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The Bohai Sea and its surrounding areas are rich in oil and natural gas and play an
important role in industry, agriculture and the economy. However, the Bohai Sea
suffers severely from sea ice in the winter. While previous research has
predominantly focused on methods for retrieving sea ice parameters in the
Bohai Sea, analyses of their long-term statistical patterns have been limited. The
Geostationary Ocean Color Imager (GOCI) is the first geostationary satellite for
ocean color remote sensing, offering high spatial and temporal resolution, which
greatly facilitates the extraction of Bohai Sea ice parameters. Utilizing GOCI data,
we systematically extracted relevant sea ice parameters for the Bohai Sea region
from 2011 to 2021. These parameters include sea ice concentration, sea ice
thickness, and sea ice drift. We conducted a comprehensive statistical analysis of
the long-term sea ice changes in the Bohai Sea and found that the development
process of winter sea ice area is different from the sea ice thickness, and the
direction of sea ice drift is basically unchanged. Then we developed statistical
models linking sea ice parameters with ocean dynamic factors such as
temperature, wind, and drift currents. Among them, the correlation coefficient
between the predicted value and the measured value of the sea ice area model is
the highest, reaching 0.8382. Furthermore, we examined the previously
unexplored relationship between daily sea ice area, sea ice thickness, and
accumulated temperature with their respective starting temperatures and
accumulation periods. This study provides critical data to support Bohai Sea ice
monitoring and marine environmental research. The results of this study
contribute to a better understanding of sea ice change trends in the Bohai Sea
and inform the development of disaster prevention and mitigation measures.
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1 Introduction

The Bohai Sea is globally one of the regions with the lowest
latitude in which ice forms, and extensive ice coverage occurs
during the winter (Yan et al, 2019a). The Bohai Sea region
benefits from convenient maritime transportation and a strategic
geographical location, making it one of the most economically
developed areas in northern China. However, during the winter,
the Bohai Sea is frequently the site of severe sea ice disasters, leading
to blocked waterways, the closure of ports, interruption of maritime
traffic, and adverse effects on offshore oil and gas exploration and
production. Additionally, collisions with passing vessels and
offshore structures result in significant economic losses (Zhang
et al,, 2013; Tao et al,, 2018). For example, major ice freezes in the
Bohai Sea in 1969 and 1977 caused the collapse of offshore oil
platforms, followed by varying degrees of shaking of oil platforms in
1978, 1980, 1981, 1984 and 1985 (Yang, 2000). In the winter of
2009-2010, the worst sea ice disaster in 30 years occurred in the
Bohai Sea, and the direct economic loss reached 930 million dollars
(Bulletin of China Marine Disaster, 2023). Therefore, to ensure safe
navigation and marine production in the winter and safeguard
economic security in the Bohai Sea, it is crucial to establish accurate,
timely, high spatial resolution, and high temporal resolution long-
term monitoring of Bohai Sea ice. The sea ice concentration, sea ice
thickness, and sea ice drift velocity are the primary parameters
necessary for monitoring sea ice in the Bohai Sea. Establishing a
standardized multiparameter dataset for long-term sequences is
essential for understanding the statistical patterns of long-term
variations in Bohai Sea ice. Studying the impact of ocean dynamic
factors on these sea ice parameters is important for Bohai Sea ice
detection and operational monitoring. It enables us to conduct
experiments on the mechanisms of sea ice disasters and develop a
classification system for sea ice disasters (Gu et al., 2013). This effort
also serves as a valuable reference for sea ice forecasting, disaster
prevention and reduction, and policy formulation in the
Bohai region.

Unlike the Arctic and other high-latitude regions, the Bohai Sea
experiences ice formation only during the winter months,
exhibiting a distinct regional characteristic. Remote sensing
technology, due to its efficiency, speed, and wide coverage, has
become the primary means for monitoring sea ice in the Bohai Sea.
It includes optical sensors, radiometers, and synthetic-aperture
radar (SAR), among which radiometers have lower resolution,
and there is limited availability of SAR data for Bohai Sea ice.
Consequently, the current state of sea ice information acquisition in
the Bohai region heavily relies on optical satellites with large data
volumes and high spatial resolutions, such as MODIS. At present,
the focus of sea ice monitoring in the Bohai Sea primarily revolves
around researching methods for sea ice parameter retrieval during
specific periods, with relatively few studies dedicated to
investigating the statistical patterns of medium- to long-term sea
ice distribution and its influencing factors.

