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Abstract: Water color, often quantified using the Forel-Ule Index (FUI), is a crucial parameter for
assessing the water quality and ecological health of coastal waters. However, there is limited
research on the spatiotemporal variations of FUI and the associated influencing factors in the Bohai
and Yellow Seas. In this study, we utilized multi-sensor satellite datasets to retrieve monthly FUI
products for the Bohai and Yellow Seas spanning the period from September 1997 to December 2019.
Subsequently, we examined significant spatial disparities and variations across multiple timescales in
the remotely sensed FUI time series. The climatological annual mean FUI map reveals a decreasing
trend from nearshore to offshore regions, with similar spatial patterns observed in terms of overall
and interannual FUI variability. The annual variations in wind field, sea surface temperature (SST),
and ocean stratification play a key role in the seasonal dynamics of FUI by modulating the sediment
resuspension process, resulting in low FUI values in summer and high FUI values in winter. Linear
regression analysis of FUI anomaly indicates a long-term decreasing trend in FUI for the three
bays of the Bohai Sea, while upward trends in FUI predominantly prevail in the central Yellow Sea.
Factors related to interannual FUI variations, such as surface winds, SST, river outflow, rainfall, and
anthropogenic activities, are qualitatively discussed. The findings of this study provide the first
comprehensive evaluation of water color variations and their underlying mechanisms in the Bohai
and Yellow Seas.

Keywords: Forel-Ule Index (FUI); Bohai and Yellow Seas; spatiotemporal variations; multiple
timescales; underlying mechanisms; remote sensing

1. Introduction

Water color, often quantified as the Forel-Ule Index (FUI), is a key variable of water
quality, and it plays a significant role in assessing and monitoring the condition of marine
ecosystems [1-3]. The FUI, specifically developed by Forel and Ule [4,5], is a qualitative and
visual scale that allows for the classification of water color. It ranges from 1 (indigo-blue) to
21 (cola brown), with various shades of blue, green, yellow, and brown in between [6]. Due
to its cost-effectiveness and ease of field measurements, extensive historical FUI databases
spanning the past century exist for global waters [7,8]. FUI values are directly linked to
optically active components [9,10], such as chlorophyll-a (Chl-a), inorganic suspended
sediment, and colored dissolved organic matter. Thus, such historical databases of water
color are useful to reveal the long-term trends of Chl-a for the global oceans [1,11,12],
to identify the classification of water masses [8,13], and to monitor water quality and
eutrophication of aquatic ecosystems [9,14-16]. However, the discrete and sparse nature of
field measurements limits the provision of continuous and comprehensive evaluation of
water color variations.
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With the advancement of remote sensing technology, publicly available satellite obser-
vations offer large-scale and repetitive measurements for estimating FUI in inland, coastal,
and oceanic waters (e.g., [2,3,7-9,15-18]). Wernand et al. [18] proposed an innovative mech-
anistic algorithm to estimate FUI from MERIS remote-sensing reflectance (R;). Previous
studies have demonstrated the low uncertainties of satellite-derived FUI products for global
waters and the applicability of the FUI algorithm to various satellite sensors [10,17-20].
Wang et al. [9] assessed the trophic states of global lakes based on MODIS-derived FUI
Pitarch et al. [7] investigated the relationships between FUI and other optical variables in
the global oceans, including Chl-a, water transparency, and diffuse attenuation coefficient.
In terms of public data in FUI, Wang et al. [17] published the MODIS-derived FUI datasets
for global inland waters over the period of 2000-2018. Additionally, Pitarch et al. [8]
presented monthly FUI time series for the global oceans spanning 1997 to 2018 using
multi-sensor satellite datasets. These datasets are valuable for exploring the spatiotemporal
distribution and variations of FUI in global waters. However, only a limited number of
studies have focused on the variations of FUI and related influencing factors in marginal
seas (e.g., [2,21]).

