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Abstract—Bohai Sea is China’s inland sea, its complex marine
and atmospheric optical properties pose a challenge to the appli-
cation of satellite data to retrieve chlorophyll-a (CHLA) concen-
tration with high accuracy. The high accuracy retrieval results of
CHLA require simultaneous consideration of the adaptability of
atmospheric correction algorithms and CHLA retrieval models.
In this study, four atmospheric correction methods [the standard
atmospheric correction algorithms of GDPS1.4.1 and GDPS2.0,
the standard near-infrared atmospheric correction algorithm of
NASA (Seadas_Default), and management unit of the North Sea
mathematical models (Seadas_ MUMM)] and four CHLA retrieval
models (OC2, YOC, OC3G, and OC2M-HI) were selected in the
process of applying geostationary ocean color imager (GOCI) data
to retrieve CHLA in Bohai Sea. Based on the in situ data, the
adaptability of their pairwise combinations in retrieval of CHLA
in Bohai Sea was evaluated. The results indicate that the OC2 and
0OC3G models significantly overestimated the CHLA. The com-
bination of the Seadas_Default atmospheric correction algorithm
with the YOC CHLA retrieval model, or the combination of the
Seadas_ MUMM atmospheric correction algorithm with the YOC
CHLA retrieval model, is more suitable for the retrieval of CHLA
using GOCI data in Bohai Sea. In addition, this study shows that
the CHLA obtained based on the data from eight-scene GOCI
data were different to the data obtained based on single-scene
GOCI data (approximating traditional polar-orbiting satellite sen-
sor data) in daily, monthly, and yearly average results. The monthly
mean difference between the two is the most significant, ranging
from -0.66 to 1.49 pg/l.
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I. INTRODUCTION

OHALI Sea (see Fig. 1) is a semienclosed inland sea sur-
B rounded by land on three sides, and it is the only one of
its kind in China. It has numerous rivers along its coast, and
it serves as a convergence point for three of China’s seven
major water systems: the Yellow River, Hai River, and Liao
River systems. With the development and construction of the 13
coastal cities around the Bohai Sea, the amount of land-based
pollutant emissions has been increasing year by year, greatly
impacting the marine ecological environment quality of the
Bohai Sea [1], [2], [3], [4]. In recent years, in order to promote
the sustainable development of the Bohai Sea and the rational
utilization of marine resources, relevant government authorities
in China have introduced a series of policies and measures.
Therefore, it is of great significance to conduct research on
the spatial and temporal variations of key ecological factors
and water quality parameters in the Bohai Sea to sustainably
monitor and evaluate the ecological environment regulatory
work, including monitoring the concentration of chlorophyll-a
(CHLA) in the Bohai Sea.

CHLA concentration of the water is a key indicator of marine
phytoplankton biomass, and one of the basic parameters for
measuring marine net primary production and eutrophication.
Studying its spatial-temporal changes provides necessary refer-
ence for in-depth analysis of global hot issues, such as changes
in marine ecosystems, global carbon cycles, and climate change
[5], [6]. Traditional observations of CHLA concentrations are
often conducted through marine buoys or aerial surveys, which
are not only time-consuming and laborious but also difficult
to conduct large-scale investigations [7], [8]. Remote sensing
technology, with its fast imaging speed, multiple spectral bands,
wide imaging range, long time series, and low economic cost,
has rapidly become an important means of obtaining ecological
information, such as CHLA concentrations [9]. In recent years,
mainstream remote sensing inversion algorithms for CHLA
concentrations are mostly based on empirical algorithms and
semianalytical algorithms [10], [11], [12], [13], [14], [15], [16],
[17],[18],[19], [20], [21], [22], [23], and some researchers have
tried to estimate CHLA concentrations using machine learning
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methods, such as neural networks [24], [25]. But overall, the
primary reliance for the retrieval of CHLA concentration using
satellite data is the remote sensing reflectance (R,s) data of
the water, for example, the OC2 algorithm [26] and OC2M-HI
algorithm [27] are both based on the R,.s data at 490 and 555 nm
wavelengths, YOC algorithm [28] is based on the R, dataat 412,
443, 490, and 555 nm wavelengths, and OC3G algorithm [29]
is based on the R, data at 443, 490, and 555 nm wavelengths.
High-quality marine remote sensing research requires precise
R.sdataasabasis[30], [31]. Obtaining R, data of the water from
satellite sensor data requires atmospheric correction. Effective
atmospheric correction algorithms proposed by international
scholars for near-shore case II turbid water include dark pixel
method [32], [33], bright pixel method [34], [35], neural network
method [36], [37], [38], spectral matching optimization method
[39], [40], [41], etc. Research shows that there are significant
differences between R, data obtained from the same satellite
data when using different atmospheric correction algorithms in
the same sea area [42], and differences in ecological parameter
retrieval algorithms for the same sea area can also cause huge
differences in retrieval results [16]. But there is still a lack
of literature on wide-ranging joint evaluation of the accuracy
of specific sea area ecological parameter retrieval by unifying
atmospheric correction algorithms and ecological parameter
retrieval algorithms. Currently, the number of available atmo-
spheric correction algorithms and CHLA concentration retrieval
algorithms is numerous, and different combination pairs may
cause differences in retrieval accuracy. Therefore, evaluating
the reliability of various CHLA concentration retrieval algo-
rithms under different atmospheric correction algorithms has
important application value. In addition, most of the spatio—
temporal change analyses of CHLA concentration by domestic
and foreign scholars are based on polar-orbiting satellite data
(such as MODIS and SeaWiFS) [43], [44]. However, the studies
about marine ecological elements (such as transparency, sea
surface salinity, and CHLA) based on geostationary ocean color
imager (GOCI) show that the hourly variation difference cannot
be ignored [45], [46], [47], [48]. Therefore, it is significant to
compare the spatio—temporal changes of CHLA concentration
in Bohai Sea based on the multifrequency observations of GOCI
with the results based on single observation data.

