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ABSTRACT 

Coastal water bodies and inland reservoirs are typical Case Ⅱ water bodies. Due to the influence and 

restriction of some factors, such as topography and climate, the local water constituents' conditions are 

relatively complicated. This has led to the slow development of research on the three constituents of 

watercolor in this category and has become remote sensing difficulties of ocean color. The currently 

known water constituents concentrations inversion models mainly include empirical models and semi-

analytical models, but for the Case Ⅱ water bodies, the establishment of ocean color models for turbid 

water bodies has a great advantage. Therefore, the contribution point in its research is the application of 

an analytical inversion model and the atmospheric correction of the water constituents data. 

  

The study area is located in the Liao River delta, connected to the Bohai Sea, and belongs to Panjin City 

and Yingkou City, Liaoning Province. There are two main rivers, Shuangtaizi River and Daliao River, with 

aquaculture, farming, and shipping as the main industries. Affected by the turbidity of the water body, the 

water constituents concentrations (WCCs) inversion in this area has seen little progress. To fill this gap in 

the Liao River Delta, this study uses a fully analytical model—2SeaColor (Salama & Verhoef, 2015) to 

derive three water constituents concentrations of Chlorophyll-a (Chl-a), Non-algal suspended particulate 

matter (SPM) and Colored dissolved organic matter (CDOM). These WCCs are fundamental in explaining 

the relationship between the observed reflectance and the inherent optical properties (IOPs). In this study, 

the long-term series of WCCs derived from Sentinel-2 MSI L1C data was conducted to understand the 

variability of these WCCs in the study area. The atmospheric correction ACOLITE was used for this 

purpose. Combined with the field sampling data, the synchronous optimization inversion of the three 

elements of watercolor in the sea area is realized. The main findings of this article are as follows: 

  

First, the specific inherent optical properties (SIOPs) in the Liao River delta have been derived. 

61 in situ water quality data sampled in September 2019 were used to simulate the SIOPs in the Liao River 

delta, including the absorption coefficient 𝑎𝑐ℎ𝑙𝑎
∗   of chlorophyll-a(Chl-a) and the power parameter p, the 

backscattering coefficient of suspended matter (SPM)𝑏𝑏𝑠𝑝𝑚
∗ , and the absorption coefficient weight k of 

colored soluble organic matter (CDOM). And R2 values of the inversion WCCs are 0.57, 0.60, and 0.69, 

respectively, which confirms that the above parameters are suitable for the inversion of the concentration 

of these constituents in the Liao River delta. 

  

Second, the model estimated accuracy from the satellite has been assessed. Ten Sentinel-2 MSI 

L1C images after the atmospheric correction during the wet and normal water level periods from 2016 to 

2020 were used to obtain the remote sensing reflectance and process five years of water quality 

monitoring. At the same time, the accuracy of the 2SeaColor model was verified with remote sensing 

image data synchronized with the satellite and the ground, and the R2 values of these three constituents 

were simulated to be 0.50, 0.60, and 0.61, respectively. It is believed that the model is suitable for remote 

sensing inversion with Sentinel-2 as the background data. It is applied to do the inversion of the WCCs in 

a long time series and draw the watercolor inversion diagram. 

  

Third, spatiotemporal variation and mathematic statistics have been analyzed. Based on the 

retrieval of WCCs in these past five years, it was confirmed that the concentration of the three 

constituents presents a spatial distribution characteristic of high concentration near shore and low 

concentration far shore, and gradually decreasing from north to south. The results show that the WCCs 

have little inter-annual variation and great seasonal variation during these five years. It was also analyzed 

that the open water and inland reservoirs present opposite seasonal changes. High concentration in the 

normal water period and low concentration in the wet period for open water, but low concentration in 
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normal period for the inland reservoirs. According to the different characteristics of geographical location, 

six sub-regions were zoned and compared for the annual average concentrations. At the same time, the 

influence factors and potential pollution sources were analyzed, and it is concluded that Chl-a in the Liao 

River delta is greatly affected by the discharge of aquaculture and farming wastewater, while SPM and 

CDOM are affected by the water exchange rate, and SPM carries CDOM and hovers in the water body, 

resulting in similar spatial and temporal changes of these two. Besides the contribution of the fine-scale 

inversion map to this study, the influence of meteorological factors, including rainfall, strong wind, and 

cloudy, and the fishery risk brought by the current WCCs conditions were analyzed. 

  

 

Key words: 2SeaColor; Water constituents concentrations inversion; Liao River delta; Sentinel-2; 

Chlorophyll-a; Non-algal suspended particulate matter; Colored soluble organic matter. 
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1. INTRODUCTION  

This section explains the necessity of the water constituents monitoring in the case 2 coastal areas, and 

justifies the importance of chlorophyll-a (Chl-a), colored dissolved organic matter (CDOM), and non-

algal suspended particulate matter (SPM). The Liao River delta in China is taken as an example for 

clarifying the research difficulties in monitoring the water constituents in Case Ⅱ water and explaining 

the statement of the water quality in this study area. The literature review shows the research status, 

and research objectives and questions are based on the gap of these studies. 

1.1. Background and Justification 

Coastal areas are generally an excellent ecological environment, suitable for human habitation, 

conducive to the economic development of the "essence of the region"(Dan et al., 2015). Sixty percent 

of the world's population lives in coastal areas and 100 kilometers from the coast (Cohen, 1997). 

Therefore, coastal areas influence human activities strongly. There are up to 12 coastal provinces in 

China. China's eastern coastal regions account for 43.5% of the total water resources (Song et al., 

2015). Especially for the Liao River, located in the South of Liaoning province, connected with the 

Bohai Sea, the river utilization rate is as high as 65% (Song et al., 2015). Liao River has a giant 

catchment basin in Northeast China, accounts for 232000 square kilometers. The length of this river is 

about 1345 kilometers, which is the main river system in Northeast China. Affected by industrial 

development, aquaculture, port trade, and human activities, Liao riverine waters have become 

increasingly polluted(H. Zhao et al., 2016). For many years, the comprehensive pollution index in the 

Liao River has been among the top in China, and it is the key basin of national river 

management(Danfen Zhou, 2015; H. Zhao et al., 2016). In addition to the shortage of plants has 

increased the sediment supply from land to the riverbed, thereby reducing its water transport capacity 

and increasing flooding potential.  

 

Water quality conditions are determined by the interaction of water, suspended matter, dissolved 

matter, aquatic organisms, and sediment. Water constituent concentrations (WCCs) are part of water 

quality components. It is a series of standards to describe water quality conditions and the degree of 

water pollution. The water quality monitoring of these three constituents is essential for sustainable 

development in the Liao River delta region. Also, WCCs are strongly related to the transparency of the 

river. When the river has a lower content of these three water constituents, the studies of underwater 

will become easy, such as the water depth and underwater biological detection.  

 

(1) Chlorophyll-a (Chl-a) is the primary pigment that plants need for photosynthesis and is found in 

most Marine phytoplankton. At present, pollution of coastal environments has become more serious, 

which causes people's wide attention. Real-time and accurate monitoring of chlorophyll-a is conducive 

to the risk warning of Marine ecological disasters. Chlorophyll-a concentration reflects the nutrient 

status of rivers and is a key index for monitoring eutrophication. In addition, the proportion of 

chlorophyll-a in seawater is closely linked to fisheries and aquaculture(Y. Zhang et al., 2007). The 

concentration of chlorophyll-a changes obviously with the number of harmful algae in the water, 
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which has the function of evaluating the density of harmful algae(N. Zhao et al., 2019). It is an 

important research project for the coastal environment.  

 

(2)Colored dissolved organic matter (CDOM) constantly affects the circulation and biological activities 

of substances in the water environment. CDOM is mainly discharged from the river band in the inland 

water bodies and usually has a higher concentration than the seawater, which source from the 

decomposition and degradation of low and medium plant residues(Y.-L. Zhang et al., n.d.). The change 

of CDOM concentration is also one of the reasons for the blackening of lake water. The production of 

CDOM comes from effluent discharge and the death of cyanobacteria and aquatic plants. So it is the 

significance of the monitoring and analysis of watercolor. 

 

(3)Non-algal suspended particulate matter (SPM) in water has a strong scattering effect on light. They 

are biological and physical particles. The distribution of the concentration of floating matter directly 

determines the propagation of light in water, affecting the optical parameters such as the transparency 

of water and the depth of the true light layer, affecting the thermal budget of the lake, the growth of 

aquatic organisms, and the primary productivity of water(Kari et al., 2017). 

 
Figure 1: Remote sensing detection of water constituents 

 

In this study, we make use of satellite observations to derive water quality indicators (WQI). However, 

satellites can merely detect those WQIs that affect the visible light. Therefore this study expresses 

water quality indicators in terms of some important WCCs that include chlorophyll-a, colored 

dissolved organic matter, and non-algal suspended particulate matter(Coble et al., 1998). For optimal 

usability of the riverine waters, each of the water constituents need to be monitor and control. 

Otherwise, it may influence the local river ecology. 

 



MAPPING WATER CONSTITUENTS IN THE LIAO RIVER DELTA IN CHINA, USING RADIATIVE TRANSFER MODEL AND SENTINEL 2 MSI IMAGES 

 

3 

1.2. Research area problem statement 

On the Northwest Coast of the Bohai Sea, these three water constituents are seriously influenced by 

the two tributaries of the Liao River, the Shuangtaizi River and the Daliao River. Terrestrial source 

input has been proved to be a crucial source of WCC in the Bohai Sea, which has a particular impact 

on the coastal waters(Coble et al., 1998). (1)The concentration range of chlorophyll-a is 10-100 ug/m3. 

The change of sea area and season reflects the growth status of red tide, and its value can be used to 

judge the algal bloom(Xiaowei Zhang, 2014). Generally, when the concentration above 10 mg/m3, this 

area can be considered to have a red tide. It always appeared in July and August. (2) The seasonal 

characteristics of CDOM are high in autumn and low in spring, which is mainly related to the 

difference of seawater dynamic environment, and the concentration is usually around two m-1. (3) The 

concentration of SPM influences by the season. The average concentration in the normal water level 

period and wet period are 57.82 mg/L and 37.41 mg/L, respectively(Fan et al., 2018). 

 

Chl-a, CDOM, and SPM are essential factors of watercolor, which can indicate biophysical status. But 

researches based on the large region, like the Bohai sea, cannot represent the specific condition of the 

Liao River delta. Besides, the coastal area river is the typical Case Ⅱ water. These waters are mainly 

located in places that are particularly affected by the emission of gas and the discharge of wastewaters. 

Case Ⅱ water is the most closely associated and most threatened by human activities and water 

pigments. Chlorophyll-a, SPM, and CDOM affect the marine environment. If a reliable evaluation of 

monitoring WCCs backed up by water color remote sensing data, it would enable us to monitor the 

effects in real-time, over long periods, and in the coastal region and carry out large-scale studies. 

 

A study on the Liao River delta can overcome the shortfalls of research on nearshore water in the 

Bohai Sea region, help the local government to make policies to monitor water quality conditions and 

control water pollution, and then protect the ecological balance of water and the good living 

conditions of local residents. 

1.3. Literature review 

WCCs monitoring is part of water quality assessment. Lots of studies are work on this part. There are 

some existing conventional methods to get water quality concentrations. The field monitoring method 

is the traditional way, which is mainly based on sampling the water column in the field. It is based on a 

statistical method, using a large number of measured data to calculate the relationship between the 

water leaving reflectance and WCCs. Water sample collection and monitoring are also helpful for the 

research in the Liao River. The researcher from the Liaoning Hydrology and Water Resources Survey 

Bureau used the six-year water samples data to show the effectiveness of pollutant control(Xiaowei 

Zhang, 2014). These in situ measurement data can be collected from the hydrological stations. 

