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Based on the field survey data collected in winter (January, 2018) and spring

(April, 2017), the characteristic variability of chromophoric dissolved organic

matter (CDOM) in different seasons in Zhanjiang Bay was analyzed. The results

demonstrated that CDOM absorption coefficient at 280 nm (ag(280)) and the

spectral slope from 275 to 295 nm (S275-295) representing themolecular weight of

CDOM could both maintain good correlations with salinity in winter and spring,

indicating that CDOMwasmore likely to exist as a conserved substance during its

migration in Zhanjiang Bay. The characteristics of CDOM and the weak

correlation between Chlorophyll a (Chl a) and CDOM revealed that the

influence of algal activity on CDOM was limited. In addition, this study also

suggested the idea of using CDOM to track the eutrophication of a bay. Based on

the acceptable correlation between ag(280) and reflectance band ratio (Rrs(704)/

Rrs(492)) recorded in-situ, and eutrophication index (EI), a series of empirical

models were developed to categorize and retrieve the eutrophication through ag
(280) and were then used to Sentinel-2. The eutrophication assessment of

Zhanjiang Bay was examined by CDOM remote sensing. This study provided a

fresh approach to measuring eutrophication that could help regional

environmental quality management organizations to make informed decisions.
KEYWORDS
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1 Introduction

Amixture of aromatic and lipid organic compounds known as dissolved organic matter

(DOM) is widely present in various natural waters (ChenW. et al., 2003). Chromophoric or

colored dissolved organic matter (CDOM), which is a component of DOM interacting with

light and is also known as yellow substance due to its low absorption in the yellow band
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(Nelson and Siegel, 2002; Lei et al., 2018; Dias et al., 2021; Tian et al.,

1994). The biogeochemical processes and primary productivity in

water will be impacted by strong absorption properties of CDOM,

which range from ultraviolet to blue light (Lei et al., 2018; Zhou

et al., 2018). With increasing wavelengths, the typical CDOM

absorption spectrum typically decreases exponentially (Bricaud

et al., 1981). The CDOM concentration is typically described

using the absorption coefficient of a specific band (Zhou et al.,

2018; Yu et al., 2016). CDOM sources in coastal areas are primarily

divided into terrestrial input, which includes river input,

groundwater, terrestrial sewage input, and marine autogenic,

which is consist of phytoplankton production, bacterial release,

viral activity release, bottom sediment resuspension and upwelling

(Yu et al., 2016; Kim and Kim, 2015; Birdwell and Engel, 2010;

Spencer et al., 2012; Boss et al., 2001; Zhang et al., 2009; Romera-

Castillo et al., 2011; Coble et al., 1998). The spectral slope (S) of

CDOM from the range of 275–295 nm is more sensitive to the

molecular weight and sources of CDOM (Helms et al., 2008; Fichot

and Benner, 2012). The average molecular weight of CDOM is

usually inversely related to S, and it can also be a crucial metric for

assessing terrestrial or newly produced CDOM (Helms et al., 2008;

Green and Blough, 1994; Nelson et al., 2004). Furthermore,

determining CDOM origins, identifying water masses, analyzing

CDOMmixing behavior, and other tasks could be aided by knowing

how CDOM absorption coefficient and S relate to salinity,

Chlorophyll a (Chl a), or other parameters (Lei et al., 2018; Zhou

et al., 2018; Bai et al., 2013). CDOM removing processes, such as

photo-bleaching and microbial decomposition are also observed in

several studies (Moran et al., 2000; Nelson and Siegel, 2013;

Yamashita et al., 2013).

CDOM is also a portion of the entire dissolved organic carbon

(DOC) pool, which is an important carbon pool in water

ecosystems (Carlson et al., 1994). Dynamics of CDOM have an

important impact on the carbon cycle at the regional and even

global scales (Hedges, 1992; Hansell et al., 2009). The absorption

characteristics of CDOM in the surface water of the Changjiang

Estuary and its adjacent sea areas were examined by Liu et al.

(2014), who discovered a declining trend in CDOM concentrations

from northwest to southeast. Additionally, they discovered that the

Changjiang Estuary’s surface water’s CDOM absorption rose

dramatically during phytoplankton blooms and somewhat

correlated with dissolved organic carbon (Liu et al., 2014). The

source and spatial dynamics of CDOM in the Changjiang Estuary’s

surface water were investigated by Sun et al. (2014). This

investigation demonstrated that phase transfer, conservative

mixing, and allochthonous input dominated the distribution of

CDOM. During a single annual cycle, Das et al. (2017) found that

the northern Bay of Bengal’s nearshore to offshore transition zone

showed notable spatial and temporal variability of CDOM. They

discovered that the region’s CDOM varied considerably more

during the monsoon season and less during the non-monsoon

season (Das et al., 2017). Even though the researchers’ efforts

described above have contributed to a general understanding of

the dynamics of CDOM in coastal regions, there is still a lack of
Frontiers in Marine Science 02
knowledge regarding how to swiftly, extensively, and deeply

comprehend these dynamics.