GOCI, the primary sensor mounted on the geostationary
satellite COMS, provides up to eight daily observations (GOCI
II provides ten daily observations). In comparison with polar-
orbiting satellites, GOCI significantly enhances the temporal
resolution and spatial coverage of remote sensing data. This
improvement enables the monitoring of short-term changes in
coastal water quality and large algae. Itis also particularly crucial
for studying the long-term variations in bio-optical parameters
[49], [50]. GOClI data processing system (GDPS) is a specialized
software designed for the analysis and processing of GOCI
sensor data, specifically allowing for atmospheric correction.
Korea Ocean Satellite Center (KOSC) has, to date, offered six
versions of GDPS (GDPS 1.1, GDPS 1.2, GDPS 1.3, GDPS
1.4, GDPS 1.4.1, and GDPS 2.0) to users worldwide free of
charge. SeaDAS is a dedicated software for processing water
color remote sensing data. It performs atmospheric correction
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Fig. 1. Location map of Bohai Sea. The red dots represent the locations of the

measurement stations, and the contour lines represent the water depth. The blue
dots represent that the stations can be paired with the data retrieved from GOCI
under clear skies.

on satellite data and uses NASA’s standard atmospheric cor-
rection algorithm as its default (SeaDAS_Default). In addition,
SeaDAS provides the management unit of the North Sea math-
ematical model (MUMM) atmospheric correction algorithm
(SeaDAS_MUMM) for user.

In this study, in the process of retrieval of CHLA concentration
in Bohai Sea using GOCI data, four operational atmospheric
correction algorithms and four CHLA concentration retrieval
algorithms were used for pairwise combination. Then, 16 groups
of retrieved results were compared with the in situ CHLA
concentration data, respectively, to select the most suitable com-
bination of atmospheric correction and CHLA concentration
retrieval algorithm for the Bohai Sea. The selected algorithm
combination was applied to retrieve CHLA concentration using
GOCI data from April 2011 to March 2021, and the temporal
and spatial changes of CHLA concentration in Bohai Sea in the
ten years were analyzed.

II. DATA
A. In Situ Data

The field sampling and laboratory measurement of CHLA
concentration were conducted in the Bohai Sea on 30 April,
2014, 3 May, 2014, 12 May, 2014, 10 September, 2015, 16
May, 2017, and 9-12 March, 2018. A total of 42 measured
station data were obtained. The red dots in Fig. 1 represent the
locations of the measurement stations. In total, 21 measured
CHLA concentration of these stations (blue dots in Fig. 1) can
be paired with the data retrieved from GOCI under clear skies.
The measurement method for CHLA concentration was used
spectrophotometry. The specific procedure involved obtaining
2-5 L of seawater sample, adding 3 ml of magnesium carbonate
suspension, mixing thoroughly, and filtering through a 0.45-pm
cellulose acetate membrane filter. The filtered membrane was
placed in a centrifuge tube, and 10 ml of acetone solution was
added. The mixture was shaken and left to stand in a refrigerator
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for 14-24 h to extract the CHLA concentration. The supernatant
of the extraction (v ml) was transferred to a measurement cell,
and acetone solution was used as a reference. The absorbance
values were measured at wavelengths of 750, 664, 647, and
630 nm using a spectrophotometer. The measurement at 750 nm
was used to correct for the turbidity of the extraction solution.
If the absorbance value at a 1-cm measurement cell exceeded
0.005, the extraction solution needed to be recentrifuged. The
absorbance values at 664, 647, and 630 nm were subtracted
from the absorbance value at 750 nm to obtain the corrected
absorbance values (E664, E647, E630). The concentration of
CHLA was then calculated using the following equation:

CHLA = (11.85 x E664 — 1.54 x E647 — 0.08 x E630)
v/ (VxL) (1)

The unit of CHLA is pg/l, where v represents the volume
of the sample extraction (ml), V denotes the actual volume of
seawater sample used (1), and L stands for the path length of the
measurement cell (cm).

B. GOCI Data

The swath width of GOCI imagery is 2500 x 2500 km,
covering the Bohai Sea, Yellow Sea, and parts of the East China
Sea. It has a spatial resolution of 500 m and a spectral range
of 0.412-0.865 pm, including six visible light bands and two
near-infrared bands. It acquires eight-scene observation data per
day, from Beijing local time 8 A.M. to 15 P.M., with one scene
per hour. The L1B data used in this study were provided by the
KOSC for the period from 1 April, 2011 to 31 March, 2021.

C. GMI Data

The GMI microwave radiometer was carried on the global pre-
cipitation measurement satellite and was successfully launched
on 27 February, 2014. In this study, we selected the global
monthly average data of GMI from January 2015 to January
2020, which can provide data values, such as sea surface tem-
perature, rain rate, and wind speed. The download address is
available online.'