Although field monitoring is considered as the reference to which validation is performed, it is limited 

in its spatial and temporal coverage. Especially for the large-scale or long time series monitoring, these 

data are not enough for the analysis. With the development of satellite technology, WCCs retrieved 

from the satellite images becomes true. It is a helpful method to get the concentration and save the 

human resources, compared with the field monitoring. But the field data are still needed for the 

modeling. The remote sensing retrieval method is divided into two main ways, the empirical algorithm 

method and the semi-analytical method. 
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1.3.1. Empirical algorithm method 

In recent years, with the Copernicus program of the European Space Agency and the Ministry of 

Natural Resources of China, remote sensing has shifted to the operational phase of deriving WCCs on 

a systematic basis. Their typical methods are divided into empirical algorithm methods and semi-

analytical(Maritorena et al., 2002). The first method focuses on the single constituent and has proved 

to illustrate the correlation of the WCC and 𝑅𝑟𝑠by algebraic expression(Howard R. Gordon & Morel, 

1983). A multiple linear regression model was used to predict water quality parameters from the 

Landsat multispectral scanner (MSS) data(Carpenter & Carpenter, 1983). (Beck et al., 2016) compared 

several satellite reflectance algorithms using synchronous synthetic imagery for estimating chlorophyll-

a concentration. (Bélanger et al., 2008) derived the ratio of CDOM and total absorption coefficient at 

412nm from 307 sites. (Ngoc et al., 2020) gathered 205 coastal and inland stations in situ data to 

process an empirical band-ratio algorithm for the relation of remote sensing reflectance (𝑅𝑟𝑠) and SPM 

concentrations in the coastal of Vietnam. Most of the articles reveals the empirical algorithm method 

needs the strong effort of marine monitoring station support, and the inversion of Chl-a, SPM and 

CDOM all together is a difficulty. 

 

1.3.2. Semi-analytical method 

While the semi-analytical optical models have the ability and convenience to derive multiple WCCs. (H. 

R. Gordon, 1988) developed a semi-analytical radiance model firstly and used the sea surface upwelled 

spectral radiance as a function to estimated phytoplankton pigment concentration. (Lee et al., 2002) 

developed a multiband quasi-analytical algorithm to derive Inherent Optical Properties (IOPs), based 

on Gordon's model. But these two early methods haven't considered the early saturation condition 

from the high turbidity water(Salama & Shen, 2010). Some of the researchers focus on the single 

constituents for the turbid waters, and they also get some improvement for the progress of semi-

analytical models. (Jun Chen et al., 2015) built a muti-band semi-analytical algorithm (UMSA) for 

estimating Chl-a concentration in the Yellow River Estuary in China, which gets good inversion results. 

The performance of the mixed algorithm turned from (Doxaran et al., 2003; Nechad et al., 2010; 

Siswanto et al., 2011) original equations formatted by (Han et al., 2016) has been proofed have 

satisfactory inversion results for SPM in the low-to-midterm and high turbid water. (Zhu et al., 2011) 

developed a Quasi-Analytical Algorithm(QAA-E) to process the CDOM absorption in the Mexico 

area, and lots of turned algorithms are based on this principle, like QAA_cj using for Yangtze River in 

China (Wang et al., 2017). Besides, the radiative transfer model is a new way to describe the 

relationship between the IOPs and Reflectance(Ronghua et al., 2009). In the case of certain light 

conditions and surface waves, the variation of Irradiance below the surface of the water is largely 

determined by important optical substances, such as dissolved substances and suspended substances. 

Salama and Verhoef were presented a full analytical remote sensing model (2SeaColor) (Salama & 

Verhoef, 2015) to simulate the chlorophyll-a, CDOM, and SPM concentrations and verified to get high 

accuracy, and this method has also proved suitable for the turbidity water (Arabi et al., 2016; Yu et al., 

2016). The 2SeaColor model is a useful method to do the inversion of Chl-a, SPM, and CDOM 

altogether, even in the turbid condition, so it is much suitable for the Case Ⅱ water body. 
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1.3.3. Multiple remote sensing data application 

Multiple satellite sensors are used to estimated WCCs previously. SeaWIFS data were used to retrieve 

chlorophyll-a, SPM, and CDOM in the coastal area by (Tassan, 1994). Water quality parameters can 

also be derived from Landsat TM imagery(Kulkarni, 2011). Meris imagery was proposed to monitor 

and model the water quality(Giardino et al., 2017; Mohamed, 2015). Modis data shows its application 

for modeling WCCs as well(Jones, 2006). (Jiang Chen et al., 2017) proved Sentinel-2 images have the 

ability to retrieved Chl-a concentration. Previous studies also proposed Sentinel-2 images that could be 

used to mapping other water quality parameters. CDOM and SPM were included in their 

approach(Kutser et al., 2019). But there is still a difficulty in integrating with in situ measurement and 

satellite data because of the low availability of field and satellite observations and the complexity of 

coastal areas(Arabi et al., 2020). 

 

Water quality in the Liao River delta is strongly influenced by the surrounding land using and human 

activities. WCCs are variable with different locations. So a small distance can lead to different water 

conditions. Phytoplankton is greatly affected by nutrient input from land sources(Tian Hongzhen et al., 

2019). Pollutants and sediments exhibit certain randomness by the different land utilization(Qi et al., 

2020). Fine-scale water quality analysis is needed for the Liao River, because there are a lot of small 

tributaries (about 15 meters) that connect the river to the village. Land-use type also influences the 

WCCs (Nana Feng, 2020). Water quality research on these small features supports the evidence for the 

water quality condition on the main channel. A multispectral instrument onboard the Sentinel-2 

satellite offer a higher spatial resolution that is suitable to resolve the fine-scale of Estuarine water and 

nearby coastal environment. In this research, the 2SeaColor model will be used to retrieved ocean 

color constituent concentrations from the sentinel-2 MSI images. A 20-meter resolutions WCCs map 

will be generated to show the water dynamic difference located in the Liao River delta. 

1.4. Research objectives and research questions 

1.4.1. Research objectives 

The research objectives of this research are to (a) analyze the seasonal cycle of WCCs and relate to 

activities in the upper stream from 2016 to 2020, (b) understand the small scale water dynamics in the 

Liao River delta, and (c) give the evidence of the possible pollution sources from small feathers and 

find the water region most affected by human activities. 

 

1.4.2. Research questions  

Based on the research objectives, the following research questions are posted to guide my study. 

(1)Technology: 

a. What is the usage of Sentinel 2 MSI images in the process of retrieving WCCs? 

b. What is the accuracy of the 2SeaColor model retrieval WCCs compared with the sampled data? 

(2)Science: 

a. What are the spatial and temporal variations of WCCs in the Liao River delta? 

b. How do the small-scale features reveal the water dynamic? 

c. How does the water level during the normal periods and wet periods influence the 

concentrations and absorption of the water constituents? 

(3)Application: 
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a. What Specific Inherent Optical Properties (SIOPs) parameters need to be used in order to 

retrieve accurate estimates for the concentrations and absorption? 

b. What is the accuracy of the 2SeaColor model retrieval WCCs from the Sentinel-2 MSI images? 

 

 

1.5. Conceptual framework and technique flowchart
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1.5.1. Conceptual framework 

 
Figure 2: The thesis conceptual framework (the blue dashed boxes identify the focus of this MSc thesis)
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1.5.2. Flowchart 

 
Figure 3: The study flowchart. 

Figure 3 is the flowchart in this research. It is mainly divided into two parts. The first part is used the 

measured data from the fieldwork to derived the SIOPs in the Liao River delta. Some of the SIOPs from 

the previous literature are based on the Bohai sea. Here the validation is arranged to verify the estimated 

SIOPs accuracy. The second part is the estimation from the satellite. Satellite surface remote sensing 

reflectance and SIOPs are the input parameters to retrieve WCCs and absorption. And the data analysis is 

based on retrieval values. 
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2. STUDY AREA AND DATA INTRODUCTION 

This section introduces the physical situation in the study area and the information of in situ measurement 

data and Sentinel-2 satellite images. Besides, pre-processing steps of the Sentinel-2 images in this research 

were list below. 

2.1. Study area introduction 

The Liao River is one of the seven major rivers in China, passes through four provinces in China, 

including Hebei, Inner Mongolia, Jilin, and Liaoning(SHAO Zhi-Fang et al., 2015), so the water quality in 

Liao River affects the pass-through provinces. The Liao River delta is located in the southern part of 

Liaoning Province, is the northernmost end of China's coastline, facing the Bohai Sea, located at longitude 

from 121°27′ to 122°23′, and latitude from 40°21′ to 41°28′ (Qi et al., 2020), The Liao River delta is 

formed by the accretion of the Shuangtaizi River, Daliao River, Daling River, and Xiaoling River. The Liao 

estuary is an obvious bell-shaped accumulation estuary, and the wind-wave is the main meteorological 

factor that influenced the surface undulation. The annual average temperature of the sea surface is 8.3℃

(ZHAO Xue et al., 2018). The delta landform changes frequently, and the largest sediment is Gaizhou 

shoal.  

 

This research study area is set around the Liao River delta. Two main rivers in this catchment, Shuangtaizi 

River and Daliao River are both from the Liao River system. The western distributary of this delta is called 

the Shuangtaizi River. It flows through the Southern edge of Panjin city in Liaoning province and covers 

an area of 62 square kilometers. About 200,000 people live near this river (Song et al., 2015). Daliao River 

is located on the east side of the Shuangtaizi River, which is about 40 kilometers away. The catchment of 

the Daliao River is approximate 1962 square kilometers in Yingkou city in Liaoning province. The main 

land-use types in the Liao River delta are offshore aquaculture and natural wetland area, causing a severe 

sediment accumulation nearby. 
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Figure 4: The study area and field sample locations in the Liao Delta, Liaoning Province, China. 

2.2. Existing in situ measurement data 

In situ WCCs of Chl-a and SPM data and the absorption of CDOM at 400 nm were measured from 

September 21 to September 24 in the 2019 wet season. There were 61 water samples, which locations 

were shown in Figure 1. Sampling points were 2 kilometers equidistant distributed  in the study area in the 

Liao River delta. Fourteen samples were located on the west bank of the estuary, 14 samples were 

collected on the south bank of the estuary. 15 and 18 samples came from the Daliao River and the 

Shuangtaizi River, respectively. All of these samples were well protected and sent to a professional 

laboratory to measure the concentrations of chlorophyll-a and SPM, and the CDOM absorption. 

 

The high precision spectrometer ASD FieldSpec 4 Hi-Res was used as a measuring tool to record the 

water spectral. A hand-held GPS was used to measure the geographic coordinates synchronously when 

equidistant water samples were collected below the surface water with a depth of 0.5 meters. Chlorophyll-

a, CDOM, and SPM water samples were stored in the appropriate container to prevent damage to the 

sample. In addition, the three constituents of watercolor were tested in a professional laboratory to get the 

concentrations of chlorophyll-a and SPM and CDOM absorption at 400 nm, based on the 61 water 

samples from the Liao River delta. 

Shuangtaizi River 

Daliao River 

Gaizhou Shoal 

Bohai Sea 



MAPPING WATER CONSTITUENTS IN THE LIAO RIVER DELTA IN CHINA, USING RADIATIVE TRANSFER MODEL AND SENTINEL 2 MSI IMAGES 

11 

 
Figure 5: Fieldwork and in situ measurements report. 

 

Table 1: Data collection for the WCCs from the fieldwork. 