Currently, satellite remote sensing technology is growing

vigorously. Remote sensing has great advantages in obtaining

CDOM information of water in high spatial and temporal

resolution (Olmanson et al., 2020). Remote sensing estimations of

CDOM in ocean environments and coastal regions have been

widely reported in recent years (Tehrani et al., 2013; Ruescas

et al., 2018; Ling et al., 2020). Recent satellite sensor products

such as Sentinel-2 Multi-Spectral Instrument (MSI) have been used

for retrieval of CDOM in some aquatic systems (Ruescas et al., 2018;

Xu et al., 2018; Shang et al., 2021). Furthermore, CDOM has

become a main proxy for DOC retrieval, salinity retrieval,

assessment of eutrophication level (Bai et al., 2013; Zhang Y.

et al., 2018; Tehrani et al., 2013; Shang et al., 2021). Therefore,

using remote sensing technology to investigate CDOM dynamics

and its proxies is a dependable and efficient way.

Coastal bays are the channel of terrestrial organic matter from

land to the ocean, and its internal biogeochemical processes have an

important impact on the carbon cycle of marginal sea (Zhao et al.,

2021). Due to its dense population and rapid economic

development, coastal bays are generally in a state of

eutrophication and have been impacted by significant human

activities like aquaculture and sewage discharge (Wang et al.,

2012; Jiang Z. et al., 2019; Zhou et al., 2019; Ke et al., 2020; Zhao

et al., 2021). These anthropic factors not only increased the

complexity of organic matter sources and transformation

processes, but also greatly interfered with original biogeochemical

cycles and coastal ecosystems (Zhao et al., 2021; Lao et al., 2021).

Consequently, it is very important to quickly understand the

eutrophication level of coastal bays for analyzing the structure

and function of the regional ecosystem, predicting the future

change trend of the environment and formulating appropriate

mitigation strategies (Zhang Y. et al., 2018).

Zhanjiang Bay is a semi-enclosed and eutrophic bay located in

the northwest of the South China Sea. Affected by various

anthropogenic activities, such as industrial activities, shipping

activities and aquaculture, the water ecology and environment in

Zhanjiang Bay was seriously disturbed by human activities (Li et al.,

2020; Yu et al., 2023). As a result of anthropogenic pollution

discharges, the content of dissolved organic matter in Zhanjiang

coastal waters has increased dramatically, which has a serious

impact on Zhanjiang coastal and its adjacent waters (Zhang et al.,

2022; Yu et al., 2024). Previous studies have shown that the level of

eutrophication is becoming increasingly serious in the Zhanjiang

Bay (Zhang et al., 2020; Li et al., 2020). The east of the bay is mainly

connected with the South China Sea through a narrow channel

(about 2 km). The exchange of water between Zhanjiang Bay and

the South China Sea is significantly restricted. Consequently, being

a typical coastal bay with various human activities and a long water

retention time, this study can benefit understanding of the

combined effects of natural environment changes, anthropogenic

activities and geomorphologic features on the dynamics of CDOM

in Zhanjiang Bay.
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Based on the field data in April 2017 and January 2018 and

Sentinel-2 data, the main objectives of this study were: 1) to analysis

of the CDOM variability in the Zhanjing Bay during spring and

winter; 2) to assess the eutrophication level by Sentinel-2 MSI-

derived CDOM data.
2 Materials and methods

2.1 Study area

At the southernmost point of the Chinese Mainland, Zhanjiang

Bay is situated to the east of the Leizhou Peninsula (Figure 1).

Zhanjiang City, a prefecture-level city in China’s Guangdong

Province, Donghai island, and Nanshan island surround

Zhanjiang Bay, and the Donghai dam closes off Zhanjiang Bay’s

western entrance (Zhou et al., 2020). The overall water depth of

Zhanjiang Bay is relatively shallow. As shown in Figure 1, except for

the channel area, the overall water depth of bay is no more than 10

m, and the deepest area is the bay mouth, about 40 m. The

subtropical marine monsoon climate of Zhanjiang Bay is

characterized by a dry season that lasts from November to

February and a wet season that lasts from April to September

(Zhang J. et al., 2018; Chen et al., 2019). Zhanjiang Bay has an

irregular semi-diurnal tide, despite the fact that a river (the Suixi

River) flows into the bay from the north (Zhou et al., 2020; Wang

et al., 2021). Because the bay’s tidal capacity is greatly exceeded the

runoff from rivers, making tidal current the main hydrodynamic

force there.
2.2 Sample collection and analysis

Two surveys were carried out in Zhanjiang Bay from April 14 to

16, 2017 (spring) and January 20 to 22, 2018 (winter). The survey
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was conducted between 21° and 21.4°N latitude and between 110.3°