III. ALGORITHM
A. Atmospheric Correction Algorithm

The target of atmospheric correction is to get surface water
reflectance, p (1), extracted from the top of atmosphere [p(1)]
measured by satellite. Ignoring the surface-reflectance from
Sun-glint and whitecaps, p(1) can be described as follows [51]:

p0) = pe () + pa () +tpu (3) @)

where p, is the Rayleigh multiple-scattering reflectance in the
absence of aerosols, and p, is the aerosol multiple-scattering
reflectance in the presence of air molecules. ¢ is the diffuse
transmittance of the atmosphere from the Sun to the sea surface
and from the sea surface to the sensor.

![Online]. Available: https:/www.remss.com/missions/gmi/
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TABLE I
RELATIONS OF EACH SPECTRAL BAND

Al (nm) 555 555 555 745 745 745 865

A2 (nm) 412 430 490 555 660 680 745

D 4 4 4 4 3 3 2

pr(Xo) can be obtained based on precalculations through
radiative transfer simulations. Then, the p,(Ag) of the corre-
sponding NIR bands and 3 in (3) can be calculated by using
the measured data p()() through (2) and (3) by assuming the
value or ratio relationship of the p,,(1g) of the two NIR bands.
Then, the p,(A) at any wavelength can be calculated by the
following equation, and finally, the p,(A) at any wavelength
can be calculated by (2):

pa (M) = (Ai/25) P pa (g). 3)

GDPS is the official software provided by KOSC for pro-
cessing GOCI data. GDPS1.1 and GDPS1.2 used the empirical
relation between the red band and NIR water-leaving reflectance
to calculate the NIR reflectance py, (4) due to the lack of NIR
band information in GOCI [52]

Z Gy (660)

P (865) = 1.936 X py,(745). (4)

w(745)

GDPS1.3 modified the above equations [53]

w(745)

w (865) anpw 745) . )

The GDPS1.4% mainly updates the software modularization
based on the GDPS1.3, without changing the atmospheric cor-
rection algorithm [53]. The atmospheric correction of GDPS2.0
takes advantage of the spectral relationship between the re-
flectance of multiple scattering of aerosols at different wave-
lengths, called the spectral relationships in the aerosol multiple-
scattering reflectance (SRAMS) between different wavelengths
to calculate the reflectance contribution of near-infrared multiple
scattering directly. Then, SRAMS spectra were used to estimate
the reflection contribution of the aerosol model in the near
infrared band to the visible band [54]. The spectral relationship
between the reflection spectra of multiple scattering aerosols
and different wavelengths is established by polynomial function
(6), and the relations of the spectral segment are summarized in
Table I

D
= cupu” (1) (6)
n=1

Where D represents the calculation order.
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Based on this, we used the atmospheric correction algorithm
of GDPS1.4.1 and GDPS2.0 to process the GOCI L1B data and
got the corrected R, data.

In addition, two atmospheric correction algorithms of
SeaDAS 8.2 (Seadas_Default and Seadas_ MUMM) were se-
lected to process the atmospheric correction on GOCI data,
and the corrected R, data were obtained. The NASA standard
atmospheric correction algorithm (i.e., Seadas_Default in this
study) was originally developed by Gordon and Wang [55] in
1994, and was extended its application to case II waters by
Stumpf et al. [56] in 2003, and further was revised by the authors
in [57] and [58]. NASA uses this algorithm as the default atmo-
spheric correction algorithm of SeaDAS to process the ocean
color remote sensing data and provides L2 products for users.
The MUMM atmospheric correction algorithm was proposed by
Ruddick [59] in 2000,which assumed that the aerosol multiple
scattering reflectance ratio of the two near-infrared bands of
each pixel is a fixed value and the ratio between reflectance
and atmospheric transmission at the two near-infrared bands is
constant.

B. CHLA Retrieval Algorithm

Many retrieval models of CHLA concentration have been
proposed and applied in the world currently. This article selects
four representative CHLA concentration retrieval models, OC2,
YOC, OC3G, and OC2M-HI, and matches them with the four
atmospheric correction algorithms selected above to analyze
their reliability in the sea area studied in this article.

OC2 is a cubic polynomial algorithm proposed by Hooker et
al. [26] based on the ratio of R, in the 490- and 555-nm bands.
Its algorithm expression is

CHLA = eq + 1061+82XR+53><R2+64><R3 (7)
Ry, (490)

R=1 “ws \RIY) g

ot (Rrs (555)) ®)

where eg = —0.0929, ¢ = 0.2974, ¢5 = —2.2429, ¢35 = 0.8358,
and e, = —0.0077.

YOC was obtained by Siswanto et al. [28] after optimizing
the parameters of the CHLA concentration retrieval algorithm
proposed by Tassan et al. [60] based on measured data. It is a
quadratic polynomial algorithm based on the R, ratio in the
412-,443-, 490-, and 555-nm bands. Its algorithm expression is

CHLA = 10°t—¢2*1ogig’ —caxloglo (1) ©)
Cy
5 Bra(443) (R, (412) 10
Ry (555) \ Ry (490)

where ¢; = 0.342, co = 2.511, ¢3 =0.277,and ¢4, = —1.012.