 Chl-a[ug/m3] CDOM[m-1] SPM[mg/l] 

Maximum value 40.32 1.91 97 

Minimum value 0.52 0.44 7 

Median value 4.50 1.04 27 

 

 

Figure 6: Surface remote sensing reflectance (𝑅𝑟𝑠)of water samples recording from the spectrometer. 

 

The 61 measured 𝑅𝑟𝑠 mean reflectance is the average of 10 measured reflectances for each sample from 

the spectrometer, and the reflectance shows a little change to the standard water reflectance curve. In the 

sampling Case Ⅱ water area, Liao river delta, the reflectance steadily grows from 400nm to 560nm, and 

reaches the first peak at around 570 nm. Later, it goes down slightly until 600nm, then declines with 

fluctuation. A second peak appears at around 700nm for the multiple samples. After that is a significant 

decrease and slight upturn from 700 nm to 800nm. 

 

Measured Up/Downwelling irradiance, and skylight. Indoor measurement. 
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2.3. Sentinel-2 MSI L1C optical satellite images 

Only optical sensors can be used to retrieve water constituent concentrations. Sentinel-2 can offer higher 

temporal, spectral, and spatial resolution satellite images. Therefore it is suitable for geographical and 

oceanographic research. Sentinel-2 is an Earth observation mission from the Copernicus Project, and it 

provides a relatively high spatial resolution, from 10 to 60 meters, optical images of land and coastal 

waters. This mission has two satellites, Sentinel-2A and Sentinel-2B. 

 

Table 2: Wavelengths and Bandwidths of the different Spatial Resolutions of the Sentinel 2 mission 
(source: https://sentinel.esa.int/web/sentinel/missions/sentinel-2/instrument-payload/resolution-and-

swath) 

Spatial 

Resolution (m) 

Band Number S2A S2B 

Central 

Wavelength 

(nm) 

Bandwidth Central 

Wavelength 

(nm) 

Bandwidth 

 

10 

2 492.4 66 492.1 66 

3 559.8 36 559.0 36 

4 664.6 31 684.9 31 

8 832.8 106 832.9 106 

 

 

20 

5 704.1 15 703.8 15 

6 740.5 15 739.1 15 

7 782.8 20 779.7 20 

8a 864.7 21 864.0 22 

11 1613.7 91 1610.4 94 

12 2202.4 175 218507 185 

 

60 

1 442.7 21 442.2 21 

9 945.1 20 943.2 21 

10 1373.5 31 1376.9 31 

 

Water-leaving radiance reflectance, also called remote sensing reflectance (Rrs), is calculated from the 

Acolite atmospheric correction. In section 2.3, two atmospheric correction methods for the water region 

are showed to reveal an accurate way to do the data pre-processing.  

 

Table 3: Information of the satellite image used to validate Sentinel-2 

 Data Name Date Data 

Level 

1 S2B_MSIL1C_20190924T024549_N0208_R132_T51TVF_20190924T053202 2019.9.24 L1C 

2 S2B_MSIL1C_20190924T024549_N0208_R132_T51TUF_20190924T053202 2019.9.24 L1C 

 

These two images take the same time as the fieldwork. Therefore, in the 2SeaColor inversion scheme, the 

mosaic image of these two is used to validate the estimated WCCs results. Also, they are used to test the 

accuracy of two atmospheric correction methods. The comparison between the in-situ measurement Rrs 

https://sentinel.esa.int/web/sentinel/missions/sentinel-2/instrument-payload/resolution-and-swath
https://sentinel.esa.int/web/sentinel/missions/sentinel-2/instrument-payload/resolution-and-swath
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and processed Rrs is based on the same time period. In the five years Spatio-temporal variation in section 

5, the using ten Sentinel-2 MSI images were listed in Table 9. 

2.4. Atmospheric correction methods comparison 

Before the WCCs inversion process, a suitable atmospheric correction method is considered to choose 

and use for retrieving the 𝑅𝑟𝑠. Two common methods for the water region atmospheric correction 

methods, (a)ACOLITE and (b)C2RCC are compared in this part. (a)ACOLITE is a binary distribution 

software developed by the Royal Bureau of Natural science in Belgium, for processing the atmospheric 

correction for Landsat 8 and Sentinel-2 images. The mechanism of ACOLITE is an image-based 

algorithm, using Gordon’s algorithm(Brockmann et al., 2016) results to estimate the radiation leaving the 

water column (Lw) after correcting the scattering influence from molecular and aerosol in the atmosphere. 

Based on this assumption, ACOLITE can also retrieve water-leaving reflectance in both the visible and 

NIR bands together with other parameters of interest in marine and inland waters(Howard R. Gordon & 

Wang, 1994). (b)Another processor is called Case-2 Regional Coast Colour (C2RCC). It is capable of 

processing data of Sentinel-2/3, Landsat 8, VIIRS, and other satellite images. C2RCC is available through 

ESA’s Sentinel toolbox SNAP. The neural networks are the basic technology to invert the radiative 

transfer simulations based on their large database(Bramich et al., 2021). 

 

Table 4: Atmospheric correction methods comparison result. 

Band WaveLength(nm) C2RCC_R 
C2RCC_RMSE 

(sr-1) 
ACOLITE_R 

ACOLITE_RMSE 

(sr-1) 

B1 443.9 0.53 0.0049 0.60 0.0056 

B2 496.6 0.58 0.0051 0.54 0.0049 

B3 560.0 0.54 0.0044 0.58 0.0049 

B4 664.5 0.62 0.0065 0.62 0.0055 

B5 703.9 0.63 0.0072 0.69 0.0060 

 

The comparison was based on estimated and measured reflectance. Take the reflectance from the ASD 

spectrometer as the standard values, compared the matching result from ACOLITE and C2RCC. The 

results show that ACOLITE has a higher matching rate than C2RCC. Therefore, this research took 

ACOLITE method to do the following Sentinel-2 MSI images atmospheric correction process. 

 

2.5. Satellite images pre-processing 

Sentinel-2 has two available product types for users to download, the top-of-atmosphere reflectance in 

cartographic geometry (Level-1C) and the bottom-of-atmosphere Reflectance in cartographic geometry 

(Level-2B). In this research, Level-1C products were used to calculate the IOP and WCCs. The optical 

images on the last ten-day of a month were downloaded in order to be consistent with the sampling time 

on September 24 in 2019. The wet water level period (July, August, September) and normal water level 

period (October, November) images from each year were downloaded separately. Because of the cloud 

cover influence, all images were minimized the cloud coverage below 10%. Four steps were followed to 

do the image pre-processing: (a)ACOLITE atmospheric correction, (b)Mosaic, (c)Subset, (d)Resample. 

 

(a) The optical images were used ACOLITE to do the atmospheric correction. The dark spectrum fitting 
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(DSF) is the main algorithm. The DSF computes atmospheric path reflectance (ρ path) based on multiple 

dark targets in the scene or sub-scene, with no a priori defined dark band. The adaptation and 

applicability of the DSF to Sentinel-2 are described in(Vanhellemont, 2019). And it shows a strong 

availability and high accuracy for inland water atmospheric correction than the Sen2Cor method(Bramich 

et al., 2021). After the ACOLITE process, it automatically generates the band images in 10 meters 

resolution.  

 

(b) Before modeling the water constituents, Sentinel-2 images after atmospheric correction need to be 

mosaic in the ENVI software. Because a single image only covers 290 kilometers, and a single image 

cannot cover both the Shuangtaizi River and Daliao River in my research region. The convergence of 

the two images lies between these two rivers. In this study region, two same days and adjacent satellite 

orbit images were needed to mosaic first for the following process. Chose the output background value 

as 0 and used cubic convolution as the mosaic method. 

 

(c) Due to the huge amount pixels slow down the inversion speed of concentrations and absorption. Except 

for the image on September 24, 2019 (Section 4.2.3, used for comparing the difference between the 

inversion data and the measured data, because the 61 samples are lay on the full mosaic size), other 

images were all clipped from the ENVI subset tool. The area within the red box (see Figure 18) is the 

main study region for analyzing the spatial and temporal changes. The typical landcover features are 

almost contained in this area. For instance, the main study objects (Shuangtaizi River and the Daliao 

River) are covered in the region. Also, this area includes lakes, ports, and fishponds. 

 

(d) Considering the speed and efficiency of the 2SeaColor model inversion work, all the bands of Sentinel-

2 images were resampled from 10 meters resolution to 20 meters resolution. Although decrease in the 

resolution will cause an absolute loss of some details. But the width of surrounding tributaries is almost 

over 10 meters. Therefore 20 meters resolution is acceptable, and this resolution is suitable for processing 

the further fine-scale resolution concentration maps efficiently. The resampled method is the nearest 

algorithm.  



MAPPING WATER CONSTITUENTS IN THE LIAO RIVER DELTA IN CHINA, USING RADIATIVE TRANSFER MODEL AND SENTINEL 2 MSI IMAGES 

15 

3. RESEARCH DESIGN AND RESEARCH METHODS 

3.1. Research design 

 (1)Data collection:  

a. The existing in situ measurement data is described in section 2.2.  

b. Sentinel-2 Multispectral Instrument (MSI) level-1 images need to be download from the ESA 

(https://scihub.copernicus.eu/dhus/#/home). The cloud cover percentage will be set below 10% to 

ensure that the study area was free of cloud interference. The main study period is from 2016 to 2020. 

Sentinel-2 L1C images were downloaded monthly from June to November. The reason for excluding 

other months is the Liao River is frozen in Winter. These images cover the wet and normal stages of 

water flow. In the Liao River system, the normal water level period is always in November, the wet 

period and dry period are usually in August and April. 

 

(2)Data processing: 

a. Used the two-stream remote sensing model (2SeaColor)(Salama & Verhoef, 2015) as the research 

way. Used in situ data and field sampled reflectivity data to calculate SIOPs in the Liao River delta, 

based on the Geo-calibration and validation and the 2SeaColor model parameterization. 

b. Used above parameters and surface remote sensing reflectance of satellite images to retrieve WCCs 

of chlorophyll-a, SPM, and CDOM absorption at 400 nm. 

c. Compared the same time period satellite images inversion WCCs and absorption values with the 

measurement values and validated the accuracy of the 2SeaColor estimated data. Map for 

concentrations and absorption from 2016 to 2020, and analyzed the spatial and temporal variation of 

water constituents distributions. 

 

(3)Data analysis: 

a. The accuracy of the 2SeaColor model estimated results from the actual sampling data are planned to 

use scatter plots and R2 value, Root Mean Square Error (RMSE), and the Mean Absolute Error (MAE) 

to present. 

b. Different time period satellite images make the spatial and temporal variation analysis become a reality. 

The analysis of these three time periods is helpful in studying the seasonal WCCs changes. 

c. Twenty meters resolution WCCs maps show the variability of water dynamics. They are strong 

supports for finding the most human-activities-influenced water region. 

 

3.2. The 2SeaColor model methodology 

The 2SeaColor model was first proposed by Salama and Verhoef in 2014. It is a new hydro-optical model, 

comprising an analytical forward model and an inversion scheme(Arabi et al., 2020). Two-stream radiative 

transfer equations are the fundamental theory of this model. And the difference of the 2SeaColor model is 

to consider the influence of the radiation flux of direct sunlight, as described by(Duntley, 1942). Also, this 
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model is well known for its high inversion result under high water turbidity conditions(Arabi et al., 2018). 

Therefore, it is an efficient method for estimating the WCCs from the surface water reflectance, 𝑅𝑟𝑠. 

 

3.2.1. 2SeaColor model forward model 

The 2SeaColor model forward modeling(Salama & Verhoef, 2015) is listed as follows. 