and 110.7°E longitude (Figure 1). At each sampling stations, surface

water samples between 0 and 50 cm in depth were taken in April

and January. In addition, bottom water samples were collected from

each station for CDOM analysis. The bottom water samples were

collected at a depth of 1 m above water bottom. During the surface

water samples collection process, water samples for dissolved

oxygen (DO) analysis were first collected. Water enclosed in

Plexiglass water sampler was slowly drained into brown glass

bottles, after a few minutes of overflow, and manganese sulfate

and alkaline iodide solution was fixed into the bottle (Zhou et al.,

2020). After that, unfiltered seawater also was collected for chemical

oxygen demand (COD) analysis. Titrations of DO and COD were

performed within 24 hours of sampling in the laboratory. Samples

were filtered using filters (Whatman, 0.22 μm, Polycarbonate) and

stored at -20°C for further CDOM analysis. Chl a was collected in

pre-burned (450°C, 4 h) glass fiber filters (Whatman, 0.7 μm, GF/F)

by filtering water samples (1000 mL) and the filtered seawater was

collected for inorganic nutrients (NO3-N、NO2-N、PO4-P and

SiO3-Si), which was stored at -20°C before further processing.

Utilizing a conductivity-temperature-depth (CTD) meter

(SBE911, Seabird, Inc., USA), water profile measurements of

temperature, salinity, and depth were made. Significantly, there

were only a small number of valid CTD data (14 station samples)

available due to the CTD’s malfunction in the winter, therefore, in

January, only 14 stations collected salinity, temperature and depth

data in Zhanjiang Bay. With a spectroradiometer (USB2000+,

Ocean Optics, Inc., USA), the spectral radiometric parameters

(radiances from water, sky and reference panel) were measured

above water surface between 200 and 1100 nm (1 nm interval). The

spectroradiometer used the above-surface measurement technique

suggested by Mobley (Mobley, 1999) as its measurement method. It

should be noted that we did not use the spectroradiometer during

the January survey, we only used it during the April survey, and the

effective spectral data was 23. Remote sensing reflectance (Rrs(l))
FIGURE 1

Map of the Zhanjiang Bay (left) and distribution of sampling sites in the Zhanjiang Bay (right). The stations were plotted as black dots from Z1 to Z26.
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was calculated with upwelling spectral radiance Lu(l), downwelling
spectral irradiance Ed(l), incident spectral sky radiance Ls(l) and
proportionality coefficient (d) (Equation 1 ) (Yu et al., 2023). Ed(l)
was calculated with radiance from gray reference panel Lp(l) with
known irradiance reflectance (rp) (Equation 2) (Yu et al., 2023).

Rrs(l) =
Lu(l) − d*Ls(l)

Ed(l)
(1)

Ed(l) =
Lp(l)*p

rp
(2)

Using a UV-Vis spectrophotometer (UV-2550PC, Shimadzu,

Japan), CDOM optical density measurements of 52 station samples

were made in the range of 250 to 800 nm (1 nm interval). The

difference between the optical density of the sample and that of

Milli-Q water at each wavelength was known as the CDOM

absorption coefficient. Equations 3 and 4 were used to calculate

the CDOM absorption coefficient ag(l) (Green and Blough, 1994).

ag(l)
0 = 2:303� D(l)=r (3)

ag(l)  =  ag(l)
0 −ag(700)

0 �l=700 (4)

Where ag(l)’ was the uncorrected absorption coefficient at

wavelength l; D(l) was the optical density at wavelength l; r was
the cuvette length, which is 0.1 m in this study; ag(l) was the

modified absorption coefficient that has been corrected for

scattering. The ag(280) was used to represent the concentration of

CDOM (Zhou et al., 2018; Zhang et al., 2009; Lin et al., 2016).

Furthermore, spectral slope (S275-295) was calculated from the

absorption spectra between 275 and 295 nm by the non-linear

regression (Matlab R2018a) using the following Equation 5:

ag (l) = ag(l0)� exp½−S(l − l0)� (5)

Where ag(l) and ag(l0) were the absorption coefficients at

wavelengths l and l0, respectively, and S was the spectral slope. l0
was 280 nm in this study (Lin et al., 2016).