OC3G is a fourth-order polynomial algorithm [29] based on
the OC4 algorithm [61], which uses the maximum ratio of R,
(443)/R 5 (555)to R,-s (490)/R s (555) to establish a fourth-order
polynomial algorithm. Its algorithm expression is

CHLA = 10fot/ixBtfax R4 fxBHfaxRE ()

max [Rrs (443), Rrs(490)]
Rrs (555)

R = 10g10 (12)
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where fo = 0.366_f1 = —3.067 fo =1.93, f3 =0.649, and f4 =
—1.532.

The OC2M-HI algorithm [27] developed by the members
of NASA is also a widely used CHLA concentration retrieval
algorithm, which is a fourth-order polynomial algorithm based
on the ratio of R, in the 490- and 555-nm bands. Its algorithm
expression is

CHLA _ 100,17112><R+a3><R27a4><R37a5><R4 (13)
R, (469)

R =1 e 14

o810 (Rm <555>> (1

where a; = 0.1464, as = 1.7953, a3 = 0.9718, ay, = 0.8319,
and as = 0.8073. Due to GOCI was not set the band of 469 nm,
this article uses interpolation method to obtain R, data in the
469-nm band.

C. Accuracy Evaluation

The correlation coefficient r, root-mean-square error RMSE,
and the averaged unbiased percentage difference ¢ were calcu-
lated to assess the accuracy of validation, and goodness-of-fit as
follows:

Zinzl (Xichla—est B y) (Yichla—mea B ?)

\/Z:L:l (Xichla—cst - Y)Q (Yichlafmca - ?)

r =

2

(15)
1 n . )
RMSE = \/n . Zi:l (XZChla*eSt - }/lChla*mea)2 (16)
1 O o :
€= H : Z; [chhlafest - Yzchla—mea}
/[ X chtaest + Y chla—mea) * 200% (17)

where the subscript i represents an individual data point, and n
is the number of samples. When used to evaluate the accuracy
of the CHLA model, Xcp1a-est and Yenla-mea are the estimated
and measured values of CHLA, respectively.

IV. RESULTS AND ANALYSIS

A. Error Analysis of Retrieved CHLA

First, GOCI L1B data with the same date follow the field
sampling data were selected and processed by GDPS1.4.1,
GDPS2.0, Seadas_Default, and Seadas_ MUMM atmospheric
correction algorithms, respectively, and four groups of R,.; data
were obtained. Then, OC2, YOC, OC3G, and OC2M-HI re-
trieval algorithms were used to retrieve the CHLA concentration
of each group of R, data, and 16 sets of calculation results were
obtained by combining four atmospheric correction algorithms
with four CHLA concentration retrieval algorithms. According
to the principle of spatial-temporal matching (the spatial range
no more than 300 m and the time range no more than +£5 h), the
retrieved CHLA concentration data were paired with the in situ
CHLA concentration data for comparative analysis. The specific
results were shown in Fig. 2, and different colors of the dots
represent different atmospheric correction algorithms we used:
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Comparison figures of 16 sets of retrieved CHLA concentration data from GOCI with in-situ data. (a)—(d) Comparison result between retrieved CHLA

data by using OC2 algorithm under four atmospheric correction algorithms and in situ CHLA data. (e)—(h) Comparison result between retrieved CHLA data by
using YOC algorithm under four atmospheric correction algorithms and in situ CHLA data. (i)—(1) Comparison result between retrieved CHLA data by using OC3G
algorithm under four atmospheric correction algorithms and in situ CHLA data. (m)—(p) Comparison result between retrieved CHLA data by using OC2M-HI

algorithm under four atmospheric correction algorithms and in situ CHLA data.

black dots represent GDPS1.4.1, red dots represent GDPS2.0,
green dots represent Seadas_Default, and blue dots represent
Seadas_ MUMM.

It can be concluded that when the CHLA concentration
retrieval algorithm is OC2, the accuracy of CHLA concen-
tration retrieved from GOCI by using GDPS2.0 atmospheric
correction algorithm performs slightly better than the other
three atmospheric correction algorithms. The correlation coef-
ficient between retrieved CHLA concentration data from this
combined and the in situ CHLA concentration data is 0.69, with

an average relative error of 21% and a root mean square error
of 0.58 [see Fig. 2(a)—(d)]. When the CHLA concentration re-
trieval algorithm is YOC, the performance of the Seadas_Default
atmospheric correction algorithm and the Seadas_ MUMM at-
mospheric correction algorithm is comparable, both of which
are superior to the other two atmospheric correction algorithms
[see Fig. 2(e)—(h)]. When the CHLA concentration retrieval
algorithm is OC3G, the comparison results between the CHLA
concentration data obtained from the four atmospheric correc-
tion algorithms and the measured data are generally similar,
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(a) Standard deviation distribution of eight-scene CHLA concentration data in one day of 13 September, 2015. (b) Comparison of CHLA concentration

changes along 38.5°N cross section, the blue line is the CHLA concentration value retrieved from the GOCI single-scene imaging data (04:16 UTC), the red line
is the mean value of CHLA concentration retrieved by GOCI imaging data from eight-scene throughout the day, and the black line is the difference results of the

two. Data difference = CHLA_Time_all - CHLA_Time_04.

all significantly higher than the measured CHLA concentra-
tion data. This OC3G algorithm has poor adaptability in the
Bohai Sea, and the model coefficients need to be optimized
and adjusted [see Fig. 2(i)—(1)]. For the OC2M-HI algorithm,
the comparison results between the CHLA concentration data
obtained from the GDPS2.0 atmospheric correction algorithm
or the Seadas_MUMM atmospheric correction algorithm and the
in situ CHLA concentration data are generally similar, and both
are superior to the other two atmospheric correction algorithms
[see Fig. 2(m)—(p)].