𝑅 =
𝐸+(0)

𝐸𝑑(0)
=
𝑟∞ ∗ 𝐸

−(0) + 𝑟𝑠𝑑
∞ ∗ 𝐸𝑠(0)

𝐸𝑑(0)
 

𝑟∞ =
𝑥

1 + 𝑥 + √1 + 2𝑥′
 

𝑟𝑠𝑑
∞ =

√1 + 2𝑥 − 1

√1 + 2𝑥 + 2𝜇𝑤
 

𝑅∞ = (1 − 𝑓)* 𝑟∞ + 𝑓 ∗ 𝑟𝑠𝑑
∞ 

𝑅𝑟𝑠 =
0.52 ∗ 𝑅

𝑄 − 1.7 ∗ 𝑅′
 

Where: 

R is the irradiance reflectance just beneath the surface water. 

𝐸+(0) is the upward diffuse flux, 𝐸−(0) is the downward diffuse flux. 

𝐸𝑑(0) is the total downward flux of diffuse and direct light, 𝐸𝑠(0) is the direct solar flux. 

𝑟∞ is the so-called infinite reflectance. 

𝑟𝑠𝑑
∞ 𝑖𝑠 the directional – hemispherical reflectance of the semi-infinite medium. 

𝜇𝑤  is the cosine of the SZA below the (flat) water surface. 

f is the fraction of direct light, 0.25. 

R∞ is the diffuse reflectance. 

𝑅𝑟𝑠 is the calculated water-leaving Reflectance. 

x is the ratio of the total backscattering coefficient and the total absorption coefficient 𝑏𝑏/a. 

Q is the ratio of the water upwelling irradiance to upwelling radiance just beneath surface, 3.25. 

 

3.2.2. Parameterization and SIOP derivation 

𝑎 = 𝑎𝑐ℎ𝑙𝑎 + 𝑎𝐶𝐷𝑂𝑀 + 𝑎𝑤 

𝑏𝑏 = 𝑏𝑏,𝑠𝑝𝑚 + 𝑏𝑏,𝑤 

Where the subscripts of W, chlorophyll-a, CDOM, and SPM stand for water molecules, Chlorophyll-a, 

Colored Dissolved Organic Matter, and non-algal suspended particulate matter, respectively. Water 

molecule absorption and backscattering values are taken from(Mobely, 1994) and(Pope & Fry, 1997). 

𝑎𝑐ℎ𝑙𝑎and 𝑏𝑏,𝑠𝑝𝑚 are Inherent Optical Properties (IOPs) provided at 440 nm, 𝑎𝐶𝐷𝑂𝑀 is the absorption at 

400 nm.  

 

The chlorophyll-a absorption (𝑎𝑐ℎ𝑙𝑎) was calculated by applying the equation provided below: 

𝑎𝑐ℎ𝑙𝑎(𝜆) = 𝑎𝑐ℎ𝑙𝑎
∗ (𝜆)𝐶𝑐ℎ𝑙𝑎

𝑝
 

𝑎𝑐ℎ𝑙𝑎
∗ (𝜆) = 𝑎𝑐ℎ𝑙𝑎

∗ (𝜆440)𝑁𝑆𝐹(𝜆) 

Where 𝑁𝑆𝐹 is the normalized spectral function for Chl-a(de Moraes Rudorff & Kampel, 2012). 

The non-algal suspended particulate matter (SPM)(Yu et al., 2016) was calculated as follow: 
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𝑏𝑏𝑠𝑝𝑚(𝜆) = 𝑏𝑏𝑠𝑝𝑚
∗ (𝜆440)𝐶𝑠𝑝𝑚(

𝜆0

𝜆
) 

The SIOP 𝑎𝑐ℎ𝑙𝑎
∗ (𝜆440) , power 𝑝 and 𝑏𝑏𝑠𝑝𝑚

∗ (𝜆440)of the Liao River delta are estimated from the derived 

IOP and measured concentrations.  

 

The absorption of light by CDOM also constitutes an important light interaction in water and plays an 

important role in the change of the underwater light field. The adsorption of yellow substance is the 

product of dissolved organic matter concentration and its specific adsorption. 

𝑎𝐶𝐷𝑂𝑀(𝜆) = 𝑎𝐶𝐷𝑂𝑀(440)exp (−𝑠(𝜆 − 440)) 

S is the spectral slope of CDOM. 𝑎𝑐ℎ𝑙𝑎
∗ (𝜆440), 𝑝, 𝑏𝑏𝑠𝑝𝑚

∗ (𝜆440) and S are the specific inherent optical 

properties(SIOPs) in the Liao River delta. SIOPs are essential parameters for estimating the Liao River 

delta water constituents' conditions(Salama & Shen, 2010). Good specific SIOPs are lead to high accuracy 

inversion results(Ambarwulan et al., 2011). 

 

3.2.3. Inversion scheme 

In the 2SeaColor model, five bands (from band1 to band5) of sentinel-2 image reflectance are used to 

retrieved IOPs from the nonlinear least-squares method simultaneously. The key of the inversion work is 

mainly to fit the simulated spectrum with the actual spectrum. The actual spectrum is the after 

atmospheric correction water-leaving reflectance from the Sentinel-2 MSI images. The 2SeaColor model 

adjusts the initial IOPs to generate the spectrum from itself. When these two spectrums are the best 

fitting, these IOPs will be recorded. In this research, 'lsqnonlin' is used to solve the data fitting problems 

after setting the low and up boundaries. The default algorithms 'trust-region-reflective' of the 'lsqnonlin' is 

used in the research. This algorithm is used to solve the nonlinear least-squares (nonlinear data-fitting) 

problem. 

∑(𝑅𝑟𝑠𝑜𝑏𝑠 − 𝑅𝑟𝑠𝑚𝑜𝑑𝑒𝑙)
2 

The calculation is used for all bands. 

 

When 'trust-region-reflective' applicable. The problem must have: objective function includes gradient, 

only bounds, or only linear equality constraints (but not both). The lower boundary (lb) and upper 

boundary (ub) of the IOPs in this research are listed below: 

lb=  [1e-5,  1e-5, 1e-5, 0.0085, 0.1]; 

ub= [10 ,10, 10 , 0.05, 1.7]; 

 

The adjusted IOPs and constant SIOPs coefficients of the Liao River delta are the input parameters to 

estimate the WCCs. The spatial and temporal variation analysis can be realized based on the inversion 

scheme of different satellite images.  

 

3.3. 2SeaColor interfaces establishment 

This part is working to create the interfaces for doing the inversion quickly and efficiently. All the code 

was built based on MATLAB APP DESIGNER software. Two different interfaces were constructed in 

order to fit the various purpose. 
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Matlab App Designer is a professional tool to create software apps in the programming environment of 

Matlab. The user is not required to master software designing ability. Easily drag and drop visual 

components to layout the design of the graphical user interface (GUI) and use the integrated editor to 

quickly program its behavior. This tool combines two primary tasks of app building into the same 

environment– laying out the visual components of a GUI and programming app behavior.  

3.3.1. Single image processing interface 

Figure 7 is the initial interface for processing a single image. This interface provides the image’s basic 

information, like the path and reflectance of different bands. And the concentration of chlorophyll-a and 

SPM, and absorption of CDOM will be generated as a TIF file and automatically saved in the 

corresponding folder. 

 

There were six components used in the single image processing interface. (1) The Tab Group was used to 

create a software background for the app and given the name of “Inversion Scheme”. All of the other 

components were dragged within the tab boundary. (2) The Edit Field Text was used for two purposes– 

labeling the usage of different components and showing the import path of the images in the blank text 

box. (3) All of the callback instructions were based on the Button components, including loading the 

folder path in the text box, reading the import folder, and running the 2SeaColor model function. (4) The 

Table was a place to display the 𝑅𝑟𝑠 reflectance. This reflectance was reshaped into one column for one 

band. Five bands reflectance listed together in the table. And it is a visible tool to reveal the possible errors 

before the inversion processing. (5) Message Box was called to remind users when the reflectance 

importing and model inversion were done. (6) The reflectance matching result was shown in the Figure 

Box to display the differences between the actual spectrum and simulated spectrum for the ground feature 

pixels. The actual spectrum is the after atmospheric correction water-leaving reflectance from the Sentinel-

2 MSI images, and the simulated spectrum is the 2SeaColor model derived best fitting spectrum from the 

inversion scheme. 
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Figure 7: Interface introduction and specific steps of software operation for the single image processing 

purpose. 

 

 
 

 

Figure 8: Procedure chart for the single image processing when doing the model inversion. 

1. Choose different data sources 
(Take Sentinel-2 data as an 
example).  

2. Push this button to load images 

3. Show the folder 
path. 

4. Push this 
button to 
read images 
reflectance 

5. Reflectivity in pixels will be shown in 
this table. 

6. Push this button to run 
the 2SeaColor model 
inversion scheme. 

Message box will be appeared when 

2SeaColor inversion is done. 

Matching image of actual spectrum and 

simulated spectrum for the ground 

feature pixels. 
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Figure 9: The generated TIF file is automatically saved in the corresponding folder. 

3.3.2. Batch images processing interface 

Figure 10 is the initial interface for processing the batch images. This interface is similar to the single 

image processing interface, and most of the functionality is the same as that, but it is simplified from the 

former. Take three different periods of images. For example, three subfolders, with Sentinel-2 images 

respectively, were stored in the main folder. The information of the main folder is shown in Figure 11. 

And the processing was processed one by one. After all the processing was done, a message box was 

appeared to remind the inversion was finished, see Figure 11. And the concentration of chlorophyll-a and 

SPM, and absorption of CDOM will be generated as a TIF file and automatically saved in the 

corresponding subfolders.  

 

In order to realize batch images processing function, FOR loop statement was used to traverse the task 

structure, identify and read subfolders images in turn to participate in the calculation. A matrix set is 

constructed to store multi-band reflectance. The key code is as follows: 

image_name = imgDir(1).name; 

image = imread(strcat(file_path,image_name)); 

[row,col]=size(image); 

B=zeros(row,col,img_num); 

B(:,:,1)=image; 

for j = 2:img_num  

image_name = imgDir(j).name; 

image =imread(strcat(file_path,image_name)); 

B(:,:,j)=image; 

end 

 
Figure 10: Interface introduction and specific steps of software operation for the batch images processing 

purpose. 

1. Choose different data sources (Take 
Sentinel-2 data as an example).  

2. Push this button to load the main 

folder (with serval sub folders 

recording the images) and begin to do 

the 2SeaColor inversion process. 

3. Show the main 
folder path. 
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Figure 11: Procedure chart for the batch images processing when loading reflectance from different bands 

and doing the model inversion 

 

Matching image of actual spectrum and 

simulated spectrum for the ground feature 

pixels. (Take three different periods of images 

for example) 

Message box will be appeared when 

2SeaColor inversions for the all sub 

folders are done. 
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4. 2SEACOLOR INVERSION SCHEME AND GEO 
CALIBRATION/VALIADION 

This section lists the IOPs coefficients distribution in the Liao River delta and presents the SIOPs 

coefficients derivative process. The validation is for the comparison between measurement results and 

estimated results from spectrometer and satellite image reflectance, respectively. 

4.1. Inherent optical properties(IOPs) distribution 

The underwater light is related to the absorption and scattering processes that occur within the water 

column(Campbell et al., 2011). For example, water constituents, such as phytoplankton, detrital particles, 

and color dissolved organic matter (CDOM), are absorbed the underwater light. The absorption of these 

components directly determines the attenuation of light, thus determining the amount of light required for 

photosynthesis by plankton and benthos(Hoge & Lyon, 1996). The size of the compositional absorption 

coefficient is defined as inherent optical properties (IOPs), which are determined by the concentration of 

water constituents in the underwater body(Bricaud et al., 1995)  and the presence of phytoplankton 

communities(Johnsen & Sakshaug, 2007). The specific inherent optical properties (SIOPs) are the water 

quality parameters, and their spatial variations are correlated to the underwater light. They are defined by 

the type and quality of absorption, also related to the phytoplankton community and the source of 

dissolved organic matter and particulate matter(Le et al., 2015). Obtain the values of SIOPs can help to 

model the underwater light fields, and they are also essential for remote sensing applications. 