In addition, the DO was analyzed byWinkler titration (Fu et al.,

2020), and COD was measured by the potassium permanganate

oxidation method (Lao et al., 2021). Chl a in the GF/F filter was

extracted using 90% acetone and analyzed by the fluorometric

method (Fu et al., 2020; Lao et al., 2021). Inorganic nutrients

(NO3-N、NO2-N、PO4-P and SiO3-Si) were measured by a San

++ continuous flow analyzer (Skalar, Netherlands). NH4-N

concentration was determined by spectrophotometry (Fu et al.,

2020). In April, the COD value at station Z3 was below the detection

limit and will not participate in subsequent analysis.
2.3 Trophic state assessment

As a critical eutrophication level, eutrophication index (EI)

defines the trophic eutrophication status based on the nutrient

concentration, which is widely used by the State Oceanic

Administrative of China (SOA) (Lao et al., 2021), and has been
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implemented in many earlier studies (Jiang Q. et al., 2019; Liu et al.,

2011; Liang et al., 2015; Lao et al., 2021). The eutrophication index

(EI) method served as the foundation for this study’s assessment of

the trophic state. This index was calculated using the dissolved

inorganic nitrogen (DIN), PO4-P and COD, according to the

following Equation 6 (Jiang Q. et al., 2019; Liu et al., 2011; Liang

et al., 2015; Lao et al., 2021):

EI = COD� DIP � DIN � 106=4500 (6)

where COD was the concentration of chemical oxygen demand

(mg L–1), DIP was the concentration of PO4–P (mg L–1), and DIN

was the concentration of NO3–N, NO2–N and NH4–N (mg L–1). EI

offered a scale to assess the water’s trophic state: EI< 1 indicated

oligotrophic; EI ≥ 1 indicated eutrophication, i.e., the higher the

value the more eutrophic condition (Jiang Q. et al., 2019).
2.4 Sentinel-2 image processing

Along with in-situ data, Sentinel-2 satellite data (launched by

the European space agency in 2015 and 2017) was also used to track

the degree of eutrophication in water. This satellite was chosen

because of its high spatial resolution (10–60 m), high temporal

resolution (five days of review), and narrow bandwidth that made it

ideal for monitoring Zhanjiang Bay. Data from the Sentinel-2 Level-

1C (L1C) MSI was downloaded from the European Space Agency

Copernicus Data Center at https://dataspace.copernicus.eu/. L1C

products provided the top-of-atmosphere reflectance (TOA).

Sen2Cor toolbox (version 2.9.0) was used to perform atmospheric

correction on the L1C image in order to obtain the bottom-of-

atmosphere (BOA) reflectance image (L2A product) for further

processing and analysis in the SNAP (Sentinel Applications

platform, Version 8.0) and ENVI (Environment for Visualizing

Images, Version 5.6) software, the L2A image was resampled to 10

m spatial resolution.
2.5 The retrieval model and accuracy
assessment

Firstly, based on the atmospheric correction method carried by

Sen2Cor toolbox, we selected five ground matching points that were

less affected by clouds and solar flares to verify the atmospheric

correction effect, as well as the five points should match the station

in cruise. The closer the ratio between the BOA reflectance of the

ground matching point and the in-situ remote sensing reflectance

was to 1, the better the atmospheric correction result of this band.

The verification results were shown in Figure 2, and the

atmospheric correction were generally satisfactory. Secondly, the

in-situ remote sensing reflectance corresponding to the central

wavelength of different bands in Sentinel-2 data was selected, and

then was made up the band ratio and performed a unary linear

fitting with ag(280) to check whether the band ratio could be used to

retrieve ag(280). The band ratio combination refers to the research

of Xu et al. (2018) and Shang et al. (2021). Actually, CDOM
frontiersin.org
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retrieval models using band ratios are less sensitive to atmospheric

correction than using reflectance at a single band (Stramska and

Stramski, 2005). Thirdly, the linear fitting formula composed of the

selected band ratio and ag(280) was applied to Sentinel-2 data, in

which the band ratio of BOA reflectance was the independent

variable, and the retrieval of ag(280) was the dependent variable,

thus completing the retrieval of ag(280). Finally, the EI and ag(280)

were fitted by linear or nonlinear regression to explore the

correlation between them. On the premise of strong correlation,

the fitting model was applied to the retrieved ag(280) of Sentinel-2

data generated in the third step, where the independent variable was

the retrieved ag(280) and the dependent variable was the retrieved

EI, so as to complete the retrieval of EI in Sentinel-2 data.

The accuracy of CDOM retrieval results was evaluated by

calculating linear regression, the coefficient of determination (R2),

the relative error (RE), the mean absolute percentage error (MAPE)

and the root mean square error (RMSE). These accuracy assessment

indexes were shown in Equations 7–11:

Yi = a + bXi (7)
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R2 = 1 −o
n

i=1
(Xi − Yi)

2=o
n

i=1
(Xi − Z)2 (8)

RE ¼ Xi�Yi

Xi

����
����� 100% (9)

MAPE ¼ 1
no

n

i¼1

Xi�Yi

Xi

����
����� 100% (10)

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
no

n
i¼1(Xi�Yi)

2

r
(11)

Where independent (explanatory) variable Xi, and dependent

variable Yi, for i = 1,…, n subjects. The regression parameter a is the

intercept (on the y axis), and the regression parameter b is the slope

of the regression line. Where Z is the average of Xi.
3 Results

3.1 Physicochemical parameters

The water physicochemical values were presented in Table 1.