It can be seen that for the same CHLA concentration
retrieval model, there are significant differences in the CHLA
concentration values caused by different atmospheric correction
algorithms. The differences between the retrieval results
obtained by different CHLA concentration retrieval models

under the same atmospheric correction algorithm also cannot
be ignored. In the Bohai Sea area, when applying GOCI data to
monitor CHLA concentrations, it is necessary to simultaneously
consider the combined results of atmospheric correction algo-
rithms and CHLA concentration models. The results of this study
show that the performance relationships of each combination
are as follows: Seadas_Default_ YOC ~ Seadas. MUMM_YOC
> GDPS2.0_OC2M-HI GDPS2.0_YOC
Sedas_ MUMM_OC2M-HI > Other combinations. Considering
the doubts raised by some research results regarding the adapt-
ability of NASA’s standard atmospheric correction algorithm
to case II coastal water bodies [62], [63], this article used
the Seadas_ MUMM atmospheric correction algorithm to pro-
cess GOCI data in the subsequent analysis of CHLA concentra-
tion, and the retrieval model for CHLA concentration used YOC.

~
~

~
~
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Time

Monthly and yearly average data of CHLA concentration in Bohai Sea monitored by GOCI: (a) blue line: monthly mean CHLA concentration obtained

based on the daily single-scene GOCI imaging data (04:16 UTC), (b) red line: monthly mean CHLA concentration obtained based on the daily eight-scene GOCI
imaging data, (c) black line: the difference between the above two (month data difference = Month_CHLA_Time_all - Month_CHLA_Time_04), (d) purple line:
annual mean CHLA concentration obtained based on the daily single-scene GOCI imaging data (04:16 UTC), and (e) green line: annual mean CHLA concentration

obtained based on the daily eight-scene GOCI imaging data.

B. GOCI Monitoring Results of CHLA

GOCl is the first geostationary ocean color satellite sensor of
the world. Compared with the conventional polar-orbiting satel-
lite sensors, such as Terra/MODIS and Aqua/MODIS, GOCI
can acquire eight scene observations per day (see Fig. 3), sig-
nificantly improving the coverage of daily observations. This
study quantitatively and analytically investigates the spatial dis-
tribution and temporal variation patterns of CHLA concentration
in the Bohai Sea using high-frequency GOCI data compared
with traditional low-sampling-frequency polar-orbiting satellite
sensors at daily, monthly, and yearly scales. It is worth noting that
considering 04:16 (UTC) time is close to the transit time of most
traditional polar-orbiting water-color satellite sensors, the imag-
ing data of GOCI 04:16 (UTC) time are selected in this study to
approximate the results of traditional polar-orbiting ocean color
satellite sensors (denoted as CHLA_Time_04), and compare it
with the average value of the eight GOCI observations (denoted
as CHLA_Time_all) to analyze the differences between the two.

Fig. 3 shows the spatial distribution of CHLA concentration
monitored by eight scenes of hourly imaging data in Bohai Sea
on 13 September, 2015. It is obvious that the concentration of
CHLA in Bohai Sea is significantly higher from 02:16 to 04:16
than at other times. Especially in the central Bohai Sea, the
hourly variation characteristics of CHLA concentration were
significant. Fig. 4(a) shows the standard deviation distribu-
tion of eight-scene CHLA concentration data in the day of

13 September, 2015. In the whole Bohai Sea area except the
Bohai Strait, the standard deviation of the CHLA value observed
in eight scenes during the day is about 0.5 pg/L, and it can even
reach 1.0 p1g/1 or more in the coastal waters. Fig. 4(b) shows the
comparison of CHLA concentration retrieval results between
GOCI single-scene observation data (UTC 04:16) and averaged
eight-scene observation data on 13 September, 2015 according
the cross section at 38.5°N. We found that the difference between
the two can be up to ~2 ug/l [see Fig. 4(b)]. Those results
indicate that the daily CHLA concentration monitoring results
obtained from the frequency of single-scene per day cannot
effectively characterize the daily average CHLA concentration
in a specific region. Then, whether the results of analyzing the
long-term spatio—temporal variation of CHLA concentration by
using single-scene data per day or eight-scene data per day
will also be different? In this study, we compared the results
of CHLA concentration in the total Bohai Sea (37°-41°N and
117°—-122°E) between the two observation frequencies on the
monthly and yearly scales, and a detailed quantitative analysis
of the differences was performed (see Fig. 5). The results show
that the monthly average CHLA concentration based on the daily
single-scene data from GOCI over the past decade (blue line in
Fig. 5) differs significantly in some months from the monthly av-
erage CHLA concentration obtained from the daily eight-scene
imaging data from GOCI (red line in Fig. 5), with the difference
values ranging from —0.66 pg/1to 1.49 ug/l (black line in Fig. 5).
The largest difference in CHLA concentration between the two
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occurred in December 2016, reaching 1.49 pg/l, followed by
December 2019 and then December 2014. The annual difference
between 2012 and 2020 in CHLA concentration based on the two
is faint and much less than the monthly average (purple and green
lines in Fig. 5). Although the yearly change trends of CHLA
concentration over the decade are generally consistent based
on the two data (single-scene versus eight-scene daily average
observations), the CHLA concentration values vary from each
other, and even the results of short-term changes are inconsistent.
For example, there is a decreasing trend from 2014 to 2017,
and an increasing trend from 2019 to 2020 based on GOCI
daily single-scene imaging data (purple line in Fig. 5), which
is consistent with previously published trends by using MODIS.
However, the annual variation trend of CHLA concentration
based on GOCI daily eight-scene imaging data shows a more
gradual change from 2014 to 2017 (green line in Fig. 5). Actually
this difference is understandable, because the single-scene GOCI
data are acquired at 04:16 (UTC), according to the results of
CHLA daily variation (see Fig. 3), this is the moment when

Monthly average data results of GOCI monitoring of CHLA concentration in Bohai Sea from April 2011 to March 2020 over the decade. Each line from
top to bottom represents the four seasons of spring, summer, autumn, and winter.