The Bohai and Yellow Seas, located in the northwest Pacific, are two important
marginal seas (Figure 1). The Bohai Sea, situated in northeastern China, is an inland
sea connected to the Yellow Sea through the Bohai Strait. It covers an area of approximately
78,000 square kilometers and is known for its economic significance, hosting major ports
and industrial centers [22]. The Yellow Sea is renowned for its rich fishing grounds, serves
as a crucial habitat for marine species, and spans around 380,000 square kilometers [23,24].
Both seas suffer environmental challenges such as pollution, eutrophication, and over-
fishing, highlighting the need for sustainable management and conservation efforts [25].
Furthermore, the hydrological and meteorological conditions of the Bohai and Yellow Seas
are influenced by various factors such as the East Asian Monsoon, rainfall, river outflow, so-
lar radiation, and water column stratification [26]. These natural and anthropogenic driving
factors inevitably contribute to significant spatiotemporal variations in FUL By monitoring
changes in FUI across multiple timescales, scientists and environmental managers can gain
valuable insights into the water quality and ecological health of the Bohai and Yellow Seas,
as well as the response of marginal seas to natural and anthropogenic influences. To the
best of our knowledge, there is limited analysis regarding satellite-derived FUI variations
in the Bohai and Yellow Seas. Based on 2390 matchups, Nie et al. [3] reported a good
agreement between FUI derived from the European Space Agency’s Ocean Color Climate
Change Initiative (ESA OC CCI) Ry and in situ FUI measurements in China’s offshore
waters. However, they did not investigate the spatiotemporal variations of satellite-derived
FUI products. Wang et al. [21] concluded that the East Asian monsoon was the primary
driver of seasonal variations in water color in the Bohai Sea. Using MODIS FUI products,
Xiang et al. [27] examined changes in water quality in the Bohai Sea from 2011 to 2022.

The FUI variations over multiple timescales and the underlying mechanisms in the
Bohai and Yellow Seas, as well as their spatial discrepancies, remain largely unknown.
This study aims to address these gaps by pursuing three main objectives. Firstly, we aim
to retrieve monthly FUI time series in the Bohai and Yellow Seas during the period of
1997-2019 using the OC CCI data. Secondly, we seek to present the annual FUI climatology
and analyze the variations of FUI on seasonal, interannual, and long-term timescales
at a pixel-by-pixel resolution. Lastly, we aim to reveal the underlying mechanisms that
contribute to the seasonal and interannual variations of FUI. Through these objectives, we
aim to enhance our understanding of FUI dynamics and provide valuable insights into
the spatiotemporal patterns and mechanisms influencing water color in the Bohai and
Yellow Seas.
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Figure 1. Location (a) and bathymetry (b) of the Bohai and Yellow Seas.
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2. Materials and Methods
2.1. Data

The primary satellite data source used in this study are the ESA OC CCI v4.2 monthly
mean R,s datasets at a spatial resolution of 4 km, available through the ESA OC CCI website.
Rys is a fundamental parameter used to derive a range of biogeochemical and physical
properties of the ocean, such as water transparency, Chl-a, and FUI. From 1997-2019, the
OC CCI Rys products merged multiple ocean color sensors, including SeaWiFS, MERIS,
MODIS, and VIIRS, to ensure long-term consistency and accuracy. Another unique feature
of the OC CCI R;s products is that each data file includes a pixel-by-pixel bias in R,s, which
allows for the calculation of unbiased monthly R,; estimates and enhances the precision of
satellite-derived products [8,28]. Additional information on the OC CCI Rs datasets can be
found in the Product User Guide [29].

For sea surface temperature (SST) data, monthly MODIS/Aqua-derived datasets at a
4 km resolution for the years 2002-2019 have been acquired from the NASA Ocean Color
website. Additionally, the 4 km monthly AVHRR-derived SST datasets covering the period
from September 1997 to December 2002 are obtained from NOAA. The consistency between
the MODIS and AVHRR SST measurements allows for their combination in continuous
time series analysis [30]. Surface wind vectors are sourced from the European Centre
for Medium-Range Weather Forecasts, providing monthly data during 1997-2019 with
a horizontal resolution of 0.25°. Annual runoff and sediment discharge of the Yellow
River measured at the Lijin station during 2002-2019 are obtained from the China River
Sediment Bulletin.

2.2. Algorithm to Retrieve FUI

To obtain monthly FUI values for the Bohai and Yellow Seas, we have employed
unbiased monthly R;s products spanning from September 1997 to December 2019. The hue
angle was calculated from these unbiased R;s products using the methodologies outlined
by Van Der Woerd and Wernand [19,20]. Subsequently, the FUI values were assigned by
matching the hue angle to the nearest Forel-Ule class, as described by Novoa et al. [6]. A
brief description of the algorithm that derives FUI from R, is presented in this section, and
detailed derivation can be found in several previous studies [6,7,19,20].