 

Absorption (a) and backscattering (𝑏𝑏) coefficients are the two important factors of IOPs. They are 

essential for determining the light field in water, and they also perform as the link between remote sensing 

and concentrations of optically active water constituents(Lin et al., 2009). These two coefficients usually 

depend on various external factors, like wind speed, wind direction, wave height, observation incidence 

angle, polarization, and transmission frequency. From the Section 1.3 Literature review, there are various 

algorithms that have been approved that have the ability to retrieved IOPs from the apparent optical 

properties (AOPs). Typical properties of AOPs are the 𝑅𝑟𝑠, and the diffuse attenuation coefficient of 

downwelling irradiance (𝐾𝑑), are connected to the IOPs via the radiative transfer model. Thus, from the 

known AOPs, the a and 𝑏𝑏 coefficients can be derived through the estimated IOPs. And further, these 

coefficients are the variables to get the SIOPs in the specific Liao river delta. 

 

The first step is to inverse reflectance to IOPs at the 61 sampling locations via the 2SeaColor inversion 

scheme. The 𝑅𝑟𝑠 recorded from the radiometric measurement was used to do the parameterization and 

calculate the IOPs at the 61 samples’ locations.  

 

Take the 61 surfaces remote sensing reflectance as the samples, and the 2SeaColor inversion scheme was 

used to process the IOP of the Liao River delta. All of the backscattering of SPM and the absorption of 

the chlorophyll-a and CDOM coefficients at 440 nm. The maximum, minimum, mean values, and 

standard deviation of these three watercolor constituents are lists in Table 5. 
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Table 5:Inherent optical properties (IOPs)results(derived from 2SeaColor inversion model) 

 𝒃𝒃𝒔𝒑𝒎 𝒂𝒄𝒉𝒍𝒂 𝒂𝑪𝑫𝑶𝑴 

Maximum 0.2121 2.4868 1.9077 

Minimum 0.0033 0.0016 0.4419 

Mean 0.0896 0.6092 1.1045 

Standard Deviation 0.0603 0.4485 0.4919 

 

The derived concentrations of chlorophyll-a and SPM, and absorption of CDOM from these estimated 

IOPs were compared with available in situ measurement results from the commercial laboratory to check 

constancy later. Furthermore, limitations and sources of uncertainties associated with the accuracy were 

discussed. 

4.2. GEO calibration and validation 

4.2.1. Specific inherent optical properties (SIOPs) derived 

In the Liao River Delta, 61 in situ data samples were divided into two groups based on even and odd data, 

31 samples for retrieving the SIOPs values and the others for validation. The classification obeyed the 

odd-even distribution. All locations of sampling points are uniformly distributed during the calibration and 

validation process. Same as the Section 1.5.2 flowchart part, and the SIOPs derivation is based on the 

2SeaColor inversion scheme part. 

 

SIOPs were calculated from the GEO-Calibration. IOPs were generated from the 2SeaColor inversion 

model (See Table 5), and the concentrations of chlorophyll-a and SPM, and absorption of CDOM were 

reported from the laboratory. These two types of values were used to derive the SIOPs in the Liao River 

delta. In this derivation, 31 samples from the fieldwork were taken to retrieve SIOPs. The relation 

between SIOPs and IOPs coefficients is the mathematic relation. The relation for the chlorophyll-a is 

subject to quadratic functions, and relations for SPM and CDOM are linear functions. 

 

 
(a)                                  (b) 

Figure 12: Specific inherent optical properties (SIOPs) derived process, GEO Calibration results of the 
Chl-a (a) and SPM (b) from in situ measurement concentrations and surface remote sensing reflectance. 
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Figure 13: Specific inherent optical properties (SIOPs) derived process, GEO Calibration results of the 

CDOM from in situ measurement concentrations and surface remote sensing reflectance. 

 

The results of the derived values of the SPM specific backscattering coefficient and the specific absorption 
coefficients of chlorophyll-a and CDOM are shown in Table 6.  

 

Table 6: Specific inherent optical properties Derived Results 

Coefficients Derived Values Units 

𝑎𝑐ℎ𝑙𝑎
∗  0.0311 m2mg-1 

p 1.0177 - 

𝑏𝑏𝑠𝑝𝑚
∗

 0.0024 m2g-1 

k 0.8825 - 

Equation 𝑎𝐶𝐷𝑂𝑀(𝜆) = 𝑎𝐶𝐷𝑂𝑀(440)exp (−𝑠(𝜆 − 440)) from Section 3.2.2, defined k =exp (−𝑠(𝜆 −

440)). 

 

4.2.2. Geo validation 

The left samples were used to do the validation. First, the concentrations and absorption for these 30 

samples were estimated, based on the generated SIOPs coefficients and the corresponding mathematic 

relation (Section 4.2.1), and then compared the estimated result with the measured values. The correlation 

between the derived values and measured values was present in Fig 14 and Fig 15. In order to validate the 

inversion model with the fitting degree, (a) the determination coefficient R², (b) Root Mean Squared Error 

(RMSE) and (c) the Mean Absolute Error (MAE) were used to compare and analyze the accuracy and 

error of the model. 

 

(a) The R square value shows these three estimated water constituents' values are closed to the 

measurement values. R2 is calculated as: 
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𝑅2 =

(

 
∑ (𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ )(𝑋𝑚𝑜𝑑𝑒𝑙,𝑖 − 𝑋𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅)𝑛
𝑖=1

√∑ (𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ )
2𝑛

𝑖=1 ∙ √∑ (𝑋𝑚𝑜𝑑𝑒𝑙,𝑖 − 𝑋𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅)
2𝑛

𝑖=1 )

 

2

  

Defined，𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ =
1

𝑛
∑ 𝑋𝑜𝑏𝑠
𝑛
𝑖=1 , 𝑋𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅ =

1

𝑛
∑ 𝑋𝑚𝑜𝑑𝑒𝑙
𝑛
𝑖=1 . 

 

(b) Root mean square error (RMSE) is the square root of the square of the deviation between the 

predicted value, the measured value, and the ratio of the sample number N. RMSE is very sensitive to the 

reflection of the maximum or minimum error in a set of measurements, so it can well reflect the 

dispersion degree of a data set. The equation is the list below: 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑋𝑜𝑏𝑠,𝑖 − 𝑋𝑚𝑜𝑑𝑒𝑙,𝑖)

𝑛

𝑖=1

2

 

 

(c) Mean absolute deviation (MAD) is the sum of absolute difference between the actual value and 

the forecast divided by the number of observation. It is a summary of statistics of statistical dispersion or 

variability. MAD is calculated as: 

𝑀𝐴𝐷 =
1

𝑛
∑|𝑦𝑖 − 𝑥𝑖|

𝑛

𝑖=1

 

 

The data screening is followed by the equation of relative error. Considering the relationship between data 

volume and modeling accuracy, 80% was selected as the screening standard. 

𝛿 = |
𝑉𝐴 − 𝑉𝐸
𝑉𝐸

| ∗ 100% 

Where: 𝛿 is the percent error, 𝑉𝐴 is the actual value observed, 𝑉𝐸 is the expected error. 

 

 
(a)                                  (b) 

Figure 14: Scatter plot of the in situ measured Chl-a (a) and SPM (b) concentrations versus 2SeaColor 
model estimated Chl-a and SPM concentrations from spectrometer reflectance. 

1:1 line 
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Figure 15: Scatter plot of the in situ measured CDOM absorption versus 2SeaColor model estimated 

CDOM absorption from spectrometer reflectance. 

 

Table 7: Fitting mathematical indicators (Comparisons between the corresponding concentration values of 
model inversion values and the measured concentration values) 

Constituents R2 RMSE MAD 

Chl-a 0.57 11.52 6.32 

SPM 0.60 12.40 11.20 

CDOM 0.69 0.32 0.23 

 

From the validation results, all of these three constituents show a good inversion result. There is only a 

slight difference in inversion accuracy between these three, and Chlorophyll-a has the best result. The 

accuracy is acceptable. Therefore, the upper SIOPs coefficients were used to derive the concentrations 

and absorption in the Liao River delta. 

4.2.3. Satellite image estimated validation 

Take the full mosaic size Sentinel-2 images on the date September 24, 2019 (same time period with the 

fieldwork) as a case. 

 
(a)                                  (b) 

1:1 line 
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Figure 16: (a) Estimated Chl-a concentrations from 2SeaColor model[Unit: ug/m3];(b)Scatter plot of the 
validation results of in situ measured Chl-a concentrations versus 2SeaColor model estimated Chl-a 

concentrations from Sentinel-2 MSI images. (Black pixels are the river background of the satellite image.) 

 
(a)                                  (b) 

Figure 17: (a) Estimated SPM concentrations from 2SeaColor model[Unit: mg/l];(b)Scatter plot of the 
validation results of in situ measured SPM concentrations versus 2SeaColor model estimated SPM 

concentrations from Sentinel-2 MSI images. 

 
(a)                                  (b) 

Figure 18: (a) Estimated CDOM absorption from 2SeaColor model[Unit: m-1];(b)Scatter plot of the 
validation results of in situ measured CDOM absorption versus 2SeaColor model estimated CDOM 

absorption from Sentinel-2 MSI images. 

 

Table 8: Fitting mathematical indicators (Comparisons between the corresponding concentration values of 
the same derived period Sentinel-2 images inversion values and the measured concentration values) 

Constituents R2 RMSE MAD 

Chl-a 0.50 13.85 8.60 

SPM 0.60 13.52 8.70 

CDOM 0.61 0.31 0.22 
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The concentrations and absorption of the sampling locations were export from the estimated maps. 

Scatter plots above show the comparison of the satellite estimated results with the measurement results. 

Although the same time period was controlled on this process, the differences are obvious. Sentinel-2 MSI 

images are more sensitive for the CDOM and SPM inversion, and its ability for Chlorophyll-a has not had 

advantages. However, considered the experiment operability and spatial scale three water constituents 

distribution in the Liao River delta, the overall inversion results are significant, which is suitable for the 

concentration inversion of water at other times. 

 

Generated water constituents concentrations (WCCs) map of chlorophyll-a in Fig 16 (a) shows the range 

is from 0 to 50 ug/m3, and high values are concentrated upon the area near the build-up region. The 

majority values are between 10 to 30 ug/m3, and they are located at the estuary of the Shuangtaizi River. 

The chlorophyll-a concentration at the Shuangtaizi River is slightly higher than the Daliao River. The 

concentration map shows the concentration of chlorophyll-a in the area near land and shoal is obviously 

higher than that in the middle of the river. Human has a strong influence at the Shuangtaizi River. So that 

means the outflow of the Shuangtaizi River and the Daliao River were evidently influenced by human 

activities. And the concentration of chlorophyll-a is affected by human activities and shoals.  

 

Fig 17 (a) is the WCC map of SPM. The range is between 0 and 300 mg/l. High concentration appeared in 

the Shuangtaizi River, and the deposition of suspended solids of the Daliao River was much better. The 

majority values are between 100 to 220 mg/l, most of them located at the central position of the 

Shuangtaizi River, near the west bank of the shoal. And the concentration of SPM in the Shuangtaizi river 

is obviously higher than it in the Daliao River, and the average concentrations are most likely changed 

from 150 to 30 mg/l. The higher concentration of SPM is concentrated in the area around the shore water 

body and shoal. SPM is related to the concentration of colloidal materials and clay minerals. And sediment 

transport is another reason for SPM concentration. 