CHLA concentration is higher, and the average value of GOCI
8 data from morning to night will effectively change the mean
result of selecting only higher CHLA concentration value, which
is caused by the different data sources we use. The subsequent
analysis of the spatial-temporal variation process of CHLA
concentration in the Bohai Sea will use data obtained from
GOCT’s daily eight-scene imaging data.

C. Spatial and Temporal Distribution of CHLA in Bohai Sea

In this article, CHLA concentration data in Bohai Sea were
retrieved based on the GOCI data from April 2011 to March
2020, and the monthly mean spatial distribution results for
the decade were obtained (see Fig. 6). Each line from top to
bottom in Fig. 6 represents the four seasons of spring (March,
April, May), summer (June, July, August), autumn (September,
October, November), and winter (December, January, February).
We can find that the CHLA concentration in spring and autumn
was lower than that in summer and winter. The high CHLA in
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regions of the Bohai Sea during 2012-2020.

summer can be explained that higher sea surface temperatures
encourage the growth of phytoplankton. The high CHLA in
winter can be explained that strong winter winds and lower sea
surface temperature enhance vertical mixing and nutrients from
subsurface layers brought to the euphotic layer. The results also
show that the CHLA concentration value increases gradually
from deep water to shallow water, with a general distribution
trend of high near shore and low far shore. The concentration of
CHLA in the Bohai Strait is the lowest, and the concentration
of CHLA in the central of the Bohai Sea area is lower than that
in the other three bays.

To better analyze the spatial-temporal variations, this study
provides annual average concentration change lines for the Cen-
tral Bohai Sea, three bay areas, and the Bohai Strait from 2012
to 2020 (see Fig. 7). It was observed that the annual average
concentration of CHLA in the Bohai Bay region (black line in
Fig. 7) was significantly higher than in other areas of the Bohai
Sea, whereas the concentration in the Bohai Strait (green line in
Fig. 7) was significantly lower than in other Bohai Sea regions.
During the period from 2012 to 2020, the CHLA concentration
in the Bohai Bay region exhibited a noticeable increasing trend,
whereas the concentrations in Laizhou Bay and Liaodong Bay
showed relatively small annual variations, maintaining an aver-
age around 1.5 pg/l. Except for the year 2020, the Central Bohai
Sea region exhibited a relatively stable annual average CHLA
concentration from 2012 to 2019, consistently around 1.15 pg/l.
In the Bohai Strait, the annual average CHLA concentration
remained below 0.5 pg/l. Furthermore, it is noteworthy that,
except for the Bohai Strait in 2020, the CHLA concentrations in
other Bohai Sea regions reached their highest levels in nearly a
decade.

D. Change of CHLA in Bohai Sea During COVID-19
Lockdown

At the end of 2019, the COVID-19 broke out in China,
which had varying degrees of impact on human activities both
nationwide and globally for a long period of time thereafter.
From 23 January to 8 April, 2020, Wuhan, Hubei Province, was
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under a “lockdown” period, and many other regions in China,
including cities along the Bohai Sea, implemented numerous
epidemic prevention policies. This pandemic had a significant
impact on people’s daily lives and also resulted in reduced
coastal activities and a slowdown in the development of the
marine fisheries economy, which in turn had a considerable
impact on the marine ecosystem. In this study, we analyzed the
changes in CHLA concentration in the Bohai Sea before and
after the COVID-19 outbreak using monthly average data from
2015 to 2020 (Figs. 8 and 9). It is important to note that we are
only presenting the change facts of CHLA concentration during
the COVID-19 period, which does not necessarily imply that the
variations of CHLA concentration during this time were caused
by the lockdown due to COVID-19.

The results show that the CHLA concentration in Bohai
Sea during the strictest period (February to April in 2020) of
COVID-19 control measures in 2020 (black line in Fig. 8) was
significantly higher than the same period of the previous year
(2019, green line in Fig. 8), and also higher than the average
level during the same period from 2015 to 2019 (red line in
Fig. 8). With the end of the lockdown in Wuhan in April,
the relaxation of the national epidemic prevention policy, the
increase of industrial activities in cities around the Bohai Sea,
and the orderly resumption of production and work, the CHLA
concentration in Bohai Sea showed a rapid rising trend from
April to May 2020, with an increase over 0.4 pg/1. In contrast to
the upward trend in CHLA concentration during the same period
from May to July in 2015-2019, the CHLA concentration in the
Bohai Sea in May—July 2020 showed a different pattern, with a
rapid decrease (decrease of over 0.7 ug/L) followed by a rapid
increase (increase of over 1.0 pg/L). The chlorophyll a concen-
tration in the Bohai Sea reached its lowest value in June 2020,
deviating significantly from the previous months with the lowest
CHLA concentration in the Bohai Sea (May or September).
The anomaly change of monthly CHLA concentration shows
a significant increasing trend from January to May in 2020 (see
Fig. 9).