In terms of the research on sea ice parameters in the Bohai Sea,
these primarily encompass physical parameters such as sea ice
concentration, sea ice area, and sea ice thickness, as well as
dynamic parameters such as sea ice drift velocity. Regarding the
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investigation of sea ice concentration and sea ice area retrieval
methods, Shi and Wang (2012a), Shi and Wang (2012b) introduced
a regional optimized sea ice detection algorithm based on the
spectral characteristics of sea ice reflection and MODIS data from
February 12, 2010. This algorithm significantly enhanced sea ice
detection in the Bohai Sea region. The authors coupled this with the
analysis of ground temperature data from the National Centers for
Environmental Prediction (NCEP) to quantify the interannual
variations in sea ice area and regional sea ice characteristics
during the winter of 2009-2010. Moreover, they examined the
relationship between sea ice and climate variations in the Bohai
Sea. Su et al. (2015) extracted texture features and surface
temperature from MODIS images and used support vector
machines to distinguish between sea ice and open water. They
estimated the sea ice extent in Bohai Bay on January 15, 2010,
achieving an accuracy of 87.17%. Su et al. (2019) proposed a sea ice
information index based on 300 m resolution Sentinel-3 Ocean and
Land Color Instrument (OLCI) images, which monitored the spatial
and temporal distribution of Bohai Sea ice during the winter of
2017-2018, achieving an accuracy of 94.83%. This index can
effectively extract sea ice extent from turbid water and is suitable
for winter Bohai Sea ice monitoring. Li and Yang (2020) proposed a
linear spectral unmixing method based on multiconstraint
endmembers (LSU-MCE) for sea ice and sea water discrimination
in the Bohai Sea using MODIS images from 2016 to 2017 with an
accuracy of 98.25%. This method can eliminate interference caused
by suspended sediment. Regarding sea ice thickness, Xie et al.
(2006) conducted a one-year sea ice spectral measurement and
analysis during a controlled experiment in the Bohai Sea from 2003
to 2005, studying the correlation between sea ice reflectance and
thickness under different environmental conditions. Ji et al. (2007)
derived a theoretical model for sea ice thickness based on airborne
microwave radiometer (ABMR) data, calculated the detectable
range of sea ice thickness by ABMR, and provided the detection
results for Bohai Sea ice conditions. Yuan et al. (2012) proposed a
sea ice thickness inversion model based on NOAA/AVHRR data by
analyzing the relationship between sea ice thickness and reflectance,
as well as the differences between sea ice and sea water. The average
error of their model was below 30%, and it was applied to extract sea
ice thickness in the Bohai Sea from 1987 to 2009. Liu et al. (2016)
established a model between sea ice thickness and the shortwave
broadband albedo of the geostationary ocean color imager (GOCI),
which was applied to extract Bohai Sea ice thickness during the
winters of 2012 to 2014. The relative error of their results compared
to measured data was 14.2%. Zhu et al. (2022) achieved higher-
precision automated extraction of Bohai Sea ice extent using
MODIS data. They improved the sea ice thickness retrieval model
based on reflectance indices and compared their results with
measurements from oil platforms. This refinement led to a
significantly reduced average error of 93% compared to the
previous model. Sea ice drift velocity is one of the sea ice
dynamic parameters. Sea ice drift in the Bohai Sea during winter
causes severe economic losses, and the speed of sea ice drift is an
important indicator for assessing Bohai Sea ice disasters. In recent
years, research on sea ice drift in the Bohai Sea during winter has
mainly focused on satellite remote sensing observations. However,
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the low spatial resolution and long revisit periods of polar and sun
synchronous orbit satellites make them unsuitable for monitoring
sea ice drift in the Bohai Sea. The research on sea ice drift in this
region has been limited (Lang et al., 2014; Yan et al,, 2019b). Lang
et al. (2014) used the GOCI, which provides frequent spatial
coverage and high spatial resolution, making it well suited for
tracking sea ice drift in the Bohai Sea. They employed the
maximum cross-correlation (MCC) method to achieve daily
tracking of sea ice drift for 2011-2012. Yan et al. (2019b)
conducted a free drift experiment in the Bohai Sea during the
melting period (February 2017). By observing the movement
trajectories of simulated isolated ice, ocean currents, and wind
speeds, they obtained valuable insights into the motion patterns
during both ice-free and freezing periods in the Bohai Sea.

The statistical analysis of sea ice distribution patterns is a pivotal
in the monitoring of sea ice in the Bohai Sea. However, there is a
substantial dearth of statistical analysis regarding the medium- to
long-term distribution and changes in Bohai Sea ice. Previous
research on the medium- to long-term patterns in the Bohai Sea
primarily focused on one or a few sea ice physical parameters, and
there have been almost no analyses pertaining to the medium- to
long-term trends in sea ice dynamic parameters. Gong et al. (2022)
utilized images from China’s second-generation polar orbiting
meteorological satellites FY-3A/B/C to extract sea ice areas in the
Bohai Sea and northern Yellow Sea from December 2008 to March
2019. They analyzed the spatiotemporal distribution characteristics
of sea ice and its relationship with climate factors, ultimately
developing a preliminary sea ice forecasting model based on
climate factors. Gu et al. (2013) estimated the winter sea ice
thickness and area in the Bohai Sea from 1987 to 2011 using
satellite data from the National Oceanic and Atmospheric
Administration (NOAA) and transformed them into a sea ice
disaster index, categorizing different levels of sea ice disaster risk.
Therefore, in the realm of statistical analysis regarding sea ice
changes in the Bohai Sea, we must draw upon research
experiences from polar regions and other seasonal ice areas. For
instance, long-term monitoring of Arctic sea ice has revealed
significant losses in multiyear ice, while seasonal ice continues to
increase (Cai et al., 2021), resulting in thinner Arctic sea ice cover,
which is more sensitive to atmospheric influences. Rigor and
Wallace (2004) implemented statistical analyses of Arctic ice age
and changes in summer sea ice extent, showing that ice age can
explain variations in summer sea ice extent. Ke and Wang (2018),
using CryoSat-2 altimetry data and OSI SAF sea ice concentration
and sea ice type products, analyzed the seasonal and interannual
variations in Arctic sea ice area, thickness, and volume from 2010 to
2017. They combined these findings with NCEP reanalysis data to
explore the impact of Arctic temperature anomalies during the
melting season and summer wind anomalies on sea ice changes.
Hao et al. (2020) investigated abrupt changes and interannual
variations in seasonal Arctic winter sea ice from 1979 to 2019.
Cai et al. (2021) analyzed the changing trends in summer Arctic sea
ice over 168 years in six regions of the Arctic and identified the
primary driving factors behind the accelerated reduction in summer
sea ice. Deng and Dai (2022), through the analysis of observational