The conversion of R, to FUI starts with calculating tristimulus values X, Y, and Z
as follows:

X = [Rys(A)x(A)dA,
Y = Res(My(A)dA, M
Z = [ Rs(M)z(A)dA,

where X(A), ¥(A), and z(A) are the standard CIE color matching functions. Since R is
not a continuous spectrum in the practical application of satellite data, a discretization of
Equation (1) was proposed [19,20]. For R,s at the SeaWiFS bands, the tristimulus values can
be calculated as

Y 0.112 1.711 5.672 21929 59.454 17.810
Z 14.354 58.356 28.227 3967 0.682 0.018

X 2957 10.861 3.744 3455 52304 32.825
- Rrs,sw/ (2)

where Rys s is a column vector containing Rys at six SeaWiFS bands.
Based on the normalization of (X, Y, Z), the tristimulus values are transformed into
chromaticity coordinates:

X Y
@ﬂ)(X+Y+Z’X+Y+Z>’ ®)

which can be displayed as two-dimensional plots called chromaticity diagrams. The
chromaticity coordinates of the FUI scale are available in Novoa et al. [6].
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Then, the coordinates are converted to polar coordinates with respect to the white
point, which has the coordinates of x = y = 1/3. The hue angle («) is derived as

& = ARCTAN2(y —1/3,x —1/3) - 180/ 7, (4)

where the ARCTAN2 function is a four-quadrant inverse tangent function that returns a
value between — 7 and 7t. Moreover, in order to be consistent with Van der Woerd and
Wernand [19] and obtain the « in the range of [0, 360°], 360° is added to the « that is less
than zero.

Nonetheless, due to the discontinuous band setting of satellite sensors, the discrete
integration of Equation (1) will lead to a partially random uncertainty. Van der Woerd and
Wernand [19] proposed a polynomial fitting method to remove the systematic deviation
between the estimated hue angle and calculated hyperspectral hue angle, and the corrected
hue angles «,,, are calculated as

5 .
Keor = &' + Z pi(“l /100)11 5)
i=0

where «’ is the “biased” estimate, and p;,i = 1,2, - - - , 5 are fitting coefficients.

Lastly, by using Equations (2)—(5) in turn, the unbiased hue angle of every observation
point will be obtained, and the FU number of each point is determined by matching with
the hue angle of the nearest FU class.

Nie et al. [3] evaluated the accuracy of the OC CCI v4.2 R;s-derived FUI products by
using 3893 in situ FUI observations in the China seas from July 2006 to April 2007. For the
in situ FUI measurements in their study, the apparent color of seawater was compared to a
standard handheld FUI, which was composed of a series of numerically designated vials
(between 1 and 21) filled with mixtures of colored chemical solutions. Comparisons between
the OC CCI v4.2 R,s-derived FUI and in situ FUI measurements in the Bohai and Yellow
Seas have indicated good agreement [3], enabling us to investigate the spatiotemporal
variability of water color based on the OC CCI FUI time series.

2.3. Calculation of Linear Trend

To assess the linear trends of monthly variables, we computed monthly anomalies by
subtracting the monthly climatology from the original monthly means. Subsequently, we
employed the least-squares method to perform linear regression on the monthly anomalies,
enabling us to obtain the linear slopes. In order to evaluate the significance of the trends
observed in the OC CCI FUI time series, we applied a statistical F-test. This test allowed us
to determine whether the trends exhibited a significant increase or decrease.

2.4. Empirical Orthogonal Function Decomposition

Empirical Orthogonal Function (EOF) decomposition, also known as Principal Compo-
nent Analysis or Karhunen-Loéve Transform, is a statistical technique used for analyzing
spatial or temporal patterns in multidimensional datasets [31]. It is commonly employed
in various fields, such as climate science, oceanography, and image processing. EOF de-
composition seeks to identify the dominant modes of variability in a dataset by expressing
the data as a linear combination of orthogonal spatial patterns, known as empirical or-
thogonal functions or principal components. These spatial patterns are obtained from the
eigenvectors of the covariance or correlation matrix of the dataset.