 

The absorption of CDOM was below 6.55 m-1 in Fig 18 (a), high absorption spread to the Bohai Sea. The 

majority value is 2 m-1, which appeared at the central position of the Shuangtaizi River, near the west bank 

of the shoal. The area around the shore water body and shoal also show a higher concentration of CDOM 

than the central river areas and pelagic waters. The Shuangtaizi river also shows significantly higher 

CDOM absorption than the Daliao River. But different from SPM spatial variation, at the bend of the 

Daliao River, there is a clear absorption region, and its absorption is about 5 m-1. The absorption rate of 

CDOM is closely related to the photochemical process, such as organic degradation. High absorption 

represents more degradation of organic matter. 
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5. TEMPORAL AND SPATIAL VARIATION 

This section shows the three water constituents' spatial and temporal variation from 2016 to 2020. 

Concentration plots and absorption maps are arranged in chronological order. Sentinel-2 MSI images 

automatically defined the non-water pixels on their images, and some of the “NoData” values have appeared 

in this area. Checking the “Bohai sea bay tide table”, those area appearances were mainly because the satellite 

transit time, close to 3 am, coincides with the time of low tide. And the sea height is below 0.26m at the low 

tide, so Sentinel-2 images are defined as shoals in the open water. But the tide conditions change daily, 

therefore at the same time as the satellite's transit, other times images come flooding in, and the satellite 

detects and identifies the entire ocean. The processing of atmospheric correction, ACOLITE tools, was 

only base on the water pixels from satellite images. Therefore, except for the “NoData” pixels from the raw 

reflectance images, the concentrations were generated via the 2SeaColor model. In the WCCs maps, the 

blank white area is the famous Gaizhou shoal in the Liao river delta, and other missing data areas were filled 

with the blue background color. The using Sentinel-2 MSI images were listed in Table 9. 

 

Table 9: Sentinel-2 MSI images data collection table 

Year Water Level Date Satellite Image Information 

2016 

Wet 8.22 
S2A_MSIL1C_20160822T023552_N0204_R089_T51TUF_20160822T024021 

S2A_MSIL1C_20160822T023552_N0204_R089_T51TVF_20160822T024021 

Normal 11.23 
S2A_MSIL1C_20161123T025022_N0204_R132_T51TUF_20161123T025214 

S2A_MSIL1C_20161123T025022_N0204_R132_T51TVF_20161123T025214 

2017 

 

Wet 

 
9.29 

S2A_MSIL1C_20170929T024541_N0205_R132_T51TUF_20170929T025548 

S2A_MSIL1C_20170929T024541_N0205_R132_T51TVF_20170929T025548 

Normal 

 
11.20 

S2B_MSIL1C_20171120T023959_N0206_R089_T51TUF_20171120T100326 

S2B_MSIL1C_20171120T023959_N0206_R089_T51TVF_20171120T100326 

2018 

 

Wet 

 

8.25 

 

S2A_MSIL1C_20180825T024551_N0206_R132_T51TUF_20180825T054557 

S2A_MSIL1C_20180825T024551_N0206_R132_T51TVF_20180825T054557 

Normal 

 

10.24 

 

S2A_MSIL1C_20181024T024751_N0206_R132_T51TUF_20181024T073519 

S2A_MSIL1C_20181024T024751_N0206_R132_T51TVF_20181024T073519 

2019 

 

Wet 

 

9.24 

 

S2B_MSIL1C_20190924T024549_N0208_R132_T51TUF_20190924T053202 

S2B_MSIL1C_20190924T024549_N0208_R132_T51TVF_20190924T053202 

Normal 

 
10.29 

S2A_MSIL1C_20191029T024831_N0208_R132_T51TUF_20191029T055056 

S2A_MSIL1C_20191029T024831_N0208_R132_T51TVF_20191029T055056 

2020 

 

Wet 

 

9.25 

 

S2B_MSIL1C_20200925T023549_N0209_R089_T51TUF_20200925T044821 

S2B_MSIL1C_20200925T023549_N0209_R089_T51TVF_20200925T044821 

Normal 

 

11.27 

 

S2B_MSIL1C_20201127T025039_N0209_R132_T51TUF_20201127T040852 

S2B_MSIL1C_20201127T025039_N0209_R132_T51TVF_20201127T040852 
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Figure 19: Mathematical analysis of partition statistical chart. 

 

For the mathematical analysis, based on the characteristics of the landscape, the research area has been 

divided into six parts, see Figure 18: (1) Shuangtaizi River, (2) Shuangtaizi estuary, (3) Daliao River, (4) 

Daliao estuary, (5) Gaizhou Shoal surrounding, and (6)Inland reservoirs (Including Sanjiaozhou reservoir, 

Gedalou reservoir, and Rongxing reservoir). These landscape types are classified into open water and 

inland reservoirs. There are sixty samples in all, and every ten samples were selected from each part. All of 

the samples were evenly distributed around these five parts. The concentration and absorption data were 

extracted from these samples, and their average values were used for analysis. 

 

(1)Shuangtaizi River 

(2)Shuangtaizi  

Estuary 
(3)Daliao River 

(4)Daliao Estuary 

(5)Gaizhou  

Shoal 

(6)Gedalou 

 

(6)Rongxing 

 

(6)Sanjiaozhou 
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5.1. Chlorophyll-a (Chl-a) variation 

5.1.1. Five-year inversion maps of Chl-a 

 

Figure 20: Temporal and spatial variation of chlorophyll-a concentration, from 2016 to 2020 UNIT[ug/m3]. 
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Through the combined analysis of inversion maps from 2016 to 2020 and mathematical statistics, the 

conclusions are as follows: (1) For the annual variation of chlorophyll-a concentration in the Liao River 

Delta, the difference is not significant. And the average concentration range of the estuary is between 20 

ug/m3 and 40 ug/m3, and very few areas are above 100 ug/m3. (2) The inversion results of five years show 

that the seasonal concentration cycle of chlorophyll-a is relatively stable for the high water level period and 

normal water level period. In terms of spatial variation, there is a decreasing trend from rivers to estuary 

and to Bohai sea. (3) High concentration areas are located at the bend of the Shuangtaizi river and Daliao 

River, near the land. Basically, the concentration is relatively large, often presenting a mild or moderate 

eutrophication state, which may be related to the discharge of domestic sewage, aquaculture, and frequent 

human activities. The shallow lake water along the coast is rich in nutrients, leading to the vigorous growth 

of algae. There is also a high concentration of chlorophyll-a in the waters near Gaizhou shoal. This is 

because the islands and reefs provide places for phytoplankton to attach to and places for fish and other 

marine organisms to survive and reproduce(Wu et al., 2016), forming a virtuous cycle of the Marine 

ecosystem food chain. (4) The increase of chlorophyll-a concentration is the result of the inversion of algal 

aggregation. Appropriate temperature, wind direction, and stable water conditions are conducive to its 

reproduction. In the Liao River region, there is not much difference in surface temperature between these 

two months in the wet season and the normal season. However, in the wet season, the Liao River delta is 

prone to heavy rain, with high intensity, high frequency, fast current gathering, and strong wind, which 

makes the water exchange speed fast, and is not conducive to reproduction of algae. Compared with the 

inland reservoirs, the water discharge speed of the open water is fast. Therefore, the chlorophyll-a 

concentration is slightly higher in the normal season in the open water area, but lower at the inland 

reservoirs.  

 

5.1.2. Regional variation analysis of Chl-a 

 

Figure 21:Inversion value of chlorophyll-a concentration based on location distribution. 

 

Figure 21 lists the variation of chlorophyll-a concentration from 2016 to 2020. It obviously shows the 

variation difference. The maximum value of the chlorophyll-a concentration is up to 100 ug/m3. From the 
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samples, Shuangtaizi River shows the highest concentration concentrated, and the average in these five 

years is 30.81 ug/m3. Reservoirs and Daliao River are in second and third place, with a value of 28.26 

ug/m3 and 24.10 ug/m3. The concentration around Shuangtaizi estuary and Gaizhou shoal are close to 

20.16 ug/m3. Daliao estuary has the lowest value, about 14.90 ug/m3.  

 

The concentration of Chla-a is related to the sea surface temperature (SST), especially for the variation of 

inland reservoirs. Higher temperature leads to higher concentration in the reservoirs, and it explains the 

wet period has a Chl-a concentrated than the normal period (Xu & Fan, 2018). For the open water, SST 

gradually increases from coastal to offshore areas and from summer to winter. In terms of spatial 

correlation, there is a negative correlation between Chl-a concentration and SST, and the correlation 

degree is different in different sea areas. There is a strong correlation between the concentration of Chl-a 

in the open sea, so it leads to a decreasing trend from the estuary to the open sea. But in near-land coastal 

areas, due to the influence of human production and living, the correlation between seawater temperature 

and chlorophyll concentration is not obvious(Shan et al., n.d.).  

 

5.1.3. Temporal variation analysis of Chl-a 

 

Figure 22：Inversion value of chlorophyll-a concentration based on time distribution. 

 

Figure 22 shows the seasonal and annual differences. These five years have a smooth change, and it means 

the variation of chlorophyll-a is not significant. It also shows high values in the normal season and low 

values in the wet season for the average concentration.  

 

 

 

 



MAPPING WATER CONSTITUENTS IN THE LIAO RIVER DELTA IN CHINA, USING RADIATIVE TRANSFER MODEL AND SENTINEL 2 MSI IMAGES 

36 

 

 
Figure 23:Side-by-side boxplots of Chl-a concentration seasonal changes in six locations. 

 

Boxplots can effectively show the data discretization and look for indicators of nonnormal or unusual 

data. (1) Compared with the seasonal difference in the inland reservoirs, the concentration data of 

chlorophyll-a in the other five locations were scattered in the normal season and concentrated in the wet 

season, and in general, the wet season has a stable condition in these five years, but normal season varies 

greatly. (2) The data of inland reservoirs had an opposite dispersion. (3) In the meantime, the dispersion 

degree of river data in the normal period was higher than that of estuarine data and shoal data. It means 

the Shuangtaizi river and Daliao river had an obvious concentration change of chlorophyll-a in the normal 

season. (4) The distribution of the data represents the probability concentration range. This eliminates 

errors due to random sampling. The results show that the wet season samples from Shuangtaizi Estuary, 

Daliao river, and Gaizhou shoal were overestimated on actual average data. And the normal season 

samples from Shuangtaizi Estuary and Gaizhou shoal were underestimated the regional average. 
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5.1.4. Inland reservoirs variation of Chl-a 

 
Figure 24: Inland reservoirs variation of Chl-a. 

 

Seasonal changes of inland reservoirs variation of chlorophyll-a are different with open water. The 

concentration in the wet season is higher than the normal season. In these three reservoirs, the Gedalou 

reservoir and the Rongxing reservoir were average at 31.93 ug/m3, and the Sanjiaozhou reservoir was a 

little lower, about 25.97 ug/m3. Also, the Sanjiaozhou reservoir shows a noticeable fluctuation from 

November 2017. But the Gedalou reservoir fluctuated steadily. The variation of the Rongxing reservoir is 

mainly because lots of farmlands on the east bank have been transformed into fishponds. The discharge of 

domestic sewage(Dong Dandan, 2020), aquaculture, and frequent human activities acted together to raise 

Chl-a concentration. 
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5.2. Non-algal suspended particulate matter (SPM) variation 

5.2.1. Five-year inversion maps of SPM 

 
Figure 25: Temporal and spatial variation of SPM concentration, from 2016 to 2020 UNIT[mg/l]. 
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The variation of SPM is as follows: (1) SPM shows regular seasonal changes in the Liao River delta. For 

most of these five years, the concentration in the normal season is higher than it in the wet season. The 

maximum annual mean concentration is about 175 mg/l in November. (2) SPM concentration shows a 

decreasing trend from north to south, and high concentration near shore and low concentration far shore. 