Frontiers in Marine Science

10.3389/fmars.2024.1364889

data and model simulations, discovered that the interaction
between sea ice and the atmosphere increased the sea ice cover
from the North Atlantic to the Barents-Kara Sea. For seasonal ice
regions in mid-to-high latitudes, the nature of sea ice is significantly
influenced by its geographical environment. The geographical
environment determines the seasonal and interannual variations
in sea ice. Mustapha and Saitoh (2008), utilizing seven years of
satellite data from SSMI and SeaWiFS (1998-2004), studied the
formation of sea ice along the coast of Hokkaido in the Okhotsk Sea
and analyzed the interannual variations in sea ice coverage. Yi et al.
(2011) obtained sea ice freeboard heights and sea ice thickness in
the Weddell Sea during the period from 2003 to 2009 using ICESat
data. Sea ice freeboard and thickness displayed pronounced
seasonal variations, reflecting the annual growth and decay cycle
of the pack ice. Kumar et al. (2021) conducted an analysis based on
satellite and reanalysis measurements of the sea ice-ocean-
atmosphere changes and trends in the Weddell Sea from 1979 to
2019, along with the factors influencing sea ice in different seasons.
Min et al. (2021) quantified sea ice volume changes in Baffin Bay
from 2011 to 2016. As evident, whether in polar regions or seasonal
ice areas, understanding the interannual variations in parameters
such as sea ice area and thickness is crucial. Furthermore, delving
deeper into the factors affecting sea ice growth and decay and
analyzing the primary influences of factors such as temperature,
wind, and currents on sea ice changes is essential for gaining a better
understanding of Bohai Sea ice and formulating appropriate
protection measures. Therefore, it is imperative to conduct
comprehensive statistical research on the medium- to long-term
variations in Bohai Sea ice, focusing on the following aspects:

(1) Interannual variations in sea ice thickness and sea ice drift.

(2) The influence of temperature, wind, and current on various
sea ice parameters, such as the relationship between sea ice
physical parameters and temperature and wind, and the
connection between sea ice dynamic parameters and wind
and current fields. Temperature, wind fields, and current fields
are collectively referred to as ocean dynamic parameters.

(3) Analysis of influencing factors at different stages of sea ice
development, including whether the impacts of temperature
and wind speed on sea ice physical parameters differ during
the growth ice period, development ice period, and melting
ice period.

To address these questions, in this study, we utilized a
continuous 10-year dataset of high spatial resolution (500 m) and
high temporal resolution (1 h) GOCI data during the winter seasons
in the Bohai Sea from 2011 to 2021. We established a long-term
standardized multiparameter dataset encompassing sea ice
thickness, sea ice concentration, sea ice area, and sea ice drift. We
investigated the statistical patterns of long-term distribution and
changes in each sea ice parameter, as well as the correlations among
these parameters. Finally, we developed statistical models that relate
sea ice parameters at different stages to ocean dynamic factors and
analyzed their primary driving factors.
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2 Data and method
2.1 Study area

The Bohai Sea is between 37°N to 41°N latitude and 117°E to
121°E longitude. It is a semi enclosed inland sea surrounded by the
provinces of Shandong, Hebei, Tianjin, and Liaoning (Yan et al.,
2017). To the east, it connects with the Yellow Sea, with the
demarcation line running from Laotieshan (38.72°N, 121.29°E) to
Penglaijiao (37.83°N, 120.75°E). The Bohai Sea can be primarily
divided into four main regions: Liaodong Bay, Laizhou Bay, Bohai
Bay, and the Central Bohai Sea, as shown in Figure 1. Liaodong Bay
is in the northern Bohai Sea, encompassing waters north of 39°20°N.
It has relatively deeper waters, with a maximum depth of
approximately 30 m, and it covers an area of approximately
28,000 km?. Laizhou Bay, located in the southern part of the
Bohai Sea, includes waters south of 38°N. It has a maximum
depth of over 18 m and covers an area of approximately 11,000
km®. Bohai Bay, situated in the western part of the Bohai Sea,
encompasses waters west of 118°E longitude. It has a maximum
depth of approximately 28 m and covers an area of approximately
14,000 km?. The Central Bohai Sea, the largest in terms of area and
deepest in the Bohai Sea, covers an area of approximately 19,800
km? and reaches a maximum depth of 78 m. Due to its distance
from river mouths and the continental landmass, the Central Bohai
Sea experiences less influence from land and river runoff. Sea ice in
this region is primarily transported from Liaodong Bay and tends to
be lighter in extent. Consequently, in studies related to sea ice
conditions in the Bohai Sea, the Central Bohai Sea area is often
grouped with Liaodong Bay.

Liaodong Bay is the most severely affected by sea ice among the
three bays in the Bohai Sea. In contrast, Bohai Bay and Laizhou Bay
experience milder sea ice conditions. The ice period in all three bays
varies little every year. Table 1 provides statistics on the initial and
final dates of sea ice for the period from 2011 to 2021. Liaodong Bay,

41°N
}N\
40°N
3oNf
Bohai Bay | Middle Bohai Sea
38°N
Laizhou Bay

H7°E  18E  119°E  120°E  12I°E  122°E

FIGURE 1

The geographical location of the Bohai Sea.
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located in the northernmost part of China, experiences sea ice
formation earliest in the Bohai Sea region. Sea ice appears along the
northern coast of Liaodong Bay and gradually extends southward.
The ice period in this bay lasts for approximately three months; ice
typically starts to freeze in mid-December and substantially
disappears by mid-March of the following year. During the
development ice period, the maximum width of the coastal fast
ice reaches 2 km, with a thickness ranging from 20 to 40 cm. Due to
the influence of fast ice along the western coast, both Bohai Bay and
Laizhou Bay have relatively fixed ice periods each year. Freezing
phenomena usually begin around early January, and ice disappears
by late February, resulting in an ice period of less than two months.
The extents of sea ice in Bohai Bay and Laizhou Bay vary
significantly between heavy ice years and light ice years. In heavy
ice years, sea ice extends from the coastal fast ice to cover the entire
bay. However, in light ice years, the ice period is characterized by
coastal fast ice only.

2.2 Data

2.2.1 Geostationary ocean color image

Korea successfully launched the Communication Ocean and
Meteorological Satellite (COMS) in 2010, which carried three
sensors responsible for ocean meteorology, ocean monitoring, and
satellite communication in the Ka band. The GOCI is the first Earth
geostationary orbit ocean color remote sensing satellite, serving as
one of the effective payloads on the COMS. Its primary mission is
ocean monitoring (Yan et al., 2017).