V. DISCUSSION

A. Uncertainty in the Assessment of CHLA Retrieval
Performance

Due to the limited amount of in situ measured CHLA con-
centration data, there are still some uncertainties and limitations
in evaluating the results of this study. First, these uncertainties
may arise from the less stringent spatio—temporal matching
criteria between the satellite and in situ CHLA concentration
data. Generally, a time window of 43 h should be set to obtain
the matching pairs between the satellite data and the measured
data [64]. However, in this study, we set the time window to +5 h
in order to obtain a sufficient number of matching data. In future
studies, more in situ CHLA data need to be further acquired,
and the time matching window should be strictly controlled
within +3 h. Second, the selection of atmospheric correction al-
gorithms and CHLA concentration retrieval models was limited.
In this study, only four atmospheric correction algorithms and
four CHLA concentration retrieval models were used. In future
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research, other atmospheric correction algorithms, such as those
based on artificial neural network algorithms [65], and other
CHLA concentration retrieval models, such as the generalized
additive model proposed by the authors in [62] and [66], can
be attempted to further improve the comparative results of this
study.

B. Reliability of GOCI Data in Marine Ecological Monitoring

The GOCT satellite sensor data used in this article can pro-
vide eight-scene observation data from 8 A.M. to 15 PM. of
the Beijing local time every day. Compared with the tradi-
tional polar-orbiting satellite sensor, which can only provide
single-scene observation data per day (such as MODIS), its
data sampling frequency was increased by eight times, and
the effective data coverage rate of daily average monitoring

Anomaly change of CHLA concentration in Bohai Sea from January 2015 to December 2020.

data was also significantly improved. GOCI has irreplaceable
advantages in monitoring short-term and long-term changes of
marine ecological parameters. The results of this article show
that there are differences between the monitoring results of
CHLA concentration based on eight-scene of GOCI data and that
based on single view of GOCI data (equivalent to the traditional
polar satellite sensor data) in the comparison of daily mean (see
Fig. 4), monthly mean, and annual mean (see Fig. 5). Although
many studies have also mentioned the advantages of GOCI
monitoring marine ecological environment, most of them focus
on the analysis of its hourly changes [42], [67], and there is
no clear quantitative analysis of the differences between GOCI
multiscene sampling data and single-scene sampling data as
in this study. The results of this study indicate that early con-
clusions on the temporal—spatial changes of marine ecological
parameters (such as CHLA concentration) based on traditional
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low-sampling frequency polar-orbiting satellite data should be
treated with caution [9], [68]. Although the high-frequency
sampling frequency of GOCI has partially improved the effective
coverage of daily monitoring data in the target sea area, the
effective data coverage of GOCI satellite is still insufficient due
to the influence of clouds, fog, solar flares, and thick aerosols,
and these missing data will seriously affect the spatio—temporal
continuity of water color remote sensing products. It even has a
certain impact on the related research results of spatio—temporal
changes. In the next research, it is still necessary to consider
developing a data reconstruction algorithm that is suitable for
GOCI high-frequency sampling characteristics to further perfect
the research results of this article. In addition, some reports have
raised doubts about the usability of dawn and dusk monitoring
data obtained by GOCI sensors, although results of the study by
Feng et al. [69] show that the quality of the GOCI dawn and dusk
monitoring data is reliable at 412—-680 nm. But the amount of in
situ measured CHLA concentration data obtained in this study is
limited. There are not sufficient conditions to evaluate the CHLA
concentration products retrieved from the morning and evening
monitoring data of GOCI. This remains one of the aspects that
needs further improvement in subsequent research. One of the
purposes of this article is to encourage research groups that own
a lot of field data to supplement the analysis of this section.

C. CHLA in the Different Areas of Bohai Sea

From 2012 to 2020, the CHLA in the Bohai Strait were in
a low state for a long time. The reason may be that the Bohai
Strait is the channel connecting the Bohai Sea and the Yellow
Sea, and a large amount of salt water in the Yellow Sea flows into
it, so the water environment is very unfavorable for the growth
of phytoplankton [44]. The Central Bohai Sea area is far from
the land, and the impact of human activities in this area is lower
than that in the three bays. Moreover, the high-concentration
salt water exchanged from the Yellow Sea through the Bohai
Strait also affects the stability of the environment in this area,
which is not conducive to the aggregation of phytoplankton.
Therefore, the concentration of CHLA in this area is higher
than that in the Bohai Strait but lower than that in the Bohai
Bay, Laizhou Bay, and Liaodong Bay. The Bohai Bay, Laizhou
Bay, and Liaodong Bay are surrounded by the Bohai economic
circle with a high degree of industrialization and a relatively
dense population, and they are also the main receiving areas for
a large number of rivers, such as the Yellow River flowing into
Laizhou Bay, the Liaohe River flowing into Liaodong Bay, and
the Luanhe River flowing into the northern area of Bohai Bay
[70]. Extensive mariculture areas are situated on both sides of the
estuary, and high CHLA concentration appears in the three bays
due to the substantial nutrient discharge directly into the bays.
In particular, Bohai Bay is the hub of shipping in North China. It
is surrounded by land on three sides and adjacent to the land of
Hebei, Tianjin, and Shandong. We suspect that the prosperous
industrial production and other activities along the coast lead to
a significant increase in the amount of nutrients discharged into
Bohai Bay, which in turn promotes algae reproduction, resulting
in a higher concentration of CHLA in the water body than in the
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TABLE II
CITIES AND START TIMES OF COVID-19 LOCKDOWN POLICIES IN BOHAT RiM