(3) Shuangtaizi River has more suspension aggregates than the Daliao River and estuary. Due to the 

shallow water depth, strong hydrodynamic force, and the input of debris material (sediment) from the 

main saliferous rivers(Gao Chen et al., 2019), the suspended matter content in the nearshore sea area is 

obviously higher than that in the open sea area. (4) Open water area has higher SPM concentration than 

inland reservoirs. The main reason is that the Liao River estuary area has developed the aquaculture 

industry and also accepts the shipping work in the area. The disturbance of the past hull makes the 

suspended solids hover in the estuary area. But for the inland reservoirs are mainly used for irrigation and 

drinking by human activities, and the water dynamic is relatively slight. 

 

5.2.2. Regional variation analysis of SPM  

 
Figure 26: Inversion value of SPM concentration based on location distribution. 

 

In these five years, SPM has an obvious seasonal change, but not an annual. The Shuangtaizi River has the 

highest concentration of SPM at 133.60 mg/l. They were followed by the Shuangtaizi estuary and Gaizhou 

shoal, 106.02 mg/l and 102.82 mg/l, respectively. The SPM concentration at Daliao River and estuary are 

below 100 mg/l, and the range of these two areas is between 68 to 70 mg/l. The SPM concentration in 

the reservoirs is significantly lower than the river, a value of 26.74 mg/l. 
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5.2.3. Temporal variation analysis of SPM 

 
Figure 27:Inversion value of SPM concentration based on time distribution. 

 

 

 
Figure 28: Side-by-side boxplots of SPM concentration seasonal changes in six locations. 

 

(1) The data dispersion of SPM was more serious than that of Chl-a, and the concentration data in the 

normal season also showed a scattered condition, except the location of the inland reservoir. (2) The data 

of inland reservoirs were stable and concentrated, so the sampled data can well show the variation of 

SPM. (3) The SPM concentration of the Daliao river was also relatively steady during these five years, but 

the other four locations in the open water had a great change, especially in the normal season. (4) The 

sampling mean concentration still shows an error relative to the actual mean concentration. The seasonal 

sampling average data in the Daliao river was underestimated and the Daliao estuary was overestimated 

the actual condition.  
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5.2.4. Inland reservoirs variation of SPM 

 
Figure 29: Inland reservoirs variation of SPM. 

 

Seasonal changes in SPM are stable in these five years. All of these three reservoirs show higher values in 

the wet season, but low values in the normal season. Sanjiaozhou reservoir has the highest concentration 

at 29.83 mg/l, followed by the Rongxing reservoir about 25.75 mg/l, and the lowest average concentration 

appears in the Gedalou reservoir at 25.23 mg/l. A particularly high value appeared at the Sanjiaozhou 

reservoir in August 2018. Before this date, the concentration in this reservoir was lower than the others. It 

represents an SPM gathering and leads to a high SPM condition in the following years. The source of the 

SPM is likely to be surrounding agricultural land. Checking from the Google maps, there were lots of 

fishponds dried up and used for farmland from 2018. 
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5.3. Colored dissolved organic matter (CDOM) variation 

5.3.1. Five-year inversion maps of CDOM 

 
Figure30: Temporal and spatial variation of CDOM absorption, from 2016 to 2020 UNIT[m-1]. 
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According to the above information, the following conclusions can be drawn: (1) In these five years, 

CDOM absorption in the normal season is higher than it in the wet season in 2017, 2019, and 2020. But in 

the years 2016 and 2018, the absorption differences are slight. Wet season average absorption is about 2.5 

m-1 in the Liao River delta, and the normal season is about 5 m-1. The variation is close to the SPM 

variation. (2) It shows a gradually decreasing trend of CDOM in the range of rivers to estuaries and to the 

sea area. The spatial variation can be inferred that the main source of CDOM in the Liao River delta is 

land-based input. (3) There is a lot of sewage from villages living near the Shuangtaizi River, and human 

settlements near the Daliao River, and these tributaries are long and narrow, resulting in a high CDOM in 

these two rivers. Around the Gaizhou shoal, because of the slow flow of water and easy settlement of 

nutrients, the growth of phytoplankton is accelerated(Zheng Shuxian et al., 2019), which increases the 

concentration of CDOM. (4)CDOM absorption at the inland reservoirs is obviously lower than the open 

water. The first reason is that, water discharge in open water is frequent, a large number of dissolved 

organic matter adsorption in the particulate matter, resulting in the increase of CDOM in the water. 

Another reason is that the open water region gets more rain than the inland area(Liang et al., 2020). Due 

to the increased precipitation, a large amount of runoff carries nutrients into rivers and estuaries, and the 

temperature in the normal season is suitable for the phytoplankton growth and extinction alternate, thus 

promoting the increase of CDOM content.  

 

5.3.2. Regional variation analysis of CDOM  

 
Figure 30: Inversion value of CDOM absorption based on location distribution. 

 

The variation of average CDOM absorption in these five years is similar to SPM. The highest absorption 

values appear in the Shuangtaizi River, about 4.80 m-1. Shuangtaizi estuary has an absorption at 3.63 m-1, 

and Gaizhou shoal is about 3.51 m-1. Different from SPM variation, the Daliao River is higher than the 

Daliao estuary, 3.20 m-1, and 2.41 m-1, respectively. The lowest absorption appears in the reservoirs, value 

of 1.14 m-1. 
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5.3.3. Temporal variation analysis of CDOM 

 
Figure 31: Inversion value of CDOM concentration based on time distribution 

 

 

 
Figure 32: Side-by-side boxplots of CDOM concentration seasonal changes in six locations. 

 

(1) The data dispersion of CDOM was more evident than the other two. It means CDOM variation in 

these five years has a serious temporal variation. (2) The data of inland reservoirs were also stable and 

concentrated, similar to the variation of SPM. (3) The change of the normal period was still greater than 

that of the wet period. Especially for the Daliao Estuary, the absorption range was changed from 1 m-1 to 

7 m-1. (4) Most of the sampling points uniformly show the normal distribution of data. Skewed data 

appeared in Shuangtaizi river, Shuangtaizi estuary, Daiao estuary and Gaizhou shoal. In the wet season, 

the average sampling condition of Shuangtaizi estuary and Gaizhou shoal was very likely overestimated the 
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actual average absorption, and Shuangtaizi river was the opposite. In the normal season, the sampling 

absorption of the Daliao estuary showed a positive skew distribution.  

5.3.4.  Inland reservoirs variation of CDOM 

 
Figure 33: Inland reservoirs variation of CDOM. 

 

The maximum-to-minimum sort result of CDOM absorption is the same with SPM. Highest average 

values at the Sanjiaozhou reservoir about 1.44 m-1, and the lowest values at the Gedalou reservoir around 

0.99 m-1. To a great extent, the CDOM source came from the suspended solids. The SPM carried the 

CDOM and stored it in the reservoirs. Different from the open water, water discharge was slow here, and 

high absorption condition was maintained after 2018. 

 

5.4. Impact factors and pollution sources analysis 

5.4.1. Fine-scale water dynamic superiority 

Twenty meters resolution inversion results give strong evidence for the analysis of the water dynamic 

changes and reveal the pollution sources. (1) Chlorophyll-a is more influenced by human activities. In this 

region, there are lots of small tributaries connected to the Shuangtaizi river and Daliao river. The end of 

these small tributaries is linked to the farmland and residential district. All of the sewages from 

aquaculture, life and industry and agriculture were a guide to the mainstream. The concentration map in 

Figure 20 shows the condition of the high value of these tributaries. (2) SPM is an essential basis for the 

study of sediment transport and geomorphic evolution, which can help predict sediment carrying capacity 

and play an important role in the study of sediment transport laws in coastal waters. The variation of SPM 

can not only explore the situation of seawater pollution, but also further trace the flow path of pollutants 

and the direction of pollutants in seawater. It can represent the movement path and change the law of 

pollutants in seawater, so as to provide technical support for seawater pollution control. (3) CDOM is the 

product of phytoplankton degradation, and the fine-scale absorption map shows where these organisms 

reside in the river, such as the west bank of the Shuangtaizi river and the east bank and the bend of the 
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Daliao river, and the area near Gaizhou shoal. Fine-scale maps clearly show the difference in CDOM 

absorption. 

 

5.4.2. External drivers 

The water quality of the estuarine is well known affected by the aggravation of various pollutants, such as 

aquaculture, life and industry and agriculture, which enter the lake every year with the groundwater. 

Besides, some of the meteorological events can affect the WCCs condition. (1) Heavy rainfall events bring 

a lot of exogenous substances to the estuaries, which change the nutrient concentration of the river and 

show signs of accelerated eutrophication. (2) Strong winds will drive land-based pollutants to estuaries and 

closer seas, resulting in an increase of WCCs. At the same time, strong winds will drive the continuous 

fluctuation of water flow, so that suspended substances and nutrients cannot settle to the bottom of the 

river, affecting the underground light field. (3) The seasonal cycle determines the WCCs in the sea surface 

temperature and cloudy atmospheric conditions. For the Liao River delta, excluding the influence of high 

temperature in summer and river icing in winter, the temperature in autumn is more suitable for the 

reproduction of phytoplankton and meanwhile provides a source of nutrients for aquatic organisms. With 

the increase of chlorophyll-a content, a large amount of CDOM is generated by degradation. Also, due to 

the cloudy air in autumn, the atmospheric correction cannot completely exclude the influence of haze, 

resulting in the high reflectivity of the reverse performance.  

 

5.4.3. Fishery industry pollution and potential risks 

There are two obvious breeding industry places in the study area, the first one is located on the west bank 

of Shuangtaizi River, where the river enters the estuary. And the second place of fish ponds is near the 

inland reservoirs. Analyzed these two regional WCCs of the fish ponds, chlorophyll-a concentration in the 

wet season is around 20 ug/m3, and 45 ug/m3 in the normal season. The average SPM concentration of 

this area is a maximum to 300 mg/m3 in both wet and normal seasons. The CDOM absorption is around 

6 m-1 in the wet and normal season. These data are all above the mean value (see Table 10) in the area 

where they belong, and prove the fishery industry increase the WCCs in the Liao River delta. Especially 

for the SPM concentration and CDOM absorption, significant differences in WCCs distribution can also 

be seen in Figure 25 and Figure 30.  

 

Table 10: Five years average concentration of WCCs. 

Location 

Shuangtaizi 

River 

Shuangtaizi 

Estuary Daliao River 

Daliao 

Estuary 

Gaizhou 

Shoal 

Inland 

reservoirs 

Chl-a[ug/m3] 32.26 19.29 24.47 17.06 19.23 27.86 

SPM[mg/l] 149.26 113.22 73.31 80.61 112.84 27.74 

CDOM[m-1] 4.98 3.85 3.39 2.64 3.59 1.22 
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Figure 34: Relevance plot between Chl-a concentration and fishpond distance (Take the inversion map 
from September 24, 2019, as a case). 

 

Processed the distance and Chlorophyll-a concentration relation, it has an obvious negative correlation. 

The concentration of chlorophyll-a varies with the distance from the fishponds, and the farther the 

distance, the lower the concentration. This figure is strong evidence to show the correlation between 

Chlorophyll-a pollution and fishponds location. The same study was used for SPM and CDOM, but no 

correlation was found. The results showed that chlorophyll-a pollution was more serious in the three 

water constituents, but no noticeable effect was found in the other two elements. 