In this study, EOF decomposition was applied to obtain the dominant mode of FUI
variability in the Bohai and Yellow Seas during 1997-2019. Due to the fact that EOF
decomposition can only be applied to gap-free matrices, the Data Interpolation Empirical
Orthogonal Function was performed on the OC CCI products to fill missing values prior to
the EOF decomposition [32,33].
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3. Results
3.1. Climatological Annual Mean FUI

Based on the monthly OC CCI FUI products from September 1997 to December 2019
in the Bohai and Yellow Seas, the climatology of FUI distribution is presented in Figure 2a,
with FUI values ranging from 4 to 17. Generally, the annual FUI climatology exhibits
higher values in nearshore waters and lower values in offshore waters, resulting in distinct
visibility of the FUI isoline. Furthermore, the central Bohai Sea exhibits higher FUI values
compared to the central Yellow Sea. Regions of significantly elevated FUI are primarily
found in Laizhou Bay, Bohai Bay, Liaodong Bay, and Subei Shoal, which can be attributed
to high concentrations of inorganic suspended sediment resulting from active mixing and
river outflow [34,35]. Among these, Subei Shoal records the highest FUI values, reaching 17
and indicating the most turbid water, while FUI values drop to 4 near southern Jeju Island,
indicating the clearest water. In the central Yellow Sea, FUI typically falls within the range
of 4-6, displaying a clear gradual decrease seaward. Further statistical analysis (Figure 2b)
reveals that the annual FUI climatology undergoes changes within the range of 6-16 in
the Bohai Sea, with the percentage of area covered by each FUI value initially increasing
and then decreasing from 6 to 16. The maximum percentage (exceeding 32%) is observed
when FUI = 8. For the Yellow Sea, FUI values range from 4 to 17, and the percentage curve
also increases at first and then decreases, with FUI = 5 and FUI = 6 dominating most of the
water bodies.

3.2. Overall Variability of FUI

The overall variability of FUI, encompassing seasonal, interannual, and long-term
timescales, is quantified using the standard deviation (SD, Figure 3a) and coefficient of
variation (CV, Figure 3b). Notably, the maps of SD and CV are primarily influenced by
the seasonal cycle of FUI (Figure 3c), with the CV patterns being more pronounced. As
depicted in Figure 3a, the SD map demonstrates a spatial pattern similar to that of the
multiyear mean FUI pattern (r = 0.70, p < 0.01), with a decreasing trend from nearshore to
offshore regions. The Subei Shoal exhibits the highest variability (SD > 3.5). Additionally,
areas with relatively high variability (SD > 2) are identified in coastal zones characterized
by bathymetry less than 20 m, while lower variability is primarily observed in the central
Bohai and Yellow Seas. Notably, a region of high SD in the northern Bohai Sea is possibly
attributed to strong seasonal cycles of FUI and sediment resuspension (Figure 3c). However,
due to consistently high FUI values throughout the year, some coastal water patches in the
Subei Shoal exhibit low degrees of variability. Figure 3b illustrates that the distribution of
CV is consistent with the SD map, but the CV pattern in the central Yellow Sea exhibits
a systematic increase. This high CV region is formed due to the combination of strong
seasonal variability of FUI (Figure 3c) and relatively low FUI climatology.

3.3. Seasonal Variations of FUI

Monthly climatology images of FUI from September 1997 to December 2019 reveal
distinct seasonal patterns of water color in the Bohai and Yellow Seas (Figure 4). Similar to
the spatial distribution observed in the annual FUI climatology, the seasonal variations of
FUI generally exhibit low values in summer and high values in winter on a pixel-by-pixel
basis, indicating that the water color changes from turbid to clear and then back to turbid
conditions. In summer, the central Yellow Sea exhibits a low FUI structure with values of 4,
while FUI values exceed 7 in the Subei Shoal and the three bays of the Bohai Sea. In winter,
the region with FUI = 4 contracts to the southern Jeju Island, and high FUI values extend to
125°E in the southern Yellow Sea. Figure 5 illustrates the clear seasonal cycle of regionally
averaged FUI in the Bohai and Yellow Seas. Overall, the seasonal variations of FUI in the
Bohai Sea are similar to those in the Yellow Sea, but the difference in FUI between the two
ranges from 2.2 to 3.6, peaking in winter. In July, the Bohai and Yellow Seas exhibit the
best water color conditions with FU values of 7.85 & 2.09 and 5.52 £ 1.93, respectively.
In contrast, the highest FUI values are 11.29 + 2.47 and 7.66 + 2.35 for the Bohai Sea
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(January) and Yellow Sea (February), respectively, indicating the most turbid waters. This
seasonal FUI cycle cannot be attributed to phytoplankton blooms, which would typically
increase FUI values in spring or summer [37,38]. Instead, sediment resuspension processes
associated with seasonal climate changes emerge as the primary factor driving the seasonal
color dynamics, as will be elaborated in Section 4.1.
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Figure 2. Climatological annual mean FUI (a) and area percentage of 21-level FUI (b) for the Bohai
and Yellow Seas.
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3.4. Long-Term Trends and Interannual Variations of FUI

