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Abstract: Lake ecosystem eutrophication is a crucial water quality issue that can be efficiently
monitored with remote sensing. GF-6 WFV with a high spatial and temporal resolution provides a
comprehensive record of the dynamic changes in water quality parameters in a lake. In this study,
based on GF-6 WFV images and the field sampling data of Xingkai Lake from 2020 to 2021, the
accuracy of three machine learning models (RF: random forest; SVR: support vector regression;
and BPNN: back propagation neural network) was compared by considering 11 combinations of
surface reflectance in different wavebands as input variables for machine learning. We mapped the
spatiotemporal variations of Chl-a concentrations in Xingkai Lake from 20192021 and integrated
machine learning algorithms to demonstrate that RF obtained a better degree of derived-fitting
(Calibration: N = 82, RMSE = 0.82 µg/L, MAE = 0.57 µg/L, slope = 0.94, and R2 = 0.98; Validation:
N = 40, RMSE = 2.12 µg/L, MAE = 1.58 µg/L, slope = 0.91, R2 = 0.89, and RPD = 2.98). The interannual
variation from 2019 to 2021 showed that the Chl-a concentration in Xingkai Lake was low from June
to July, while maximum values were observed from October to November, thus showing significant
seasonal differences. Spatial distribution showed that Chl-a concentrations were higher in Xiao
Xingkai Lake than in Da Xingkai Lake. Nutrient inputs (N, P) and other environmental factors such as
high temperature could have an impact on the spatial and temporal distribution characteristics of Chl-
a, therefore, combining GF-6 WFV satellite images with RF could realize large-scale monitoring and be
more effective. Our results showed that remote-sensing-based machine learning algorithms provided
an effective method to monitor lake eutrophication as well as technical support and methodological
reference for inland lake water quality parameter inversion.

Keywords: chlorophyll-a; GF-6; machine learning; Xingkai Lake

1. Introduction

Eutrophication is a concerning issue in most lakes [1], considering the increase in
Chlorophyll-a (Chl-a) concentration and the frequency of algal blooms [2,3]. Global warm-
ing, in particular, affects the physicochemical properties of lakes [4]; for example, an
increased lake temperature could reduce nutrient flows from deep waters to the surface,
thereby decreasing the primary productivity of lake ecosystems. Likewise, human activities
have contributed to the deterioration of water quality through agricultural activities, aqua-
culture [5], and industrial and domestic wastewater [6], owing to the food demands of the
increasing population [7]. Chl-a, a photosynthetic pigment found in algae species [8], has
been considered the largest weighted factor to calculate the Carlson trophic state indices [9].
Assessments of the timing and extent of algal biomass and eutrophication states in aquatic
ecosystems may frequently be performed using extensive long-term Chl-a concentration
measurements [10]. These eutrophication insights can help us understand primary pro-
duction, biogeochemical cycling, and overall inland water quality, which can result in
environmental changes and useful mitigation tactics [11,12].
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Khanka Lake (Xingkai Lake in Chinese), located on the Sanjiang Plain, provides
tourism, irrigation, aquaculture, and drinking water for the surrounding residents. With
increasing population and rapid economic growth, there have been serious environmen-
tal issues in Xingkai Lake, including 11 algal bloom events in Da Xingkai Lake and
5 algal bloom events in Xiao Xingkai Lake [13]. These blooms greatly reduce the abil-
ity of the lake ecosystem to recover and increase the environmental pressures on the
aquatic ecosystems [14]. Eutrophication of Xingkai Lake has been recognized as a severe
issue [15]; therefore, it is necessary to investigate its spatiotemporal variations to suggest
the requirements for eutrophication research.

Xingkai Lake is a Sino-Russian international border lake, and the management and
protection of the lake can help to maintain the friendship between the two countries [16]. For
many decades, Chl-a measurements in lakes have been a considerable issue since traditional
sampling is a time-consuming and labor-intensive process and in situ data cannot represent
the entire lake. Satellite remote sensing is a helpful instrument for monitoring inland
waters with several benefits [17], including its low cost and continuous monitoring. Remote
sensing can make up for the deficiencies of traditional sampling. Remote sensing technology
helps us comprehensively integrate water safety management at national and watershed
scales and provides information support for lake water quality evaluation.