 

Chlorophyll-a is a basic measure of ocean productivity and is used to characterize phytoplankton 

abundance. The suspended matter pollution in natural culture areas mainly comes from domestic sewage, 

rainfall, and industrial wastewater. And fish waste can also form suspended solids to some extent. CDOM 

adsorption exists on suspended solids, and it represents the degree of eutrophication to some extent.  

 

These concentrations have proved suitable for the fish industry. But the suspended matter pollution needs 

to be taken seriously, especially for the west bank of the Shuangtaizi river. The excess suspended matter 

will affect the fish respiratory system, consumption of dissolved oxygen, reduce the benefit of farming. 

The abnormal proliferation of phytoplankton in the water (especially harmful algae such as cyanobacteria) 

consumes a large amount of oxygen in the water, making the water quality worse. Therefore, from the 

perspective of aquaculture and water pollution, the water quality pollution on Shuangtaizi estuary needs 

human attention. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. Research summary 

Affected by the turbidity of the water body, the water constituents concentrations(WCCs) inversion in 

Case Ⅱ water has seen little progress(Chami & Robilliard, 2002). In order to solve the current situation, 

that the Liao River Estuary is a typical representative, which is not conducive to the inversion of water 

quality concentration, this study uses a new semi-analytical model--2SeaColor radiative transfer model to 

carry out the three water constituents concentrations, including Chlorophyll-a (Chl-a), Non-algal 

suspended particulate matter (SPM) and Colored dissolved organic matter (CDOM). In this study, firstly, 

the atmospheric correction method, ACOLITE, was used to obtain the highly accurate remote sensing 

reflectance from the satellite images. And ACOLITE correction method based on the DSF model was 

proved to have a higher result, and applied in the following processing. Secondly, five years WCCs 

inversion study was conducted on the Sentinel-2 MSI L1C data from 2016 to 2020. Thirdly, the spatial and 

temporal variation of three constituents were analyzed base on the inversion maps and mathematic 

diagrams. Pollution sources and influencing factors were also mentioned in the analysis part. The main 

findings of this article are as follows: 

 

(1)The 2SeaColor model inversion interfaces were constructed in the Liao River delta area, using Matlab 

App Designer as a tool, which realized the simultaneous inversion of single and multiple images and 

optimized the operability of the model. 

 

(2)The SIOPs coefficients of the Liao River delta were simulated from 61 in situ water quality data, sampled 

in September 2019. The absorption coefficient achla
∗  of Chl-a, the power parameter p, the backscattering 

coefficient of SPM bbspm
∗

, and the absorption coefficient weight k of CDOM was parameterized on 0.0311 

m2mg-1, 1.0177, 0.0024 m2g-1, and 0.8825, respectively. Based on these coefficients, the WCCs inversion 

model in the Liao River delta was constructed, and R2 values of these three constituents are 0.57, 0.60, and 

0.69, respectively, which confirms that the above parameters are suitable for the inversion of the 

concentration of the three elements of watercolor in the Liao River delta. 2SeaColor model fundamentally 

explains the relationship between the reflectance from water and the IOPs, confirming that the model can 

still be used even when the water body is highly turbid and ensure high inversion accuracy. To a great extent, 

the problem of WCCs inversion in the Case Ⅱ water is solved within this model. 

 

(3)Atmospheric correction was performed on the Sentinel-2 MSI satellite images of ten scenic spots during 

the wet and normal water level periods from 2016 to 2020, to obtain the 𝑅𝑟𝑠. The water quality monitoring 

in the Liao River delta region was completed for five years. At the same time, the accuracy of the model was 

verified with remote sensing image data synchronized with the satellite and the ground, and the R2 values 

of these three constituents were simulated to be 0.50, 0.60, and 0.61, respectively. Sentinel-2 MSI images are 

more sensitive for the CDOM and SPM inversion. But considering the Sentinel-2 spatial-temporal 

resolution, it is believed that the model is suitable for WCCs inversion with Sentinel-2 as the background 

data, and it has the ability to do the long time series inversion. 
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(4)Based on the spatial and temporal variation analysis of WCCs in these past five years, it was confirmed 

that the concentration of the three constituents in this region presents a spatial distribution characteristic of 

high concentration near shore and low concentration far shore, and gradually decreasing from north to 

south. The results show that the WCCs has little inter-annual variation and great seasonal variation during 

the five years. It was also analyzed that the outer sea and inland reservoirs present opposite seasonal changes. 

It was concluded that the concentration in the normal water period is higher than that in the wet period for 

the open water area. According to the characteristics of geographical location, the space-time variability of 

six sub-regions are analyzed, and the characteristics of WCCs in different regions are listed as followed:  

Chl-a: For the annual variation of chlorophyll-a concentration in the Liao River Delta, the difference 

is not significant. Algal aggregation is the main reason for the increase of chlorophyll-a concentration. 

Comparison of annual average concentrations in different regions: Shuangtaizi River＞Reservoirs＞Daliao 

River＞Shuangtaizi River Estuary＞Gaizhou Shoal＞Daliao River Estuary. And, Gedalou reservoir＞ 

Rongxing reservoir＞Sanjiaozhou reservoir.  

SPM: SPM has a strong seasonal variation. It is concluded that the concentration in the normal water 

period is higher than that in the wet period, and the influencing factors are mainly because of the strong 

hydrodynamic force and disturbance of the past hull. Comparison of annual average concentrations in 

different regions: Shuangtaizi River＞Shuangtaizi River Estuary＞Gaizhou Shoal＞Daliao River Estuary＞ 

Daliao River＞Reservoirs. And, Sanjiaozhou reservoir＞Rongxing reservoir＞Gedalou reservoir.  

CDOM: CDOM variation is close to the SPM, because of a large number of dissolved organic matter 

adsorption in the particulate matter and active in the river. And the main source of CDOM in the Liao River 

delta is land-based input. Comparison of annual average concentrations in different regions: Shuangtaizi 

River＞Shuangtaizi River Estuary＞Gaizhou Shoal＞Daliao River＞Daliao River Estuary＞Reservoirs. 

And, Sanjiaozhou reservoir＞Rongxing reservoir＞Gedalou reservoir.   

 

(5) According to the different sensitivity of inland reservoir and open sea area Chl-a to SST, the increasing 

and decreasing trend analysis is carried out, and the reasons for the different seasonal changes in the wet 

water period and the normal water period are explained. At the same time, a profile shows the negative 

correlation between Chl-a concentrations and distance from the fishponds, and it is concluded that Chl-a in 

the Liao River delta is greatly affected by the discharge of aquaculture and wastewater. SPM and CDOM 

variations don't show a correlation, while SPM and CDOM are affected by the water exchange rate from 

different water level periods, and SPM carries CDOM and hovers in the water body, resulting in similar 

spatial and temporal changes of the two. Besides, the current WCCs are used to analyze the environmental 

suitability for the survival of fish, analyze the risk brought by the current situation of water quality to the 

nearby aquaculture industry, and emphasize the negative impact of high SPM concentration on the local 

aquaculture fishery on the west bank of Shuangtaizi River. 

 

 

(6) Research questions and answers: 

Q1: What is the usage of Sentinel 2 MSI images in the process of retrieving WCCs? 

A1: Sentinel-2 satellite images provide remote sensing reflectance, which can be used to inverse IOPs, 

combined with SIOPs to estimated WCCs. Sentinel-2 image provides several spectral bands for 

the IOPs inversion.  
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Q2: What Specific Inherent Optical Properties (SIOPs) parameters need to be used in order to retrieve 

accurate estimates for the concentrations and absorption? 

A2: The absorption coefficient achla
∗  of chlorophyll-a(Chl-a) and the power parameter p, the 

backscattering coefficient of suspended matter (SPM)  bbspm
∗  , and the absorption coefficient 

weight k of colored soluble organic matter (CDOM).  

Q3: What is the accuracy of the 2SeaColor model retrieval WCCs compared with the sampled data? 

A3: R2 

Chl-a: 0.57  SPM: 0.60  CDOM: 0.69 

Q4: What is the accuracy of the 2SeaColor model retrieval WCCs from the satellite image reflectance? 

A4: R2 

Chl-a: 0.50  SPM: 0.60  CDOM: 0.61 

Q5: What are the spatial and temporal variations of WCCs in the Liao River delta? 

A5: WCCs have little inter-annual variation and great seasonal variation during these five years. High 

concentration near shore and low concentration far shore, and gradually decreasing from north to 

south. Shuangtaizi River had the highest concentrations of all of the three constituents in the six 

analyzed zones.  

Q6: How do the small-scale features reveal the water dynamic? 

A6: 20 meters resolution results provide more concentration details for this research. For example, in 

the research, the correlation between the Chl-a concentration and the distance from fishponds was 

presented. When using the initial 60 meters resolution maps, this area was not inverted. 

Q7: How does the water level during the normal periods and wet periods influence the concentrations 

and absorption of the water constituents? 

A7: Open ocean water and inland reservoirs present opposite seasonal changes. It was concluded that 

the concentration in the normal water period is higher than that in the wet period for the open 

water area. But inland reservoirs have higher concentrations in the wet period. 

 

6.2. Scientific significance 

(1) Previous SIOPs from the Bohai sea are verified not suitable for this research, and the estimated SIOPs 

for the Liao river delta are listed in this research. It provides more accurate parameters for others to 

study the water quality in this area.  

(2) Multiple distribution maps of Chl-a and SPM concentrations and CDOM absorption covering the Liao 

River delta are used to show the temporal and spatial changes visually. The results can help to explain 

the terrestrial input pollution and propose relevant remediation suggestions. 

(3) 20-meter resolutions water quality maps can present small features WCCs difference. For instance, the 

correlation analysis between Chl-a concentrations and distance from fishponds is based on the fine-

scale results. These maps are evidence to find the source region of pollutants. And high-resolution 

retrieval maps can show more regional differences of the WCCs based on the sentinel-2 remote sensing 

reflectance. 

(4) The retrieved data and the measured data can be analyzed to prove the universality of the 2SeaColor 

model in the Liao River delta and the Bohai sea. 
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6.3. Recommendations 

The derived IOPs and SIOPs have supported the ability to inverse WCCs in the Liao River delta. The 

research results indicate that the 2SeaColor model inversion model established in this study is more 

suitable for the inversion of the WCCs in the Case Ⅱ water body of the Liao River delta, and can provide 

a reference for the regional inversion in other Case Ⅱ water bodies and sea areas in China. This research 

also proves 2SeaColor model has a strong ability to apply to the Bohai Sea region. 

6.4. Limitations  

In this research, due to the limitation of sampling conditions in the Liao River delta, the water sample 

collection is not completely synchronized with the image time, which affects the accuracy of the inversion 

model to some extent. At the same time, limited by the time and ability of researchers, the research 

process and results of this paper still need to be further improved and verified, mainly in the following 

aspects: 

(1) The accuracy of the model needs to be precise. The concentration of water constituents is affected by 

various factors. The using 2SeaColor model also considers some metrology factors, like wind speed 

and sea surface temperature, but the fieldwork lacks these data. These data gaps can be overcome in 

the next field sampling, and the model inversion results will become better. 

(2) The concentration maps based on Sentinel-2 MSI images have many blank pixels, result in water 

region pixels deficient, especially in the summer and winter seasons. It was automatically defined to 

the non-water pixels by Sentinel-2 images. None of the atmospheric correction processing methods, 

like ACOLITE and C2RCC, can extract reflectance from these pixels.  

(3) The using spatial resolutions in this research are mentioned in two types, 60m for the SIOPs 

validation and 20m for the WCCs variation analysis. The small-scale resolution shows better 

performance on water dynamic changes in the same time period. But due to the time limitation, the 

comparison of the inverse dynamic differences between these two resolutions needs to be completed 

in future work.  
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