The imaging area of GOCI is fixed, with a center position at
130°E, 36°N and a spatial resolution of 500 m. The original size of
the GOCI images is 5568x5685 pixels. GOCI plays a crucial role in
monitoring the dynamic changes in its fixed region, such as tidal
dynamics, marine phenomena, red tide, river plumes, and sediment
transport. GOCI image collection takes place between 8:15 and
15:45 Beijing time, with a time interval of 1 hour between two
consecutive images. Considering the illumination and melting of
sea ice caused by increased temperature, Bohai Sea ice experiments
are often conducted between 10:00 and 12:00 Beijing time (Xie et al.,
2006). In this study, the third GOCI image is used for sea ice
concentration and sea ice thickness inversion, and the sea ice drift
velocity is calculated between the third and fourth GOCI images.
The bands and original image of GOCI are seen in the
‘Supplementary Material’ file. A total of 1806 GOCI L1B level
data points were downloaded for this study. After excluding data
affected by cloud cover and ice-free conditions, 376 scenes were
used for sea ice physical parameter inversion, and 702 scenes were

used for sea ice dynamical parameter inversion.

2.2.2 European center for medium-range
weather forecasts

The ocean dynamics data in this study were obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF)
ERAS5 reanalysis dataset (Hersbach et al., 2023), with a horizontal
resolution of 0.25° and a temporal resolution of 1 hour. ERA5 is the
fifth-generation reanalysis dataset developed by ECMWF, covering
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TABLE 1 The initial ice dates and final ice dates of various bays in the Bohai Sea.

Laizhou Bay Bohai Bay Liaodong Bay
The initial The final The initial The final The initial The final
Jan. 5, 2012 Mar. 2, 2012 Jan. 5, 2012 Mar. 9, 2012 Dec. 16, 2011 Mar. 11, 2012
Dec. 23, 2012 Mar. 1, 2013 Dec. 30, 2012 Mar. 1, 2013 Dec. 16, 2012 Mar. 14, 2013
Jan. 3, 2014 Feb. 11, 2014 Jan. 12, 2014 Feb. 4, 2014 Dec. 20, 2013 Mar. 5, 2014
Dec. 21, 2014 Feb. 18, 2015 Dec. 21, 2014 Feb. 18, 2015 Dec. 16, 2014 Mar. 1, 2015
Jan. 6, 2016 Feb. 20, 2016 Jan. 7, 2016 Feb. 20, 2016 Dec. 16, 2015 Mar. 1, 2016
Jan. 6, 2017 Feb. 25, 2017 Jan. 6, 2017 Feb. 24, 2017 Dec. 22, 2016 Mar. 7, 2017
Dec. 17, 2017 Mar. 8, 2018 Dec. 17, 2017 Mar. 5, 2018 Dec. 16, 2017 Mar. 8, 2018
Dec. 28, 2018 Feb. 28, 2019 Dec. 29, 2018 Feb. 28, 2019 Dec. 16, 2018 Mar. 8, 2019
Jan. 4, 2020 Feb. 22, 2020 Jan. 13, 2020 Feb. 22, 2020 Dec. 17, 2019 Mar. 14, 2020
Dec. 30, 2020 Feb. 19, 2021 Dec. 31, 2020 Feb. 19, 2021 Dec. 16, 2020 Mar. 7, 2021

hourly estimates from 1959 to the present. The more ERA5 data
description are seen in the ‘Supplementary Material’ file. The
selected parameters include sea-level 2 m air temperature, sea-
level 10 m wind speed, and surface ocean stokes current drift
velocity in the Bohai Sea region.

2.3 Extraction of sea ice parameters based
on GOC]|

The monitoring of sea ice in the Bohai Sea primarily involves the
extraction and analysis of parameters such as sea ice concentration,
sea ice thickness, and sea ice drift velocity. To meet the operational
needs of sea ice monitoring, this study employed standardized
preprocessing techniques on a decade of GOCI data, specifically
focusing on the characteristics of sea ice in the Bohai Sea. These
preprocessing steps included atmospheric correction and sea ice
range extraction. Based on existing inversion methods for Bohai
Sea ice parameters using GOCI data (Lang et al., 2014; Liu et al,
2016), we followed a unified standard to extract various sea ice
parameters. This involved establishing equations for solar shortwave
albedo using GOCI data and extracting sea ice thickness, sea ice
concentration, and sea ice area. Additionally, the maximum cross-
correlation method was utilized to determine the sea ice drift velocity
in the Bohai Sea. As a result, in this study, we constructed a
standardized and normalized dataset of multiple sea ice parameters
for the Bohai Sea, ensuring consistency and reliability among the
data. Flowchart is seen in the ‘Supplementary Material” file.

2.3.1 Data preprocessing

The GOCI provides L1B level data, which only includes
denoising and geometric correction of the raw satellite-received
data. Therefore, additional atmospheric correction and sea ice
range selection are necessary for the GOCI data. To ensure the
standardization and consistency of the preprocessing procedures and
methods for the 10-year GOCI data, a uniform approach was applied.
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2.3.1.1 Atmospheric correction

Atmospheric correction is crucial for eliminating various
atmospheric effects during image acquisition and obtaining
accurate sea ice reflectance, which is essential for inverting sea ice
parameters. Yeom and Kim (2013) conducted atmospheric
correction on GOCI data using the 6S model. He et al. (2013)
applied the UV-AC algorithm for atmospheric correction on GOCI
data and successfully extracted nearshore total suspended sediment
concentrations. Ahn et al. (2012) utilized the SeaWiFS method for
atmospheric correction on GOCI, effectively eliminating the impact
of multiple scattering. This method has been integrated into the
official GOCI Data Processing System (GDPS). In this study, the
GDPS system, namely, the SeaWiFS method, was adopted for
atmospheric correction, resulting in the GOCI L2C product with
Ralyeigh scattering removed. Subsequently, the “dark pixel” method
was applied to eliminate aerosols and other atmospheric effects
from the obtained products. The “dark pixel” method is widely used
in various scientific research and monitoring projects for
atmospheric correction (Liu et al., 2016), with the aim of
obtaining accurate surface reflectance data. Based on the
aforementioned atmospheric correction methods, atmospheric-
corrected GOCI images were obtained for further analysis.