There are no satellite sensors specifically designed for inland water [18]. Monitoring
Chl-a dynamics still uses ocean color satellite sensors, including the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) [19], the Ocean and Land Color Instrument
(OLCI) [12,20], and the Medium Resolution Imaging Spectrometer (MERIS) [21]. Addi-
tionally, some land observation satellites have been applied, for example, Landsat and
Sentinel series satellites and Satellite pour l’Observation de la Terre (SPOT) [22,23]. Satellite
sensor data with high spatiotemporal resolutions are required for timely monitoring due to
the rapidly changing water quality conditions and complex optical composition of inland
lakes. The GF-6 satellite can satisfy these requirements simultaneously. The GF-6 satellite
was launched and orbited on June 2, 2018, and has provided 16-m spatial resolution data
from wide-format cameras (WFV) and a 4-d revisit time [24]. The single-camera regime
allows for ultra-large-format imaging for visual remote sensing interpretation. The satellite
radiation performance is good, and the camera system exhibits excellent performance with
a high signal-to-noise ratio, wide dynamic range, and high internal geometric accuracy [25].
Natural lakes all experience the transition from an initial state of poor to eutrophic, and
the dynamic changes of water quality parameters of lakes under the nutrient state were
recorded by the multi-spectral medium-resolution wide-format sensor of the GF-6. Remote
sensing data and measured water quality indicators could be used to establish eutrophica-
tion evaluation methods for lakes, which could concretize this evolutionary process in lakes.
The more clearly digitized results could provide a scientific basis for water environment
management and help to govern decision making. Moreover, the ability to quantify water
quality using the GF-6 satellite is still insufficient; it was necessary to complement the
datasets and validation gap.

In recent decades, remote sensing technology has provided access to substantial infor-
mation for lake monitoring [18]. Previous studies have developed various Chl-a algorithms,
including empirical, bio-optical, semi-empirical/semi-analytical, and machine learning
models. Empirical algorithms are relatively simple and easy to implement, as they are
based on statistical analysis and Chl-a spectral features. Some simple band algorithms,
such as the blue-green band ratio [26], two-band [27], three-band [11], and four-band al-
gorithms [28], are also available. The analytical algorithm, which is based on the physical
basis of radiative transfer, mainly uses the relationship between the water composition and
inherent optical properties and apparent and intrinsic optics to simulate the water envi-
ronment and invert water quality parameters [22,29]; however, semi-analytical algorithms,
such as Chl-a specific absorption and particulate matter backscattering coefficients [30],
often need to be parameterized in a particular lake. Machine learning models have been
the most popular approach for data estimation in recent years and have been successfully
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developed to model complex relationships, such as nonlinearities [31]. Random forest (RF)
algorithms, support vector machine regression (SVR) algorithms, and back propagation
neural networks (BPNN) are widely used machine learning models that can solve nonlinear
relationships. RF has good generalization capabilities and it uses regression tree ensembles
for data estimation; therefore, it is often used to predict the Chl-a concentration [32,33]. In
this study, we developed three machine learning algorithms to quantify Chl-a concentration
using GF-6 WFV satellite images and evaluated the model’s performances, aiming to find a
reliable model for mapping the spatial and temporal variation of Chl-a concentration.

2. Materials and Methods
2.1. Study Area

Xingkai Lake (44◦27′N45◦23′N, 131◦58′E132◦52′E) is an international boundary region
between Russia and China (Figure 1). There is a natural wall dividing the lake into the Da
Xingkai and Xiao Xingkai lakes, however, a third of the surface area of Da Xingkai and
all of Xiao Xingkai belong to China (a total of 1080 km2), while the rest belongs to Russia
(3080 km2) [34]. The lake capacity of Da Xingkai is approximately 17.5 billion m3, while
that of Xiao Xingkai is approximately 3.3 billion m3 [35,36]. In total, there are 20 main
inflowing rivers and three outflowing rivers, with a water residence time of 8.8 years [37].
The ice-free period of Lake Xingkai lasts from April to October, that is, approximately
210 days.
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2.2. Data Acquisition and Processing
2.2.1. Field Sampling

Two years of in situ lake samples were collected from October 2020 to 2021, capturing
122 samples (Figure 1). These samples were collected during days with clear, cloudless,
or less cloudy weather conditions absent of wind or breeze. Using 2 L High Density
Polyethylene (HDPE) bottles, lake water samples were taken at each location at depths of
approximately 0.5 m. The bulk bottles were then transferred to the laboratory for analysis
within 24 h, where they were immediately stored at 4 ◦C in a portable refrigerator. Prior to
sampling, each bottle was acid-cleaned and rinsed with distilled water. The Secchi disk
depth (SDD, cm) was measured using a black-and-white Secchi disk.
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2.2.2. Experimental Analysis

In the laboratory, a portion of each water sample was filtered through a 0.45 µm mixed
fiber millimeter filter (Bandao Industrial Co., Chengdu, China). Chl-a was extracted using
a 90% buffered acetone solution immersed in dark conditions for 24 h. The concentrations
were calculated using coefficients measured at 750, 663, 645, and 630 nm with a UV-
2600 PC (UV-2600 PC, Shimadzu) spectrophotometer according to the SCOR-UNESCO
formula [38,39]. The concentrations (mg/L) of total nitrogen (TN) and total phosphorus
(TP) were obtained using a continuous flow analyzer (SKALAR, San Plus System, Delft, The
Netherlands). The turbidity of each water sample was spectrophotometrically measured in
the laboratory [40].