Figure 6a presents the long-term trends of FUI from September 1997 to December 2019.
Laizhou Bay, Bohai Bay, and Liaodong Bay exhibit a consistent decreasing trend in FUI,
indicating an improvement in water quality in the three bays of the Bohai Sea over the past
two decades. The FUI trends in the Bohai and Yellow Seas are heterogeneous, with the
largest decrease in FUI (<0.2 year~!) observed in Liaodong Bay. In the Yellow Sea, upward
trends in FUI are predominantly observed in the central region, while negative FUI slopes
are observed in some coastal areas.

Figure 6b illustrates the SD of FUI anomaly during the period of interest, as a measure
of the strength of interannual FUI variability. Similar to Figures 2a and 3a, the SD of
FUI also exhibits a decreasing trend from nearshore to offshore. The largest interannual
variations in FUI (SD > 1.2) are predominantly found in Laizhou Bay, Bohai Bay, and Subei
Shoal, whereas the Yellow Sea as a whole exhibits low variability (SD < 0.6). Additionally,
relatively high SD values (0.6 < SD < 1.2) are observed in Liaodong Bay. Unlike the seasonal
changes in FUI, the interannual variations are complex and likely influenced by multiple
physical and environmental factors [39], including the East Asian Monsoon, SST, rainfall,
eutrophication, human activities, and others.

To investigate the relationship between long-term trends and interannual variations of
FUI, we focused on Laizhou Bay, Bohai Bay, Liaodong Bay, and the central Yellow Sea to
analyze the annual mean FUI changes from 1998 to 2019 (Figure 7). Since the FUI time series
has been available since September 1997, the first 4 months of the FUI products are excluded
from the annual mean analysis. The three bays in the Bohai Sea exhibit similar trends in
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annual mean FUI From 1998 to 2003, the annual mean FUI values increased, followed by a
significant decrease from 2010 to 2019, resulting in an overall negative trend, as depicted
in Figure 6a. Notably, during the period of 2003-2010, the annual mean FUI remained
relatively stable in these three bays, and the deterioration of aquatic ecosystems did not
continue. In the central Yellow Sea, the annual mean FUI series displayed a significant
upward trend from 1998 to 2010, followed by a significant downward trend thereafter,
resulting in a slight overall increase, as shown in Figure 6a. Coincidentally, the interannual
variations of FUI in the central Yellow Sea are consistent with those of Chl-a during the
study period [26,40].
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Figure 6. Long-term trends ((a), year !, p < 0.05) and SD (b) of monthly FUI anomaly for the Bohai
and Yellow Seas during 1997-2019.
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Figure 7. Annual mean FUI changes for Laizhou Bay, Bohai Bay, Liaodong Bay (a) and central Yellow
Sea ((b), 34°N-36°N, 122°E~124°E) during 1998-2019.
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4. Discussion
4.1. Mechanisms for the Seasonal Variations of FUI

An Empirical Orthogonal Function (EOF) analysis has been conducted to enhance our
understanding of FUI variability in the Bohai and Yellow Seas. The first three EOF modes
of monthly FUI in the Bohai and Yellow Seas explain approximately 47.51%, 6.13%, and
4.27% of the total variance, respectively. Given the low variance explained by the second
and third EOF modes, we thus conclude that the first EOF mode is the most meaningful.
Figure 8 displays the first EOF mode of monthly FUI, which accounts for nearly half of
the total variance of the FUI datasets. The spatial pattern of the first mode exhibits a
consistent positive phase, indicating a nearly uniform temporal variation of FUI in the
Bohai and Yellow Seas. The principal component of the first EOF mode (PC1) reveals a
robust seasonal signal in FUI variability, with peak values occurring in winter and trough
values in summer. Additionally, PC1 demonstrates a strong negative correlation with the
regionally averaged SST series (r = —0.87, p < 0.01) and a strong positive correlation with
the regionally averaged wind speed series (r = 0.80, p < 0.01).