Z26 station, which was close to the sewage of outfall thermal power

plant and may be impacted by the high-temperature drainage of the

thermal power plant, had the highest surface water temperature in

that location in April and January. Additionally, due to local

monthly variations in total solar radiation and sunshine duration,

the surface water temperature in April was higher than that was in

January. The Suixi River’s land runoff may have an impact on the

station because the surface salinity at station Z25 was lowest in

April and January. The salinity fluctuated significantly between

20.97 PSU and 30.23 PSU in January and only slightly between

23.51 PSU and 29.89 PSU in April. In April, the average Chl a

concentration was 1.85 mg L-1, January’s average Chl a

concentration was 3.26 mg L-1. In April and January, the DO

concentration at Z25 station was at its lowest point (5.93 mg L-1

and 7.12 mg L-1, respectively). In comparison to April, January had

a slightly higher overall concentration of DO. The highest COD
TABLE 1 Statistical distribution of water physicochemical parameters during the investigation in the Zhanjiang Bay.

Statistical attribute
parameters

Sampling
month

Temperature
(°C)

Salinity
(PSU)

Chl a (mg L-1) DO (mg L-1) COD (mg L-1)

Min
April 23.74 23.51 0.44 5.93 0.85

January 18.06 20.97 1.05 7.12 0.49

Max
April 29.14 29.89 4.23 8.19 2.42

January 28.77 30.23 7.29 8.82 1.61

Mean
April 24.69 28.06 1.85 7.06 1.33

January 19.29 27.93 3.26 8.12 0.94

Standard Deviation
April 1.05 1.41 1.16 0.42 0.42

January 2.70 2.37 1.01 0.33 0.24
FIGURE 2

The relationship between the Rrs of the 5 satellite-ground matching
samples via atmosphere correction from the Sentinel-2 data and the
measured Rrs.
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measurements in April and January at Z5 and Z25, respectively, was

2.42 mg L-1 and 1.61 mg L-1.
3.2 Spatiotemporal variations of CDOM
absorption coefficient

Figure 3 showed the spatial distribution characteristics of the

surface CDOM absorption coefficient (ag(280)) in January and

April, and the patterns in spatio-temporal variability were clear.

The ag(280) in April ranged from 2.07 to 7.83 m-1, with an average

of 3.92 m-1. The ag(280) in January ranged from 2.30 to 7.83 m-1,

with an average of 3.47 m-1. As can be seen, there was little change

in the surface ag(280) in Zhanjiang Bay in April and January, but

there was a big change in the spatial distribution. From the inner

bay to the outer bay, ag(280) showed a clear trend of gradually
Frontiers in Marine Science 06
declining values. In general, the ag(280) in northern bay was larger

than the southern bay’s, and the western bay’s was larger than the

eastern bay’s. With the change from April to January, this

characteristic difference gradually became less noticeable.

Additionally, the Z25 station recorded the highest levels of

ag(280) in January and April. We also compared the surface and

bottom ag(280) and found that there was little difference between

the surface and bottom (Figure 4).
3.3 CDOM absorption coefficient and
salinity

Salinity is a crucial water mass tracer indicator. In coastal

waters, the mixing of freshwater and seawater is the main factor

influencing its change. It is generally accepted that if the salinity is
FIGURE 3

Surface distributions of ag(280) in the Zhanjiang Bay during different seasons.
FIGURE 4

Comparison of surface and bottom ag(280) in January (a) and April (b).
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below 20 PSU, river drives the variability in salinity and that the

open sea will typically have a salinity of at least 32 PSU. Salinity

during the survey ranged from 20 to 32 PSU, indicating a

reasonably robust mixing of freshwater and saltwater in this

region. Figure 5 illustrated the significant negative correlation

between the surface ag(280) and salinity in April and January

(April: R2 = 0.96, P<0.001; January: R2 = 0.78, P<0.001). It

showed that terrestrial and marine CDOM in the Zhanjiang Bay

behaved conservatively during the mixing process.
3.4 CDOM spectral slope and salinity

The main representation of the molecular weight of CDOM in

water is S275-295. The molecular weight of CDOM increases as S275–

295 decreases (Helms et al., 2008). The low value suggests that it is

connected to input from the terrestrial CDOM (Zhou et al., 2018).