The water samples were again filtered through a 0.7-µm glass fiber membrane (What-
man, GF/F1825-047) to retain particulate matter, and separately through a 0.22-µm poly-
carbonate membrane (Whatman, 110606). According to the quantitative membrane filter
technique [41], the optical density (OD) of the colored dissolved organic matter (CDOM)
was measured using a UV-2600PC spectrophotometer at 200 to 800 nm. The absorption
coefficient of the CDOM at 440 nm was selected to represent the CDOM level. A UV-2600PC
spectrophotometer was used to measure the absorption coefficients of total particulate
matter, algae, and non-algae particulate matter in the water samples.

2.2.3. Satellite Data Acquisition and Pre-Processing

GF-6 WFV images were obtained from the Land Observation Satellite Service (http:
//36.112.130.153:7777/#/home (accessed on 27 August 2022)). The spatial resolution
of the images was 16 m, and the revisit period of the GF-6 satellite was 4 days. There
were eight wavelength bands (Table S1). Altogether, 17 scenes of cloud-free GF-6 WFV
pictures encompassing the lake were retrieved with a temporal range of ±3 d from in situ
measurements. The original images were pre-processed by radiometric calibration and
FLAASH atmospheric correction to convert the brightness information into reflectance. A
3 × 3 window containing pixels with an average reflectance that matched the location of
the sampling point was extracted. The normalized difference water index (NDWI) was
used to obtain the boundary of the Xingkai Lake water body (the formula is shown in
the Supporting Materials) [42]. All processes were performed using ENVI 5.3 software
(Figure 2).
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2.3. Machine Learning Models Based on Chl-a Algorithms
2.3.1. Random Forest

RF is an ensemble machine learning method to create nonlinear functions based on the
mean response of a group of smaller decision tree models [43,44]. The random forest theory
entails creating a forest with multiple unconnected decision trees. The purpose of this
forest is to perform a classification operation that involves entering each sample data into
each decision tree separately to identify which class the data should belong to. Ultimately,
whichever class of sample data has the most data is predicted to be that class. In this study,
the RF was run using the python 3.8 platform, and the detailed configurations included
500 regression trees (ntree) where the depth of each tree was 15, the minimum number of
samples of leaf nodes was 1, and the minimum number of samples of node splitting was 2.

2.3.2. Support Vector Regression

Support vector regression (SVR) was used to perform regression analysis by intro-
ducing an insensitive loss function to project the data into a higher-dimensional feature
space through a nonlinear mapping as Statistical Learning Theory (SLT). Based on the strict
mathematical theory, the SVR aims to improve the model’s reliability, particularly for small
sample sizes [45]. SVR converts the research problem into a high-dimensional feature space,
where it creates a nonlinear regression by constructing a linear regression connection in the
high-dimensional space. The format of SVR can be expressed as follows:

f (x) = w× ϕ(x) + b (1)

where w is the normal vector and b is the offset. In the nonlinear case, the sample x can
be mapped to the high-dimensional feature space K by nonlinear mapping ϕ(x) in K, in
which the regression function is derived. The linear fit of the nonlinear transformation is
achieved by using an appropriate kernel function K(xi x) in the regression function instead
of the vector inner product ϕ(xi)·ϕ(x) in the high-dimensional space. The corresponding
regression functions and normal vectors are:

f (x) = ∑l
i=1(αι− αι∗)K(xι · x) + b (2)

w = ∑l
i=1(αι− αι∗

)
K(xι · x) (3)

where ai and a* are the auxiliary variables. SVR was conducted using the python
3.8 platform. The kernel function, kernel default rbf, is an exponential prediction with
penalty parameters C = np.power (0.5,2), gamma = np.power (2,0.0).

2.3.3. Back Propagation Neural Network

The back propagation neural network (BPNN) model is a widely used machine learn-
ing method for quantifying water quality parameters and generating water color prod-
ucts [46]. The BPNN could constitute a nonlinear mapping from input to output by simu-
lating the structure of connections between biological neurons. By adjusting the connection
weights between neurons, the error is propagated and repaired. A 3-layer BPNN model
containing an input layer, implicit layer, and output layer was constructed in this study
using the python 3.8 platform. The input layer was the band combinations of the surface
reflectance extracted from GF-6 WFV images, the output layer was the Chl-a concentration,
and the number of neurons in the hidden layer was set to 140 by experimental comparison
and analysis.