City Start time

Qin huang dao 25.01.2022
Tang shan 28.01.2022
Dong ying 30.01.2022
Hu lu dao 05.02.2022
Jin zhou 05.02.2022
Pan Jin 05.02.2022

Da Lian 05.02.2022
Tian jin 06.02.2022
Cang zhou 09.02.2022

other two bays [44]. So, a variety of reasons that lead to the
spatio—temporal variability of CHLA in areas of the Bohai Sea
are not completely consistent (Figs. 7 and 8).

D. Uncertainty of Factors for Drastic Change of CHLA in
Bohai Sea in 2020

The detailed changes of CHLA concentration in Bohai Sea
before and after COVID-19 are given in Section IV-D of this
article. Compared with the same period level in 2019 or the same
period average in 2015-2019, the CHLA concentration in more
than 92% of the whole sea areas was significantly increased in
the period from January to May of 2020, when the epidemic
prevention and control period was relatively strict (see Fig. 10).
The lockdown and restriction measures implemented by coastal
cities around the Bohai Sea during COVID-19 (see Table II)
[71] have alleviated the pressure of human activities on marine
ecology, which is one of the possible reasons for this change.
However, previous studies have shown that CHLA concentration
is not only affected by human activities, but also by natural fac-
tors, such as precipitation, wind speed, sea surface temperature,
and nutrient salts [72]. Therefore, the cause of drastic changes in
CHLA concentration in Bohai Sea in 2020 should be analyzed
by combining the dual factors of natural environment and human
activities to better quantify the proportion of each influencing
factor. Here, we applied the GMI monthly average rain rate, sea
surface temperature, and wind speed data from 2015 to 2020
to analyze the causes of the changes (see Fig. 11). We can find
that the average rain rate in 2019 was about 0.15 mm/h, which
is significantly lower than the 0.42 mm/h in 2018. The average
wind speed in 2019 also decreased to 5.1 m/s from 5.3 m/s
in 2018. The sea surface temperature in 2019 did not change
significantly, only changing from 14.6 °C in 2018 to 14.9 °C.
Therefore, the decrease of CHLA concentration in Bohai Sea
in 2019 can be attributed to the decrease of runoff caused by
the decrease of rainfall, thus reducing the input of terrestrial
nutrients into the ocean. At the same time, the small decrease
of wind speed more or less weakens the water mixing, which
affects the vertical transport of nutrients from the depth of the
water and inhibits the growth of phytoplankton. However, in
2020, the mean wind speed continued to decrease to 5.0 m/s,
the mean rainfall was about 0.18 mm/h, and the mean sea
surface temperature was about 15.0°, which were not much
higher than that in 2019. If the impact of human activities was
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not considered, convincing explanation should be that changes
in these natural factors will not lead to drastic changes in the
concentration of CHLA in the Bohai Sea in 2020. However,
the results of this study show that the average concentration of
CHLA in Bohai Sea in 2020 has reached the highest value in
this decade. Therefore, we infer that the unusually high value
of CHLA concentration in the Bohai Sea in 2020 has a high
probability to be related to the abnormal human activities during
COVID-19. However, it is worth noting that the resolution of
GMI data is low, which may affect the certainty of the analysis
results. The conclusions of this section of the study need to be

Year

Yearly changes of rain rate, sea surface temperature, wind speed, and CHLA concentration in Bohai Sea from 2015 to 2020.

supplemented with more data on other nutrients, such as nitrogen
and phosphorus.

VI. CONCLUSION

The adaptability of four CHLA concentration retrieval models
(0C2, YOC, OC3G, and OC2M-HI) under four atmospheric
correction algorithms (GDPS1.4.1, GDPS2.0, Seadas Default,
and Seadas MUMM) in the Bohai Sea was evaluated based on in
situ CHLA concentration data. A clear quantitative analysis was
conducted on the differences in the spatial-temporal distribution
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of CHLA concentration in the Bohai Sea monitored by GOCI
based on eight-scene sampling data and single-scene sampling
data (which can be seen similar to the results of traditional
polar-orbiting satellite data). The results of this study indicate
that the differences in CHLA concentration values caused by
different atmospheric correction algorithms cannot be ignored. It
is not recommended to use OC2 and OC3G CHLA concentration
retrieval models in the Bohai Sea. To obtain CHLA concentra-
tion data products with high retrieval accuracy, both atmospheric
correction algorithms and CHLA concentration retrieval models
need to be considered simultaneously, and the best combination
of the two should be selected. The comparison with in situ
CHLA data shows that the combination of atmospheric correc-
tion algorithms based on Seadas_Default or Seadas_ MUMM
and YOC CHLA concentration retrieval model is more suitable
for GOCI data to retrieve CHLA concentration in the Bohai Sea.
At the same time, the research results of this article also suggest
that we should be cautious about the conclusions obtained from
early research works on the spatial-temporal changes of marine
ecological parameters (such as CHLA concentration) based
on traditional polar-orbiting satellite data with low sampling
frequency.
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