The S275–295 varied between 0.016 and 0.029 nm
-1 during the survey,

with an average value of 0.02 nm-1. The lowest value was observed at

Z25 in January, which was close to the Suixi River Estuary and an

area where aquaculture was practiced. This location may be

impacted by the high molecular organic matter brought by the

terrigenous materials of the Suixi River and aquaculture activities.

Z14, which was outside the bay and was less impacted by

terrigenous materials, recorded the maximum S275–295 value in
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April. Figure 6 showed a significant but nonlinear positive

correlation between the S275–295 and salinity (April: R2 = 0.51;

P<0.001; January: R2 = 0.57; P<0.001), which was consistent with

the common mixed model of freshwater end-member and seawater

end-member (Zhou et al., 2018).
3.5 Correlations between the ag(280) and
the EI

The EI in the Zhanjiang Bay varied between 0.07 and 50.43

during the survey, with an average value of 7.32. Except for the EI of

Z13, and Z14 in spring, which were less than 1, and other stations

were all in the state of eutrophication. The station with the most

serious eutrophication was Z25 in winter. According to the

standards of EI, Zhanjiang Bay was basically in the state of

eutrophication, with obvious enrichment of nutrients in seawater.

The EI and ag(280) were found to have a strong nonlinear

relationship (R2 = 0.80, P<0.01, as shown in Figure 7). The

classification standard of nutrient status in the Zhanjiang Bay was

proposed by using ag(280) based on this regression model. When EI

equaled 1, ag(280) equaled 1.92 based on nonlinear fitting formula

in Figure 7. According to the EI scale, if 1.92≤ag(280), it

corresponded to eutrophication, and when ag(280)<1.92, it

corresponded to oligotrophic. i.e., the higher ag(280) the more

eutrophic condition.
3.6 EI retrieved from Sentinel-2 image

Some studies have proposed to apply the band ratio model to

Sentinel-2 data, and have achieved good CDOM estimation results

(Xu et al., 2018; Shang et al., 2021). Based on previous studies (Xu

et al., 2018; Shang et al., 2021), a CDOM retrieval model (y=5.9657x

+0.9074, x=Rrs(704)/Rrs(492), R
2 = 0.70, N=23, P<0.001, as show in

Figure 8) was established based on the in-situ remote sensing
FIGURE 5

Salinity versus ag(280) in April and January.
FIGURE 6

Salinity versus S275–295 in April and January.

FIGURE 7

Correlations between the ag(280) and the EI.
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reflectance at 704 nm and 492 nm and measured ag(280). In the

band setting of Sentine-2, 704 and 492 nm correspond to the central

wavelengths of B5 and B2 of Sentinel-2, respectively.

Unfortunately, there was no suitable Sentinel-2 image in the

time period of the survey in April, but we obtained an image

with high quasi-synchronous quality in January. We applied the

CDOM retrieval model to Sentine-2 image in January and

exported satellite retrieval values corresponding to 26 stations.

The relative error between the retrieval results of the satellite data

after atmospheric correction and the measured ag(280) at each

station was shown in Figure 9. The mean absolute percentage

error between retrieved values and measured values was calculated

to be 19.3%, and the RMSE was 1.09 m-1. For coastal case-II

waters, the retrieval accuracy was within an acceptable range of

precision. Subsequently, we combined the nonlinear relationship

between ag(280) and EI (y=-5.311 + 3.314*exp(0.335x), x=ag(280),

R2 = 0.80, N=51, P<0.01, as shown in Figure 7) to obtain EI.

Figure 10 showed the relative error between satellite derived EI

and measured EI at each station. For EI, the mean absolute

percentage error between retrieved values and measured values

was calculated to be 46.2%, and the RMSE was 9.3.
4 Discussion

4.1 Sources of CDOM in the Zhanjiang Bay

Generally speaking, the sources of CDOM in the coastal bays

was mainly affected by many factors such as land runoff,

phytoplankton production, bottom sediment resuspension and

microbial activities (Li et al., 2014). Given the small difference in

ag(280) between the surface and bottom water in Zhanjiang Bay in

April and January (Figure 4), as well as the bay’s narrow topography

and poor hydrodynamic conditions, the resuspension of bottom
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sediment should have little impact on the release of organic matter

in the bay unless the time for CDOM release from sediment to water

was much longer than the time for physical mixing (Li et al., 2014).

In terms of land runoff and phytoplankton production, the ag(280)
FIGURE 8

The relationship between in-situ measured remote sensing
reflectance of band ratio and ag(280).
FIGURE 9

Relative error between satellite derived ag(280) and measured
ag(280).
FIGURE 10

Relative error between satellite derived EI and measured EI.
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of surface water in April and January showed a significant negative

correlation with salinity (Figure 5), but the ag(280) and Chl a

showed a relatively weak correlation in different months (April: R2

= 0.33, P<0.001; January: R2 = 0.54, P<0.001). Therefore, it appeared

that the control of CDOM abundance was influenced differently by

phytoplankton production and land runoff.