2.3.4. Input Variables for Machine Learning Models

In this study, the surface reflectance of GF-6 WFV images was used as an input variable,
and the predicted Chl-a concentration values were used as output values.
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When all datasets were pooled together, 2/3 (N = 82) of the 122 samples were ran-
domly selected as the calibration dataset, while the remaining 1/3 (N = 40) samples were
the validation dataset. The random grouping of datasets was implemented based on Mat-
lab2015b software. Using the Spearman correlation analysis (two-tailed test), the Chl-a
concentration showed a good correlation (r > 0.6) with the blue (B1), green (B2), coastal
blue (B7), and yellow (B8) bands of the GF-6 satellite (Table S1). These may be employed as
sensitive bands related to Chl-a with correlation coefficients of −0.72 **, −0.66 **, −0.87
**, and −0.64 **, respectively. Finally, the following band combinations were developed
as sensitive input variables bands responding to Chl-a levels: B1 + B2, B1 + B7, B1 + B8,
B2 + B7, B2 + B8, B7 + B8, B1 + B2 + B7, B1 + B2 + B8, B2 + B7 + B8, B1 + B7 + B8, and
B1 + B2 + B7 + B8 (“B” represented the surface reflectance of GF-6 WFV images)
(Tables S2 and S3).

2.4. Chl-a Estimation in Xingkai Lake with GF-6

With our developed machine learning-based Chl-a model, the images acquired from
June to November 2019 to 2021 was used to generate spatiotemporal maps of Chl-a levels.
The details of the pre-processing of the radiometric calibration and FLAASH processor
can be found in Section 2.2.3, Supporting Materials (method), and Figure 2. Furthermore,
image data acquired in the summer/autumn were used because there was less cloud
contamination [47]. Altogether, 17 scenes from the GF-6 images were used to map Chl-
a. The inland water body mask described in Section 2.2.3 was used to clip the Chl-a
map results.

2.5. Statistical Analysis and Accuracy Evaluation

Statistical analysis was performed using IBM SPSS Statistics 26 software, including
the Spearman correlation, Pearson correlation (r means correlation coefficient), analysis of
variance (ANOVA), and regression analysis. To evaluate the performance of the models,
we calculated the coefficient of determination (R2), root mean square error (RMSE), mean
absolute error (MAE), and relative predictive deviation (RPD) for linear fitting between
the measured and estimated values [48]. Details of the statistical analysis and accuracy
evaluations can be found in the Supporting Materials.

3. Results and Discussion
3.1. Water Qualities Characteristics and Environmental Effects
3.1.1. Water Qualities and Optical Properties

According to Table 1, we found that maximum, minimum, and average values of
the Chl-a concentration in Xiao Xingkai Lake showed an increasing tendency in the order
August (3.977.99 µg/L, 2.65 ± 1.02 µg/L) > September (3.97–7.99 µg/L, 5.93 ± 1.19 µg/L)
> October (9.78–23.95 µg/L, 16.29 ± 3.06 µg/L). For Da Xingkai Lake, October (2.98–7.92 µg/L,
4.85± 1.64 µg/L) had higher Chl-a concentrations than June (0.14–4.05 µg/L, 1.46± 1.03 µg/L).
Significant temporal variations were observed (Xiao Xingkai, ANOVA, F = 23.911,
p < 0.001; Da Xingkai, ANOVA, F = 62.899, p < 0.001) which was largely consistent with the
dynamics of Chl-a concentrations in most northeast cold lakes [49]. Of which, the Chl-a
levels ranged from 0.11 to 20.41 µg/L in seven investigated northeast lakes, and the highest
Chl-a was found in autumn (September and October). This may be due to the legacy effect
of nutrients from watersheds [49], where accumulation in cropland continues to mobilize
for a long time after soil leaching and runoff inputs. For lakes, a brief pre-winter bloom of
phytoplankton and an increased Chl-a concentration in the water body were observed [50].
Additionally, other water qualities, such as TSM, turbidity, and SDD, also showed a similar
temporal following the order October > September > August.
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Table 1. The statistical description of water quality parameters in Xiao Xingkai (XXK) and Da Xingkai
Lake (DXK).

Date Parameter N Min. Max. Mean SD.