In the shallow waters of the Bohai and Yellow Seas, inorganic suspended sediment
is the most significant optically active constituent [41]. Disturbances caused by winds
and tides lead to the resuspension of benthonic sediments to the surface [41-44]. Seasonal
variations in the wind field, SST, and ocean stratification, under the influence of the East
Asian Monsoon, act as the primary driving forces behind sediment resuspension in the
Bohai and Yellow Seas. These factors contribute to the PC1 series and seasonal variations
of FUI During winter, intensified northerly winds and cooling ocean conditions promote
strong vertical mixing of the water column in the Bohai and Yellow Seas, facilitating the
resuspension of benthonic sediments and resulting in elevated FUI values. Conversely,
reduced wind speeds and higher SST during summer create a stable ocean stratification
that inhibits sediment resuspension from the bottom to the surface. Consequently, FUI
reaches its minimum value in summer. Consistent with expectations, Figure 9 demonstrates
significant negative correlations between monthly FUI and SST across the entire Bohai
and Yellow Seas, while positive correlations are observed between monthly FUI and wind
speed on a pixel-by-pixel basis. These correlations are particularly significant in the central
Yellow Sea and northern Bohai Sea, which is consistent with the spatial distribution of
a high proportion of seasonal components (Figure 3c). Based on these findings, we thus
conclude that the seasonal variations of FUI in the Bohai and Yellow Seas are primarily
driven by sediment resuspension processes associated with annual variations in the wind
field, SST, and ocean stratification.

4.2. Factors Affecting the Interannual Variations of FUI

The interannual variations in ocean color conditions are mostly attributable to a
combination of natural and anthropogenic factors. At the interannual timescale, a 13-month
running mean was applied to monthly anomalies to remove seasonal signals. Correlation
analysis reveals that the PC1 anomaly is negatively correlated with the SST anomaly
(r = —0.57, p < 0.01) and positively correlated with the wind speed anomaly (r = 0.34,
p <0.01). Such correlations suggest that exceptionally high (low) SST and weakened (strong)
winds may lead to reduced (enhanced) vertical mixing in the Bohai and Yellow Seas, thereby
suppressing (promoting) the resuspension of bottom sediments and resulting in decreased
(increased) FUI values. Figure 10a reveals significantly negative correlation coefficients
between monthly FUI anomalies and SST in the Bohai Sea and coastal waters of the Yellow
Sea, with the strongest negative correlations observed around the Shandong Peninsula
(r < 0.80, p < 0.01). Recent research by Wang et al. [21] reported that, at the interannual
timescale, the regionally averaged wind speed series showed no significant correlation with
the regionally averaged FUI series in the Bohai Sea. However, the correlations between FUI
and wind speed are highly heterogeneous and depend on the region at the interannual
timescale. Notably, significant positive correlations between monthly anomalies of FUI and
wind speed are primarily observed in the central Yellow Sea and Laizhou Bay (Figure 10b).
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the interannual variations of FUI during the study period, and the effects are highly

To conclude, changes in SST and wind speed likely play an important role in influencing
heterogeneous and regional-dependent.
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Figure 9. Correlation maps between monthly FUI and SST (a) and wind speed (b) during the study
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Figure 10. Correlation maps between monthly FUI anomaly and SST anomaly (a) and wind speed
anomaly (b) during the study period (p < 0.05).

The transport of sediment from the Yellow River plays a crucial role in supplying sus-
pended sediment to the Bohai Sea, potentially influencing the variability of FUL. However,
on a pixel-by-pixel basis, there is no significant correlation between the annual mean FUI
in the Bohai Sea and the annual runoff or sediment discharge. Supporting this finding,
Zhao et al. [35] reported that the direct impact of sediment discharge from the Yellow River
on the concentrations of inorganic suspended sediment is limited and is confined to the
vicinity of the estuary. Essentially, the majority of sediment discharge tends to accumulate
near the mouth of the Yellow River. Consequently, it can be concluded that the interannual
variations of FUI in the Bohai Sea are not directly linked to changes in runoff and sediment
discharge from the Yellow River.