According to previous studies, the CDOM absorption

coefficient sometimes appeared short ultraviolet absorption

shoulders in the 260–290 nm band range. These shoulders had

been reported in the Bohai Bay (Li et al., 2014), the North Pacific

(Yamashita and Tanoue, 2009), the St. Lawrence Estuarine (Xie

et al., 2012) and the South Bay of the North Sea (Warnock et al.,

1999). Although the exact molecular process by which these

shoulders form was unknown, they were related to proteins and

other bio-molecules, in which bacteria and algae play significant

roles (Li et al., 2014). In this study, the most CDOM absorption

curves of surface water in Zhanjiang Bay in April and January

showed smooth curve that decreased exponentially with the

increase of wavelength but no obvious short ultraviolet absorption

shoulders (Figure 11). Combined with the correlation between

ag(280) and Chl a (April: R2 = 0.33, P<0.001; January: R2 = 0.54,

P<0.001), it was obvious that the algae in Zhanjiang Bay had limited

influence on CDOM abundance in spring and winter. In addition,

the most of CDOM molecular weights in Zhanjiang Bay in April

and January was larger than 1 kDa, with a high molecular weight,

which was also not consistent with the molecular characteristics of

algal of CDOM (Li et al., 2014). Furthermore, according to the

absorption formula of provided by Bai et al (Bai et al., 2013), the

contribution ratio of CDOM absorption by algae sources could be

calculated. The average ratio in April and January was 5.63% and

8.11% respectively, which also showed that the contribution of

CDOM from algae sources to CDOM in Zhanjiang Bay was low.

Rivers served as bridges between terrigenous materials and bays.

Suixi river was the main river and the main source of CDOM in

Zhanjiang Bay. According to in-situ data, the concentration of

CDOM in Zhanjiang Bay showed a decreasing trend from the inner

bay to the outer bay in April and January (Figure 3), indicating the
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important impact of river input on the organic matter in Zhanjiang

Bay. In April and January, the ag(280) of surface water showed a

significant negative correlation with salinity (Figure 5), the S275–295
and salinity showed a significant but nonlinear positive correlation

(Figure 6). Therefore, the transportation of CDOM showed a

conservative behavior, indicating that in spring and winter, river

input may dominate the abundance and composition of CDOM in

Zhanjiang Bay. CDOM concentration had good consistency with

salinity and runoff of Suixi River (April: 3798899.8m3; January:

932850m3, Harrigan et al., 2020).

Moreover, it is worth noting that the aforementioned analysis

only involves data from two specific moments, which helps us to

evaluate two seasonal scenarios, so our next frontier is to analyze the

CDOM spatiotemporal variability throughout the annual cycle.
4.2 CDOM absorption coefficient
applications for monitoring and assessing
eutrophication

According to the calculation formula of EI, the value of EI was

determined by the concentration of DIN, DIP and COD, which not

only ignored the influence of ocean color factor on eutrophication

of water, but also the determination process of these chemical

parameters was time-consuming and laborious, and it was difficult

to realize rapid and real-time monitoring and management. CDOM

absorption coefficient was not only an important ocean color factor,

but also included nutrients (Vähätalo and Zepp, 2005; Zhang Z.

et al., 2018). Moreover, measuring CDOM absorption coefficient is

relatively easy. Therefore, the CDOM absorption coefficient could

be used to describe eutrophication level instead of EI, so as to realize

rapid monitoring of eutrophication in the sea area. The nonlinear

regression model of ag(280) and EI in this study also confirmed the

feas ibi l i ty of us ing CDOM absorpt ion coeffic ient to

describe eutrophication.

Using the absorption coefficient of CDOM to monitor the

eutrophication level reflected a great advantage that CDOM was
FIGURE 11

Spectra of CDOM absorption coefficient in January (a) and April (b).
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one of the three elements of ocean color remote sensing. In this

paper, we indirectly obtained the eutrophication index through

CDOM remote sensing. Although the accuracy of the remote

sensing results of the eutrophication index was disturbed by

many factors (such as the atmospheric correction method, the

satellite transit time was not synchronized with the field survey

time, etc.), this was a meaningful experiment, which provided a new

idea for eutrophication remote sensing monitoring. Next, we will

further improve the retrieval accuracy to obtain the spatial-

temporal distribution characteristics of eutrophication. Satellite

remote sensing had the advantages of high spatial and temporal

resolution (Olmanson et al., 2020), and the CDOM retrieval

algorithms for coastal and inland case-II waters with complex

optical properties had been developed successively (Ruescas et al.,

2018; Xu et al., 2018; Shang et al., 2021; Al-Kharusi et al., 2020). At

present, CDOM retrieval theory and application were relatively

mature. In this study, the adopted band combination B5/B2

reflected two important characteristics of CDOM in the coastal

waters (Chen C. et al., 2003): strong absorption in the short band

(negatively correlated with the reflectance in the blue light band),

and the concentration of terrestrial CDOM showed the same trend

as that of suspended solids in water (positively correlated with the

reflectance in the red light band). Consequently, by means of

remote sensing, it could not only carry out long-term and large-

scale dynamic monitoring of eutrophication level, but also make up

for the shortcomings of using COD and nutrients to assess the

nutritional status, which is an excellent monitoring and

evaluation method.