2.3.1.2 Sea ice range selection

Optical remote sensing is susceptible to the influence of cloud
and fog weather, making the determination of sea ice extent a
crucial step in distinguishing sea ice, land, and open water. In
optical remote sensing data, there are significant spectral differences
between land, sea ice, and open water, making it relatively easy to
distinguish them in the images. Therefore, in this study, we adopted
a visual interpretation method to determine the extent of sea ice.

Sea ice parameters are mainly divided into sea ice physical
parameters (sea ice thickness, sea ice area, and sea ice concentration)
and sea ice dynamic parameters (sea ice drift velocity). In this study, a
multiparameter dataset of Bohai Sea ice was established based on
GOCI data during the service period.
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2.3.2 Sea ice physical parameters
2.3.2.1 Sea ice thickness

Numerous studies have found a close correlation between sea
ice thickness and sea ice albedo. In this study, an exponential
function relating sea ice thickness to sea ice albedo was employed
for thickness extraction. Initially, concurrent MODIS data with
image acquisition time intervals not exceeding 35 minutes from
GOCI data were selected to obtain the shortwave broadband albedo
of sea ice. A relationship between MODIS shortwave broadband
albedo and preprocessed reflectance in various GOCI data bands
was established (Liu et al., 2016) , as shown in Equation I:

ot = —0.135601, — 0.270401, + 1.408701; — 0.328401,
~0.08120t5 + 0.620404 — 0.147401, — 0.02680 — 0.0464

Next, the relationship between sea ice thickness and sea ice
shortwave broadband albedo was established using the equation
proposed by Grenfell and Perovich (1984) based on sea ice optical
theory. This model function is solely dependent on the physical
properties of sea ice and is independent of the sensor, as shown in
Equation 2:

Q,
sea ) e—,uaH}

(1- 2

Oport = amax[l -
‘max

Sea ice thickness

119°E 120°E 121°E

Original image

122°E

118°E 119°E 120°E 121°E

FIGURE 2

10.3389/fmars.2024.1364889

where 0, is the sea ice shortwave broadband albedo; ¢, is
the value of sea ice albedo at the maximum sea ice thickness, set to
0.7 for the Bohai Sea; o, is the albedo of open water, set to 0.06;
and (1, is the albedo attenuation coefficient, set to 1.209. This study
used the shortwave broadband albedo calculated from GOCI data in
various bands to invert sea ice thickness using the above equation.
The calculated sea ice thickness results for February 1, 2016 are
shown in Figure 2A.

2.3.2.2 Sea ice concentration and sea ice area

In this study, sea ice concentration was calculated using the
shortwave mean values of sea ice and open water. The sea ice
concentration for each pixel of GOCI data was obtained by taking
the difference between the shortwave albedo of that pixel and the
mean shortwave albedo of open water and then dividing it by the
difference between the shortwave albedo of sea ice and the mean
shortwave albedo of open water. The specific calculation formula is
as shown in Equation 3:

Q,

short —

Q.

short _sea _mean

A3)

seaice ., =

short _ice_mean — ashnrt_sea_mean

In the formula, Q¢ sea_mean Tepresents the shortwave albedo
of open water, set to 0.06, and Oy jce mean Tepresents the
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shortwave albedo of sea ice, calculated through the mean value.
If the sea ice concentration for a pixel is greater than 50%, it is
considered to have sea ice, and the size of each pixel is 500 m x 500
m. From this, the sea ice area for each day can be computed.
Figure 2B shows the calculated results for sea ice concentration and
area on February 1, 2016.

Every winter, the State Oceanic Administration publishes a sea
ice bulletin, which includes the maximum sea ice area in the Bohai
Sea each year (Bulletin of China Marine Disaster, 2023). Table 2
provides a comparison between the maximum sea ice area reported
in the bulletins for the years 2011 to 2021 and the maximum sea ice
area from the dataset used in this study. The maximum sea ice area
reported in the bulletins is approximately 3000 km” higher than the
data from the dataset. This difference is attributed to the fact that
the dataset calculates sea ice area using a concentration threshold of
50%, while the sea ice bulletin reports the maximum ice floe area.
Hence, this results in an error of approximately 3000 km” due to the
presence of marginal ice. Specifically, the years 2012, 2018, and 2019
exhibited errors exceeding 4000 km* The maximum sea ice area
reported in the Bohai Sea ice bulletin is derived from the outer
boundary of the floe ice. On the other hand, the dataset constructed
by GOCI calculates the maximum sea ice area based on the
concentration threshold. In 2012, 2018, and 2019, the sea ice
concentration in the marginal ice zone was relatively low;
consequently, the dataset did not classify it as sea ice. The figure
of comparison between the State Oceanic Administration and
datasets for 2012, 2018 and 2019 are seen in the ‘Supplementary
Material’ file.

TABLE 2 Comparison between the maximum sea ice area from the State
Oceanic Administration and the dataset.