XXK

2020.10

Chl-a (µg/L) 10 1.46 4.51 2.56 0.98
TSM (mg/L) 10 57.06 199.17 144.31 41.69

SDD (cm) 10 - - - -
Turbidity (NTU) 10 69.39 297.51 200.48 62.85

TN (mg/L) 10 0.85 1.37 1.11 0.18
TP (mg/L) 10 0.12 0.20 0.17 0.02

2021.08

Chl-a (µg/L) 6 0.81 3.55 2.65 1.02
TSM (mg/L) 6 22.00 43.85 29.55 7.92

SDD (cm) 6 24.00 35.00 30.40 4.41
Turbidity (NTU) 6 29.70 70.11 50.57 13.66

TN (mg/L) 6 1.18 9.66 4.52 3.17
TP (mg/L) 6 0.06 0.37 0.19 0.13

2021.09

Chl-a (µg/L) 19 3.96 7.99 5.93 1.19
TSM (mg/L) 19 28.00 66.00 44.41 9.54

SDD (cm) 19 16.00 27.00 21.00 3.75
Turbidity (NTU) 19 43.23 74.76 57.23 8.45

TN (mg/L) 19 0.33 0.49 0.40 0.04
TP (mg/L) 19 0.09 0.27 0.16 0.05

2021.10

Chl-a (µg/L) 45 9.78 23.95 15.29 3.06
TSM (mg/L) 45 30.00 297.50 111.63 52.05

SDD (cm) 45 13.00 31.00 19.89 3.77
Turbidity (NTU) 45 46.63 439.60 163.63 78.40

TN (mg/L) 45 0.36 0.58 0.44 0.05
TP (mg/L) 45 0.05 0.34 0.16 0.08

DXK

2020.10

Chl-a (µg/L) 10 2.98 7.92 4.85 1.64
TSM (mg/L) 10 85.00 216.00 119.42 40.30

SDD (cm) 10 10.00 20.00 14.00 3.46
Turbidity (NTU) 10 85.90 226.13 126.21 41.60

TN (mg/L) 10 0.43 0.77 0.50 0.16
TP (mg/L) 10 0.12 0.20 0.17 0.02

2021.06

Chl-a (µg/L) 31 0.14 4.05 1.46 1.03
TSM (mg/L) 31 56.67 106.43 81.05 13.17

SDD (cm) 31 14 21 17.16 1.93
Turbidity (NTU) 31 57.39 112.16 85.08 15.76

TN (mg/L) 31 0.57 0.72 0.66 0.05
TP (mg/L) 31 0.08 0.29 0.21 0.04

3.1.2. Chl-a versus Water Biogeochemistry

Many environmental factors could affect the levels of Chl-a, such as nutrient inputs
of runoff via soil leaching, low water self-clarification ability introduced by decreasing
water elevation, and sediment resuspended by wind [51]. The correlation between Chl-a
and the other water quality parameters was also examined (Figure 3). For Da Xingkai,
there were moderate negative correlations among Chl-a, TN (r = −0.51, 2-tails, p < 0.01),
and TP (r = −0.36, 2-tails, p < 0.05). Likewise, a correlation between Chl-a and TN
(r = −0.39, 2-tails, p < 0.01) was found in Xiao Xingkai, consistent with the conclusion
of Kang et al. [15] regarding the relationship between water quality parameters in Xingkai
Lake. Other findings also showed that the correlation relationships (between Chl-a and
TN or Chl-a and TP) were related to TN/TP values. When the values exceeded a certain
threshold, the Chl-a concentration was negatively correlated with the TN and TP [52].
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Moreover, high temperatures and other environmental factors could cause phyto-
plankton to sink, resulting in small chlorophyll measurements. Numerous paddy fields
are distributed around Xingkai Lake, resulting in the lake becoming more affected by
agricultural surface source pollution. When farming started, a large amount of organic
fertilizer entered Xingkai Lake or its in-lake rivers with increased nutrients. When the
external nutrient load was reduced, nutrients in the lake sediment could be gradually
released to supplement the nutrients in the water. The release of endogenous nutrients
increased the total nitrogen and phosphorus in the lake and led to a decrease in chlorophyll
content and an increase in total nitrogen and phosphorus content.

