ecological model 

Key equation in ecological module is the convection-diffusion equation, which considered the convection, 
diffusion and source of pollutants. The considering factors including the process diffusing, transfer, 
transformation of substance and biological metabolism, the direct loading of pollutants, bounder load, etc. 

( ) ( ) ( ) ( )
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i i i
x i y i c c k c

hc c c
q c q c K K S S
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∂ ∂ ∂∂ ∂ ∂ ∂
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                                        (10) 

where iC is conservative physical term., such as temperature field, nutriments(nitrogen, phosphorus) and 

dissolved oxygen. ics  is the ecological conversion factor of nutriments.  
Based on the WASP4 and QUAL-II model, we developed the dynamic model of eutrophication. The 

following governing equations are considered in the model. In this model state variables are phytoplankton 



 356 

(C4), nitrogen (including ammonia(C1), nitrate(C2), organic nitrogen (C7)), phosphorus (including inorganic 
phosphorus(C3), organic phosphorus(C8)).  

Phytoplankton: 
444 )( CDDGS splplk −−=                                                             (11) 
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The physical meaning and value of parameters in the model are given in table 1 and appendix 1, 
respectively. 

The corresponding boundary and initial conditions are as follows: 
Influent boundary conditions: 

   ),,( tyxQQ in=     ),,( tyxCC inii =                                                (17) 
Lower effluent boundary conditions: 
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Initial condition: 

)0,(xφφ =                     （t=0）                                               (19) 
In catchment area of reservoir, according to real(or predicted) rainfall process and the area of 

catchment area unit, the generated runoff within a time step can be calculated using hydrological method and 
pollution loading can be estimated using non-point source models.  
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where, nr = the normal direction of solid wall. 

Eq.(10)~Eq.(20) compose the governing equations of eco-dynamic model. Based on these governing 
equations, using the historical hydrological and water quality data, eco-dynamic mathematic model of Taihu 
Lake is developed.  

3. Study Site and Data Collection 
The study site, Taihu Lake, is located in the delta of Yangtze River in China. Taihu Lake is a typical shallow 
lake, with the area of the water body 2,338 km2, average depth 1.89m, and a volume of 4.4 billion m3. It 
contains 51 isles，a 405km of total perimeter bank. It is the largest and most important storing lake of Taihu 
Lake Basin，and the third largest freshwater lake in China.  



 357

Its maximum of water temperature normally occurs in June & August, and lowest in late December to 
early February. The highest water temperature in history is 38℃，and lowest in history 0℃. Average water 
temperature over years is 17.1℃, 1.3℃ higher than average land temperature.  

It is in the centre of Taihu Lake basin (see Fig.1), and with 36500km2 basin region’s water network and 
stable water transportation. Its urbanization rate is highest all over China, and its fishing production, food 
and other production amongst China is also undeniable.  

 
Fig.1 Location map of Taihu Lake 

But ever since 1990s, eutrophication has become one of the most serious problems in this lake. The 
abundance of nitrogen and phosphorous exceed standard values terribly, and sometimes mercurate and COD 
also exceed standard values. In May, 2007, large area of blue algae bloom broke out. It broke out one month 
earlier than previous years and lasts for 5 months. Taihu Lake is a typical shallow which is likely to lead to 
algal bloom. In addiction, the aggregation of blue algae and hot weather are also the main influencing factors 
for the serious algal bloom in 2007’s summer. 

4. Results and discussion 

(1) The distribution of Chl-a in Taihu Lake based on MODIS data on May 8 and May 19 are shown 
in Fig.2 and Fig.3.  

 
     Fig. 2: The distribution of Chl-a concentration              Fig.3: The distribution of Chl-a concentration 

                              based on MODIS data on May 8, 2007                         based on MODIS data on May 19, 2007 

Fig.2 shows that, on May 8, the Chl-a concentration ranged from 1.2mg/L to 3.3mg/L. The most 
serious eutrophication state occurs in the north of Taihu Lake, with concentration ranged from 2.6mg/L to 
3.3mg/L. The eutrophication state in the east part of the lake is better than other region. On May 19, as 
presented in Fig.3, the north-east and west part of Taihu Lake has a large high concentration region, and the 
concentration values ranged from 1.9mg/L to 2.9mg/L in the north-east part and 2.6mg/L to 3.2mg/L in the 
west part. The average Chl-a concentration is 2.2mg/L. 

(2) The distribution of Chl-a in Taihu Lake is simulated using the eco-dynamic mathematic model 
developed above. The results are shown in Fig.4 and Fig.5.  
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Fig.4: The distribution of Chl-a concentration calculated    Fig.5: The distribution of Chl-a concentration calculated 

by eco-dynamic model on May 8, 2007                                by eco-dynamic model on May 19, 2007 

Fig.4 shows that the Chl-a concentration on May 8 ranged from 1.4mg/L to 2.4mg/L. The Chl-a 
concentration in May 19 ranged from 1.4mg/L to 2.7mg/L. The simulated Chl-a concentration is lower than 
the measured result based on MODIS. Because of considering the wind-driving flow field, the eco-dynamic 
model can reflect the distribution of Chl-a concentration more accurately than the results based on MODIS 
data.  

The results show that, the eco-dynamic model in Taihu Lake simulates well. Because of the middle 
resolution, clouds cover and other unpleasant factors, some distorted information did exist in MODIS data. 
The eco-dynamic model is developed to overcome this shortage by simulating the algae growth in a certain 
time. The further research on prediction in a longer time will be studied. 

5. Conclusions 
Compared with other remote sensing data, MODIS is economical and has potential for application in 
environmental monitoring. However, the accuracy was limited when using on inland lakes which are much 
smaller than oceans. This study developed a method the Chl-a concentration measurement and prediction 
method based on MODIS image data, with developing eco-dynamic model. The low accuracy of the middle 
resolution image data is overcome. Furthermore, the concentration could be measured and predicted in the 
real time.  

This method could be applied to other coastal or inland regions but the specific relationship between 
MODIS reflectance and Chl-a may vary as a consequence of different water body. The presence of other 
constituents such as suspended sediment concentration (SSC), chromophoric dissolved organic material 
(CDOM) can also be investigated in the further research and many other factors such as fluctuation of water 
surface, the bottom of the lake, and accurate atmospheric correction are the main challenges in operational 
application of MODIS in water monitoring.      
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