State Oceanic Administra- Dataset
tion (km?) (km?)
2011/
21001 15480.00
2012
2012/ 23041 19976.00
2013 '
2013/
13012 9437.70
2014
2014/
8545 5567.30
2015
2015/
21594 17632.00
2016
2016/
10515 7221.10
2017
2017/
18041 13378.00
2018
2018/
12058 4816.40
2019
2019/
9165 5195.70
2020
2020/ 12078 9142.20
2021 i
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2.3.3 Sea ice dynamic parameter

In this study, the maximum cross-correlation (MCC) method
was employed for sea ice drift monitoring and tracking. This
method utilizes the pixel differences of sea ice features to calculate
correlation coefficients and establish correlations between two
sequential images (Lang et al., 2014). First, a 5x5 median filter is
applied to the preprocessed GOCI images to remove isolated noise
while preserving the edge characteristics of the images and
enhancing the tracking features of sea ice. Then, manually
selected sea ice samples with distinct features are used for drift
monitoring. The selection criteria include sea ice with evident
concave-convex shapes, ice-water mixture regions, and high-
concentration sea ice edge areas. The GOCI images are acquired
at a time interval of 1 hour. In the first image, different sea ice
feature points (x;, y;) are selected, and the corresponding best
matching positions (x,, y,) are obtained in the second image by
calculating the cross-correlation coefficients. Therefore, the sea ice
drift velocity and direction can be obtained using the Equation 4:

\/(x2 _x1)2 + 0 _)’1)2 X l’ 0 = arctan( Xy =X )
t Xy — X

v =

where [ is the side length of each pixel, which is 500 m; and ¢ is
the time interval between the two sequential images, which is
3600 s.

To obtain the overall movement trend of sea ice in the Bohai
Sea, the kriging interpolation method (Lang et al., 2014) was utilized
in this study to interpolate the sea ice drift velocity at the sample
points. Kriging accounts for the spatial variability distribution at
various spatial locations. The results are shown in Figure 2D.

3 Results

Based on the aforementioned sea ice parameter extraction
process, in this study, we collected a multiparameter dataset of
Bohai Sea ice from 2011 to 2021, including sea ice thickness, sea ice
concentration, sea ice area, and sea ice drift velocity. Using this
dataset, the temporal variations in Bohai Sea ice were analyzed, and
the correlation between ice formation and melting processes with
oceanic dynamic factors was investigated. These findings provide a
better understanding of the trends in sea ice changes and allow for
the assessment of the environmental impacts caused by fluctuations
in Bohai Sea ice.

3.1 Physical parameters of sea ice

3.1.1 Statistical rule of sea ice distribution

Figure 3 presents the averages and maximum values of sea ice
area and thickness over a span of 10 years. It is evident that there is a
pronounced interannual decreasing trend in sea ice area over the
course of a decade, with substantial fluctuations. The average sea ice
area exhibits an annual decline of approximately 357.35 km?, while
the maximum sea ice area experiences an annual decrease of about
1214.10 km”. In contrast, the interannual trend in sea ice thickness
is less pronounced, with relatively minor variations. This
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phenomenon may be attributed to the fact that the Bohai Sea is
situated in one of the world’s lowest-latitude seasonal ice zones.
Over the ten-year period, the maximum recorded sea ice thickness
does not exceed 25 cm, which contributes to the gradual nature of
the observed decrease. On average, sea ice thickness diminishes by
approximately 0.30 cm per year, while the maximum thickness
experiences an annual reduction of around 0.56 cm.

By analyzing the winter data from December of each year to
March of the following year (2011-2021), we observed a consistent
ice period in the Bohai region, with clear interannual variations in
sea ice area, as shown in Figure 3C. Notably, over the past five years
(2017 to 2021), the sea ice area has significantly decreased compared
to the preceding five years. Both 2018 and 2021 witnessed
maximum sea ice areas reaching only 10,000 km?* Accordingly,
we divided the years into two categories: high sea ice extent years
and low sea ice extent years. The years 2012, 2013, 2016, 2018, and
2021 were characterized by substantial sea ice areas, representing
high sea ice extent years, with mean ice areas exceeding 2000 km?.
Among them, 2013 stands out with a remarkable maximum ice area
of 17,000 km?. During high sea ice extent years, the sea ice period
began early, initiating sea ice formation in mid-December and
concluding by mid-March. By January, the sea ice area had
already reached its maximum value, demonstrating a consistent
pattern in sea ice formation and melting. In 2014, 2015, 2017, 2019,
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and 2020, the Bohai Sea experienced a relatively low sea ice area,
with mean sea ice areas mostly remaining below 2000 km?, denoting
these years as low sea ice extent years. Among them, 2020 had the
smallest average sea ice area, measuring less than 1000 km? in fact,
it was the year with the smallest sea ice extent in the past decade.
Low sea ice extent years exhibited distinct sea ice period patterns,
starting from mid to late December, and the Bohai Sea ice area
displayed notable fluctuations in January before reaching its peak in
mid-February. The patterns of sea ice formation and melting varied
significantly during these years. Table 3 provides a summary of the
dates when the sea ice area reached its maximum value, with red
denoting high sea ice extent years and black denoting low sea ice
extent years. It is evident that during high sea ice extent years, the
sea ice area reached its maximum value as early as January 8th, and
in most years the peak sea ice area occurred around February Ist.
Conversely, in low sea ice extent years, the sea ice area did not reach
its maximum until approximately January 25th, and the peak sea ice
area typically occurred around February 10th. Thus, compared to
high sea ice extent years, the variations in sea ice area during low sea
ice extent years generally lagged by approximately 10 days.

The interannual variations in Bohai Sea ice thickness were
relatively small compared to the sea ice area trends, as shown in
Figure 3C. With the exceptions of 2013 and 2020, the mean sea ice
thickness for the other years fluctuated between 0.08 m and 0.10 m.
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Notably, 2013 had the highest average sea ice thickness over the past
decade, reaching 0.13 m, while in 2020, the sea ice thickness was less
than 0.08 m. Despite being low sea ice extent years, 2015, 2017, and
2019 had sea ice thicknesses mostly surpassing 0.10 m during mid-
January and mid-February. Interestingly, the Bohai Sea ice
thickness demonstrated varying degrees of growth during
February each year. The dates when the sea ice thickness reached
its maximum value differed between high sea ice extent years and
low sea ice extent years, as presented in Table 3. High sea ice extent
years typically experience their maximum ice thickness in early
January or February, while low sea ice extent years see their peak ice
thickness toward the end of January or February.