3.2. Remote Sensing Reflectance Characteristics

The surface reflectance on the GF-6 WFV image was converted to remote sensing
reflectance (Rrs) by band math in ENVI (see supporting material for the equation). The
reflectance spectra of the sampling sites and their corresponding CV are shown (Figure 4),
and Rrs (λ) presents great variability owing to the highly variable water quality composi-
tions. Owing to noise beyond 800 nm, the spectral range of 400 to 800 nm was chosen to
investigate the spectral characteristics. This is due to the strong absorption of Chl-a, CDOM,
and TSM in the short-wavelength domain from 400 to 500 nm. The peak of the remote
sensing reflectance is shown in green, owing to the scattering of suspended particulate
matter, especially in turbid waters. At approximately 660 nm, there was a slight turn, indi-
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cating that phytoplankton absorption was covered by other optically active substances. All
reflectances in the 700 to 790 nm spectral band were largely regulated by particle scattering
and pure water absorption.
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3.3. Chlorophyll-a Model Calibration and Validation

Band combinations correlating to Chl-a concentrations using multi-linear regression
were developed and used as input variables for RF, SVR, and BPNN (Tables S2 and S3). The
statistical metrics computed using the calibration datasets (N = 122) indicate that three ma-
chine learning algorithms (RF, R2 = 0.98, RPD = 2.98, RMSE = 2.98 µg/L, MAE = 0.57 µg/L;
SVR, R2 = 0.86, RPD = 2.73, RMSE = 2.41 µg/L, MAE = 1.88 µg/L; and BPNN, R2 = 0.88,
RPD = 2.43, RMSE = 0.85 µg/L, MAE = 2.46 µg/L) showed good performances (Figure 5).
Additionally, the results using the validation datasets showed that three machine learn-
ing algorithms (RF, R2 = 0.88, RPD = 2.98, RMSE = 0.82 µg/L, MAE = 0.57 µg/L; SVR,
R2 = 0.80, RPD = 2.73, RMSE = 2.78 µg/L, MAE = 2.78 µg/L; and BPNN, R2 = 0.88,
RPD = 2.43, RMSE = 2.60 µg/L, MAE = 1.80 µg/L) also showed good performances
(Figure 5). The errors in the estimated and measured values for the three models are shown
in Figure S3. Compared with BPNN and SVR, the RF model had a higher fitting accuracy;
not only did it have the lowest error, but its linear model also had the slope closest to 1.
The RPD value of the RF model was nearly 3, which indicated excellent model prediction
performance. Although the RPD values of both BPNN and SVR showed the usability of
the model, the RF model was more stable. Even for the dataset containing high Chl-a
values, the dispersion of the data prediction results from the RF was minimal, and the
model performed satisfactorily. Hence, we used the RF Chl-a model to quantify and map
Chl-a concentration.

Generally, because trees are diverse and unpruned, RF is often more accurate than
single-decision trees. Each RF tree is created using a random sample, and a random set of
features is considered for splitting at each node. The trees become diverse because of these
procedures. It can effectively handle nonlinear and non-Gaussian data without assuming
a probability distribution for the data or experiencing overfitting issues as the number of
trees rises [44]. Li et al. [32] used an RF model to invert the Chl-a concentration in Poyang
Lake from 2008 to 2014. By contrast, SVR is sensitive to missing data, and the choice of
kernel functions can manage high-dimensional features [7]. For BPNN, networks with
several implicit layers can be found, and there is currently no rapid and accurate approach
to determine the parameters (including hidden layer sizes and random states); hence, the
empirical estimation can only be used to estimate a wide range which has an impact on the
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reasonable settings for these parameters [53]. As a result, the BPNN relied heavily on the
sizes and ranges of the training samples. The BP algorithm uses a gradient steepest descent
method that may converge to a local minimum, which has drawbacks in terms of balanced
predictive power [54]. Therefore, in this study, the RF Chl-a model outperformed other
machine-learning algorithms.
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3.4. Chlorophyll-a Distributions of Xingkai Lake
3.4.1. Temporal Distribution Characteristics

Using the RF Chl-a model, the monthly mean, maximum, and minimum values of the
Chl-a concentration in the non-ice period (June to November, Tables 2 and 3) from 2019 to
2021 were quantified using the average values of the image pixels (Figure 6). The monthly
Chl-a concentration ranged from 0 to 21 µg/L, with average Chl-a values ranging from 1.31
to 15.30 µg/L. There were significant annual variations in the Chl-a levels that followed the
order 2019 > 2021 > 2020.

Table 2. Mean, maximum, minimum, and standard deviation of Chl-a concentration (unit: µg/L) in
GF-6 WFV images of Xiao Xingkai Lake.