However, the limitations and deficiencies of the method should

be recognized. Firstly, due to the complexity of the optical

properties of case-II waters and the uncertainty of Sen2Cor

atmospheric correction method, there was always an inevitable

disparity between the in-situ reflectance and bottom-of-

atmosphere corrected reflectance in case-II waters, which was one

of the reasons for the difficulty of remote sensing retrieval in case-II

waters. Secondly, when the primary source of CDOM is

phytoplankton, using CDOM remote sensing to assess the level of

eutrophication in water is also an effective approach (Shang et al.,

2021; Zhang et al., 2018; Guan et al., 2024). However, it should be

noted that phytoplankton dominate the composition of CDOM,

which mostly occurs in inland water (Shang et al., 2021; Guan et al.,

2024). The main source of CDOM in coastal surface water,

especially in estuaries/bays, comes from land runoff, unless algal

blooms occur in the area (Kong et al., 2017; Otis et al., 2004; Chen

et al., 2004; Zhao et al., 2009). In addition, if the behavior of CDOM

is not conservative, whether CDOM and EI still maintain a good

nonlinear relationship, and whether remote sensing approach can

still be applicable, remains to be further explored. Thirdly, from

Figure 9 and Figure 10, we can see that the serious estimation errors

in ag(280) and EI obtained from the satellite retrieval at stations Z9-

Z12, Z14, Z16, and Z25. This may be due to the high dynamic

changes in the water of Z11-Z14 located at the mouth and outside of
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the bay, and the time difference between satellite transit and in-situ

measurement was 2 days, resulting in a certain difference between

the retrieved values and the measured values. The Z9, Z10, Z16, and

Z25 stations are located near the aquaculture area and may be

affected by sewage or breeding activities, there may be high

variability in CDOM, DIN, DIP, and COD in the water of these

regions, leading to significant deviations in satellite retrieval values.

The relative error between the satellite retrieval values and the

measured values was relatively low at stations Z5-Z7, which may be

due to the fact that these stations are located in areas with weak

water exchange capacity, and the Donghai dam (Figure 1) blocks

the flow of seawater on the west side of Zhanjiang Bay, making the

water mass properties relatively stable. Moreover, the CDOM

retrieval model only involves data from spring, and it cannot be

denied that the model has certain limitations. In the future, based

on the premise that the measurement time and the satellite overpass

time remain on the same day, research would continue to be carried

out in different seasons of the year, to compare the retrieved EI and

measured EI, and to analyze whether the relationship between

CDOM and EI could remain unchanged under different

hydrological conditions. Additionally, multiple satellite sensors

(Landsat-8-OLI, MERIS-Envisat, Sentinel-3-OLCI, MODIS-Aqua)

have been used for CDOM retrieval of coastal water (Mabit et al.,

2022; Cao et al., 2018; Ruescas et al., 2018). Next, we will further

utilize multi-source satellite remote sensing data to conduct

research on eutrophication, so as to improve the eutrophication

monitoring and ecosystem management level.
5 Conclusions

In this study, we gathered optical data of CDOM absorption

coefficient and spectral slope in Zhanjiang Bay, examined how

CDOM properties varied during spring and winter, discussed the

effects of salinity and algae activity on CDOM, and proposed the

viability of using CDOM remote sensing to monitor the

eutrophication of the bay. S275–295 and ag(280) of surface water

both had significant correlations with salinity in April and January,

respectively. As a result, CDOM transportation exhibited a

conservative tendency, suggesting that river inflow may

predominate CDOM abundance and composition in Zhanjiang

Bay during spring and winter. However, there was no obvious

short ultraviolet absorption shoulder in the absorption curve of

CDOM, and the correlation between CDOM and Chl a was weak, so

the effect of algal activity on CDOMwas not significant. In addition,

an empirical model was established using the band ratio of Rrs(704)/

Rrs(492) to retrieve ag(280). At the same time, based on a nonlinear

regression model between ag(280) and EI, EI was retrieved

indirectly through ag(280) retrieval of Sentinel-2, which laid a

foundation for the assessment of eutrophication level by using the

CDOM absorption coefficient and provided a new strategy for

eutrophication monitoring.
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