Sea ice in the Bohai Sea is an important freshwater resource in
northern China; it has low salinity due to the significant
precipitation of salts during its formation. The volume of sea ice
is a crucial parameter for assessing the total sea ice resources in this
region. The Bohai Sea is characterized as a seasonal ice zone with
complex sea ice types, and its thickness and area vary rapidly due to
monsoons and ocean currents. To determine the main factors
affecting the total sea ice resources in the Bohai Sea, in this study,
we investigated the correlations between sea ice volume, sea ice area,
and sea ice thickness, as shown in Figure 4. The sea ice volume can
be estimated by multiplying the sea ice area and sea ice thickness for
a given day. The sea ice volume is highly correlated with the sea ice
area, with a correlation coefficient of 0.9419. However, the
correlation between sea ice volume and sea ice thickness is
relatively low, at 0.5824. Hence, the total sea ice resources in the
Bohai Sea region are primarily determined by sea ice area. This is
attributed to the relatively thinner sea ice thickness during the
winter in the Bohai Sea, which results in a lesser contribution to the
overall sea ice resource.

3.1.2 Statistical analysis of the influence of ocean
dynamic factors

The formation of sea ice is closely related to factors such as
seawater density, salinity, water depth, turbulence, and freezing
nuclei. However, the primary cause is the thermal coupling between
the atmosphere and seawater, which cools the surface seawater
temperature to the freezing point. The magnitude of the
temperature decrease, and the duration of low temperatures
directly influence the entire process of sea ice formation,
development, and melting. Wind speed is also a significant factor
that affects sea ice variability. In the Bohai Sea region, winter winds

10.3389/fmars.2024.1364889

are relatively strong, which can lead to sea ice fracturing and
movement, thereby affecting the distribution and thickness of sea
ice. Additionally, wind speed can influence the flow and
temperature distribution of seawater, further impacting the
formation and disappearance of sea ice.

As shown in Figure 3C, the formation and melting of Bohai Sea
ice follow roughly the same pattern each winter. Optical satellites
are susceptible to weather conditions such as clouds and fog, leading
to discontinuities in the extracted sea ice parameters based on
GOCI data. To better analyze the annual variation in Bohai Sea ice
and its correlation with oceanic dynamic factors, the average sea ice
area and thickness for corresponding dates during each winter
(December 15 to March 15 of the following year) were calculated to
obtain the daily total sea ice area and thickness throughout the year
(indicated by the black line in Figure 5), with February considered a
28-day period. Figures 5A, B shows that the growth of Bohai Sea ice
generally undergoes three stages: the Growth Period, the
Development Period, and the Melting Period:

(1) The Growth Period: From late December to early January, the
winter temperature in the Bohai Sea region continuously decreases
(indicated by the black line in Figure 5C). The sea ice area in the
Bohai Sea continues to increase, and the sea ice thickness exhibits a
fluctuating upward trend, indicating the development stage.

(2) The Development Period: From mid-January to mid-
February, the Bohai Sea experiences the development ice period.
During this time, the winter temperature fluctuates around -3°C.
The sea ice area remains relatively stable and reaches its maximum
value for the year. The ice thickness fluctuates by approximately
0.10 m.

(3) The Melting Period: From mid-February to mid-March, the
winter temperature in the Bohai Sea exhibits a fluctuating upward
trend. The sea ice area gradually decreases over time, and the sea ice
thickness experiences a significant increase followed by a
gradual decrease.

The wind speed variation in the Bohai Sea region is not very
pronounced, mostly ranging between 2.0 and 4.0 m/s (indicated by
the black line in Figure 5D). However, by the end of December and
mid-February, there are periods with relatively higher wind speeds,
resulting in abnormal increases in both sea ice area and thickness,
especially ice thickness. During the arrival of cold waves, the
temperature in the Bohai Sea experiences a sudden drop, followed
by a subsequent rise after the cold wave passes. As a result, the
winter temperature in the Bohai Sea exhibits a fluctuating pattern of

TABLE 3 Dates of the maximum sea ice area and sea ice thickness in the Bohai Sea from 2011 to 2021.

Year sea ice area sea ice thickness Year sea ice area sea ice thickness
2012 2/2 2/9 2017 1/25 2/23
2013 2/8 2/4 2018 1/26 1/12
2014 2/12 1/25 2019 2/11 2/20
2015 2/8 1/6 2020 2/6 1/24
2016 1/24 2/16 2021 1/8 1/9

The date in the table is expressed as month/day.
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both decrease and increase, and correspondingly, the sea ice area
and thickness show abrupt declines or increases when cold
waves occur.

2013 was the year with the heaviest sea ice extent in the past
decade, as indicated by the red line in Figures 5A, B. The maximum
sea ice area reached 18,000 km? and the sea ice thickness exceeded
0.20 m. The daily sea ice area remained higher than the ten-year

average, while there were occasional instances of the sea ice
thickness being lower than the ten-year average. As shown by the
red line in Figure 5C, there were two severe cold waves in early
January and early February of 2013, with the lowest temperatures
approaching -10°C. During these cold wave periods, the sea ice area
and thickness reached their annual peaks. The third peak of sea ice
thickness in 2013 appeared around February 23rd when the Bohai
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Sea temperature continued to rise and remained at approximately
0°C. The sea ice continuously melted, and the wind speed reached
3.5 m/s, leading to the accumulation of broken sea ice, causing an
abnormal increase in the ice thickness. As shown by the red line in
Figure 5D, the wind speed in the Bohai region exceeded 7.0 m/s in
late February and early March 2013, resulting in fluctuations in the
sea ice thickness at approximately 0.08 m.