Date Mean ± SD MinMax Date Mean ± SD MinMax Date Mean ± SD MinMax

201906 9.30 ± 1.60 2.4616.02 202006 4.44 ± 1.84 1.9719.45 202106 1.41 ± 0.53 0.507.74
201907 4.06 ± 0.99 2.5116.23 202007 2.33 ± 1.32 0.607.94 202107 2.60 ± 0.21 0.507.84

202008 4.78 ± 3.38 2.1220.77 202108 2.08 ± 0.17 1.377.69
201909 14.49 ± 2.83 2.5420.55 202009 2.66 ± 0.26 0.667.76 202109 6.62 ± 2.41 1.2220.32
201910 10.73 ± 0.46 2.6219.14 202010 3.26 ± 1.09 1.4519.67 202110 14.82 ± 1.64 2.0121.01
201911 15.10 ± 2.37 2.6220.55 202011 2.08 ± 0.50 0.4418.58 202111 7.87 ± 3.41 2.0519.79

Table 3. Mean, maximum, minimum, and standard deviation of Chl-a concentration (unit: µg/L) in
GF-6 WFV images of Da Xingkai Lake.

Date Mean ± SD MinMax Date Mean ± SD MinMax Date Mean ± SD MinMax

201906 7.34 ± 2.83 2.4817.72 202006 2.63 ± 0.68 1.2319.33 202106 1.30 ± 0.53 0.367.84
201907 5.34 ± 2.09 2.0618.60 202007 1.77 ± 0.84 0.3618.48 202107 2.57 ± 0.40 0.4719.21

202008 3.53 ± 2.63 1.5420.54 202108 2.25 ± 0.12 0.817.68
201909 10.72 ± 1.67 2.6220.46 202009 2.53 ± 0.60 0.4819.64 202109 5.04 ± 1.66 0.4920.43
201910 11.47 ± 1.54 2.5620.08 202010 3.85 ± 1.50 1.6720.50 202110 11.50 ± 2.25 1.8920.40
201911 11.39 ± 1.63 2.6220.46 202011 2.36 ± 0.85 0.4220.36 202111 3.03 ± 0.80 1.4019.79
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Figure 6. Monthly average values of Chl-a concentration inversion results with GF-6 WFV images
from 2019 to 2021. (a) The average value of Chl-a concentration in Da Xingkai Lake; (b) the average
value of Chl-a concentration in Xiao Xingkai Lake.

The Chl-a levels in the Da Xingkai and Xiao Xingkai Lakes increased significantly
from October 2019 to 2021, which was consistent with our seasonal dynamics of in situ
Chl-a concentrations. From June to September 2021, the Chl-a concentration in Da Xingkai
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Lake was maintained at a low level, not exceeding 15 g/L. In October, there was an abrupt
increase, with an average value of 11.50 g/L and a high value of 20.40 g/L. As mentioned
previously, the legacy effect of lake nutrients remained a major cause of elevated Chl-a
concentration. However, in Xiao Xingkai Lake, there was a noticeable decline in October
2019. The nitrogen cycle of the lake was disturbed during tourism or fishing activities, sug-
gesting that it could have been caused by human influence. Another potential explanation
was that the decrease in temperature and the corresponding decline in microbial activity
caused the concentration of Chl-a to increase.

From June to November 2020, there were no apparent variations in the Chl-a con-
centration in Da Xingkai Lake; however, the value was lower than that of Xiao Xingkai
Lake. Additionally, the average Chl-a concentration from June to July decreased, as shown
by Xiao and Da Xingkai in 2019 and 2020. The Chl-a signal and color were covered by
suspended sediment in the water introduced by hydrological processes.

3.4.2. Spatial Distribution Characteristics

Generally, the Chl-a concentrations were much higher in the southern part of Da
Xingkai Lake (Russia) than in the northern (China). The southern portion of Xingkai Lake
is shallow and displays some characteristics of wetlands so some vegetation signals might
cause the inversion results of Chl-a to be excessively high in this area. It was also considered
that the cultural differences between the two countries led to different disturbances by
human activities in the northern and southern regions of Xingkai Lake, resulting in the
great diversity in the spatial distribution of Chl-a concentration. Simultaneously, the Chl-a
levels in Xiao Xingkai Lake were more variable than those in Da Xingkai Lake (Figure 7).
The deeper depth and larger area of the lake weakened the influence of environmental
factors on the variations of water quality parameters. Both the depth and area of Da Xingkai
Lake are greater than that of Xiao Xingkai Lake, so it is more inclusive and less susceptible
to disturbance.