In addition to natural factors, anthropogenic activities play a significant role in in-
fluencing the interannual variations of FUI. The degradation of the ecosystem and water
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quality in the Bohai Sea, caused by the discharge of large amounts of sewage water and
the damming of surrounding rivers, has been extensively documented in the last cen-
tury [22,27,45,46]. However, since 2001, the Chinese government has implemented a series
of measures to reduce river damming and solid waste discharge, resulting in a halt in the
deterioration of ocean color conditions in the Bohai Sea (Figures 6a and 7a). Over the past
decade, the Chinese government has taken more stringent pollution reduction measures
to safeguard the Bohai Sea, including the “Bohai Sea Environmental Protection General
Plan” and the “Uphill Battle for Integrated Bohai Sea Management.” These comprehensive
pollution control initiatives likely contributed to the significant decline in FUI during
2010-2019 (Figure 7a) and the negative FUI slopes observed in the three bays of the Bohai
Sea (Figure 6a). Wang et al. [21] also noted a decreasing trend in the area with non-excellent
water quality, which exhibited a positive correlation with the annual mean FUI in the
Bohai Sea over the past decade. Interestingly, Figure 11 reveals a significant positive trend
in SST anomaly across the entire Bohai Sea during 2010-2019, which is associated with
the Pacific Decadal Oscillation [47]. The rise in SST can strengthen stratification in the
Bohai Sea, impeding the resuspension of bottom sediment to the surface. These processes
potentially act as secondary drivers contributing to the decline in FUI in the three bays. In
conclusion, the improvement in ocean color conditions in the Bohai Sea is likely attributed
to the combined effects of rigorous pollution abatement measures and climate-induced
increased SST.

1
40°N
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; ;% 102
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Figure 11. Linear trends of SST anomaly (°C/year) for the Bohai and Yellow Seas during 2010-2019.

In the central Yellow Sea, the optical properties of water bodies are primarily domi-
nated by Chl-a, except during winter. Satellite-derived Chl-a products indicate an increasing
trend during 1998-2010, followed by a decreasing trend during 2011-2019 in the central
Yellow Sea [26]. These Chl-a trends are mainly attributed to a combination of rainfall and
anthropogenic nutrient emissions. The observed variations in Chl-a are consistent with the
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interannual variations of FUI presented in Figure 7b, with more pronounced increasing
trends resulting in overall positive FUI slopes, as depicted in Figure 6a. From 1998 to 2010,
increased rainfall and anthropogenic nutrient emissions led to a rise in land-sourced nutri-
ent accumulation, contributing to the increasing trends in Chl-a and FUI [26]. Conversely,
during the period of 2010-2019, the opposite processes occurred. Based on the aforemen-
tioned results, we can conclude that the interannual variations of FUI in the central Yellow
Sea are primarily driven by fluctuations in rainfall and land-sourced nutrient emissions.

5. Conclusions

In this study, we utilize the Monthly OC CCI Rrs data to retrieve the FUI in the
Bohai and Yellow Seas from 1997 to 2019. By analyzing satellite-derived FUI products, we
reveal significant ocean color dynamics at various timescales and identify their underlying
mechanisms. The key findings of this research are summarized as follows:

(1) The climatological annual mean FUI shows a decreasing trend from nearshore to
offshore waters. Meanwhile, the patterns of overall FUI variability are similar to
the multiyear mean FUI map and primarily dominated by the strength of seasonal
components;

(2) The seasonal patterns of FUI in the Bohai and Yellow Seas demonstrate lower values
in summer and higher values in winter. These seasonal variations in color can be
attributed to the sediment resuspension process, which responds to the annual cycles
of wind field, SST, and ocean stratification;

(3) Based on linear regression analysis, we observe a decreasing trend in the FUI series
within the three bays of the Bohai Sea, while the central Yellow Sea experiences an
increase in FUI during the study period. The interannual FUI variability is more
pronounced in nearshore areas and less prominent in offshore regions. It is influenced
by multiple physical and environmental factors, including surface winds, SST, rainfall,
and anthropogenic activities. In addition, the interannual variations of FUI in the
Bohai Sea are not directly related to the changes in runoff and sediment discharge of
the Yellow River;

(4) At the interannual timescale, a significant decline in the annual mean FUI is identi-
fied in the three bays of the Bohai Sea during 20102019, and is likely attributed to
the marine conservation strategy implemented by the Chinese government and the
influence of climate-driven increased SST. In the central Yellow Sea, the interannual
variations of FUI are primarily controlled by fluctuations in rainfall and land-sourced
nutrient emissions.

To conclude, this study highlights the value of satellite-derived FUI products in
assessing seawater quality and monitoring the responses of coastal seas to both natural and
human-induced factors.
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