Spatial distributions of Chl-a changes can be site-specific; Chl-a levels in the southwest
part of the Da Xingkai Lake were low in June 2020, within the range of 0–2.2 µg/L; Chl-a
concentration in the middle of Da Xingkai Lake did not significantly change in the months
of June, July, and August; Chl-a concentration increased noticeably in the east, south,
and west coastline waters of the Xiao Xingkai Lake; and Chl-a levels in Da Xingkai Lake
declined from September to November 2020, falling to below 2.0 g/L, but they remained
higher than in July; however, in November, the concentration of Chl-a in the southern Da
Xingkai Lake rose once again, reaching a level of approximately 4.0 g/L. With weak spatial
heterogeneity, Xiao Xingkai Lake displayed the same trend as Da Xingkai Lake in 2020,
and the distribution of Chl-a concentration was shown to be uniform. The year 2020 was
the year of the coronavirus disease 2019 (COVID-19) outbreak. Because of the epidemic,
human activities such as tourism and agriculture were reduced, which might have made
the hydrological status of the lake stable.

In June 2021, there was a large discrepancy in the Chl-a concentration of the lake
between the east and west. Overall, the lake had a low Chl-a content, with no obvious
change from July to August 2021. The Chl-a concentration in the lake increased dramati-
cally between September and October. The Chl-a concentration dropped significantly in
November, and did so more in Da Xingkai Lake than in Xiao Xingkai Lake. Moreover, the
western portion of the lake experienced greater shrinkage than the eastern portion. On the
Chl-a maps, there were some areas with high Chl-a concentrations, which was consistent
with the lingering effects of the previously mentioned algal dead period.
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3.5. Uncertainty Analysis

Chl-a in lakes is the most commonly used parameter in water color remote sensing [55].
Building generalized Chl-a models is still difficult, despite the rise in global lake observa-
tions and the development of new algorithms [32]. In this study, we developed an RF Chl-a
algorithm to quantify and map the Chl-a in Xingkai Lake using GF-6 images. To the best
of our knowledge, few studies have used GF-6 WFV images, owing to the recent launch
time. [24] inferred the Chl-a concentration in Taihu Lake using GF-6 WFV images and
demonstrated the availability of GF-6 WFV satellite images. Our results also demonstrated
the potential application of this method to quantify water quality. Still, there is a lack of
effective de-clouding algorithms for GF-6 data, which affect the remote sensing inversion
of Chl-a concentration.

The optical complexity of the lake water was the main factor affecting the accuracy
of the Chl-a model [22]. The erosion of land surface soil by rainfall and the re-suspension
of sediment at the bottom caused by rainfall [56], as well as the disturbance of human
activities [15], increase the optical complexity of water. There was high TSM (ranging
from 22 to 85 mg/L) and low SDD (ranging from 13 to 28 cm) in Xingkai Lake, attributed
to the high domain of non-algal particles in the reflectance signal. The backscattering of
suspended particles may also interfere with remote sensing reflectance [30]. The high
concentration of suspended solids could contribute to enhanced scattering in the near-
infrared band, which could lead to challenges in extracting the Chl-a signal [57]. Our
RF Chl-a model avoided red light and near-infrared bands, reducing the interference of
suspended solid concentrations. In addition, machine learning can establish a strong link
between reflectance and in situ water quality, attracting a lot of interest for more accurate
monitoring [32].

4. Conclusions

This study was based on the in situ measured Chl-a concentration of Xingkai Lake
sampled five times between October 2020 and October 2021 and GF6 WFV images. We
constructed three machine learning models of Chl-a concentration (RF, SVR, and BPNN)
for Chl-a estimation and obtained the following conclusions.

The RF gave an optimum performance (R2 > 0.98, results of calibration and validation,
and fitted equation close to a 1:1 line) compared to the other machine learning algorithms
(e.g., SVM and BPNN) for Chl-a.

The sensitive band combinations responding to Chl-a levels were B1+B2+B7+B8 (B1:
blue, B2: green, B3: coastal blue, and B4: yellow), which can be seen as the input variables
of our RF model.

The Chl-a concentration of Xingkai Lake was generally low in June and July, although
it fluctuated from August to November, reaching its highest levels in October or Novem-
ber. Spatially, the Chl-a concentration in Xiao Xingkai Lake was higher than that of Da
Xingkai Lake.

It was concluded that the GF6 WFV images combined with the RF model could
accurately characterize the dynamics of Chl-a.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs14205136/s1, Table S1: GF-6 satellite parameters and Spearman
correlation coefficients of each band with Chl-a concentration; Table S2: Calibration groups accuracy
comparison of RF, BPNN, and SVR; Table S3: Validation groups accuracy comparison of RF, BPNN,
and SVR; Figure S1: Fitting curves of water quality parameters of Xingkai Lake; Figure S2: Images of
Xingkai Lake and random forest results; Figure S3: Errors of estimated and measured chlorophyll-a
concentration by three machine learning models.

https://www.mdpi.com/article/10.3390/rs14205136/s1
https://www.mdpi.com/article/10.3390/rs14205136/s1
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