2020 was the year with the lightest sea ice extent, as shown by
the blue line in Figures 5A, B. The sea ice area remained below 2000
km? throughout January, and the maximum sea ice area during the
entire ice period was less than 6000 km?. The highest ice thickness
did not exceed 0.10 m, and the daily sea ice area was consistently
below the average. The sea ice thickness was slightly greater than the
average in late December and early March but lower than the
average during the remaining time. As shown by the blue line in
Figure 5C, the overall temperature in the Bohai Sea region in 2020
remained above -5°C. The most significant cold wave occurred in
early February when the temperature dropped below -5°C, resulting
in the maximum sea ice area and higher ice thickness for the year. In
late December 2019 and mid-February 2020, there were also two
large-scale temperature drops in the Bohai Sea, but they did not
reach the freezing point of sea ice, so there were no significant
increases in the sea ice area or thickness. In mid-January 2020, the
Bohai Sea temperature remained unusually above 0°C, and the sea
ice area almost reached its minimum, while the ice thickness
reached its peak for the entire year. As shown by the blue line in
Figure 5D, on February 12, 2020, the wind speed in the Bohai region
reached 8.0 m/s, and the temperature surged to 7°C, but the ice
thickness remained relatively high for the remainder of the year.
Therefore, the Bohai Sea temperature and wind speed were closely
related to the sea ice area and thickness. During the sea ice melting
period, sea ice accumulation also impacted the sea ice thickness. In
the subsequent discussion in Section 4.1, we assess the possibility of
estimating sea ice area and thickness based on temperature and
wind speed through statistical modeling.

3.2 Dynamic parameters of sea ice

Figure 6A shows the sea ice drift velocity in Liaodong Bay from
2011 to 2021 between 10:00 and 11:00 Beijing time each day.
Figure 6B shows the frequency of sea ice drift in each direction.
During this period, most of the sea ice drifted in the southwest
direction, while a small portion drifted in the north direction, and
the drift velocity was generally slow. The sea ice drift velocity was
significantly influenced by the daily ocean dynamic parameters, and
its distribution did not exhibit distinct interannual or annual
characteristics. Therefore, subsequent research will focus on
investigating the correlation between sea ice drift velocity and
wind and drift current.

The spatial variability of sea ice drift velocity primarily
encompasses the velocity divergence field and curl field, as well as
the velocity gradient field. These fields, to a certain extent, reflect the
interactions among sea ice elements, such as accumulation and
dispersion. Simultaneously, they are intertwined with and influence
sea ice thickness and concentration.
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Sea ice drift divergence is defined as shown in Equation 5:

ﬁice_dnft =V. Vice (5)
Sea ice drift curl is defined as shown in Equation 6:
éice_dﬂft = V X Vice (6)

The vector direction of curl corresponds to the normal direction
of the sea ice drift velocity, and the sign of curl indicates the
direction (clockwise or counterclockwise).

The gradient reflects variations in sea ice drift velocity and is
defined as shown in Equation 7:

-

Gicefdrift = VVice (7)

Considering the highest sea ice extent year of 2013 and the lowest
sea ice extent year of 2020 as examples, representative data from the
Growth Period, the Development Period, and the Melting Period
were selected to calculate the divergence, curl and gradient in sea ice
drift velocity, as shown in Table 4; Figure 7. During the winter ice
period of 2013, with changes in sea ice thickness and concentration,
the divergence of drift velocity showed relatively small variations,
while the curl remained mostly constant. In the growth ice period, sea
ice concentration and thickness were generally lower, resulting in
larger drift velocity gradients. As the development ice period
approached, the drift velocity gradient decreased with increasing
sea ice thickness and concentration. During the melting ice period,
the drift velocity gradient was relatively large at the sea ice edge, even
when the thickness and concentration in that area were relatively
high. In the winter sea ice period of 2020, there were minimal changes
in sea ice thickness and concentration, and the divergence of drift
velocity was slightly higher during the development ice period, while
the curl remained relatively constant throughout the three periods.
The sea ice concentration and thickness were relatively low during all
three stages, resulting in consistently high values of the drift velocity
gradient. Regardless of whether the sea ice extent was heavy or light,
the divergence of sea ice drift velocity was slightly higher during the
development ice period. This is because during the development ice
period, the sea ice in the Bohai Sea continuously freezes, increasing
the likelihood of ice collisions. The curl of the drift velocity remained
almost unchanged during all three stages, and its influence on sea ice
physical parameters can be considered negligible. High values of the
drift velocity gradient were primarily observed at the edges of the sea
ice. Within the interior of the sea ice area, where the concentration
and thickness were high, the speed gradient was small. However, at
the sea ice edge, where the interactions between sea ices were
pronounced, even with high concentration and thickness, the speed
gradient was relatively large. Thus, the interaction between the drift
velocity and sea ice physical parameters in the Bohai Sea was
relatively small and mainly manifested in the edge regions of the
sea ice. This contrasts with the Okhotsk Sea, another seasonal ice
zone, where Toyota et al. (2022) reported that sea ice in the southern
part of the Okhotsk Sea is greatly influenced by sea ice drift processes.
The primary reason for this difference seems to be that the edges of
Liaodong Bay are mostly surrounded by land, with a less significant
influence of ocean currents. The sea ice in these areas mainly forms as
a result of freezing under cold conditions. Hence, in the subsequent
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discussion regarding the factors influencing sea ice parameters, we do
not account for the interactions among sea ice elements but rather
focus solely on the impact of ocean dynamic factors.

4 Discussion

In this study, we employed statistical modeling to investigate
the mathematical relationships between sea ice parameters and
ocean dynamic factors. This included assessing the degree to which
sea ice area and thickness are influenced by temperature and wind
speed during the growth ice period, development ice period, and

melting ice period, as well as the impact of wind and drift current
fields on sea ice drift. Based on these statistical models relating sea
ice parameters to ocean dynamic factors, it is possible to enhance
the prediction of sea ice disasters in the Bohai Sea and effectively
formulate disaster prevention and mitigation measures.

4.1 Factors affecting sea ice
physical parameters

Regarding the factors influencing sea ice variations, the most
direct and crucial factor for Bohai Sea ice is undoubtedly the winter

TABLE 4 Divergence and curl in sea ice drift velocity in the 2012/2013 and 2019/2020 winter.

Dec.17, 2012 Jan. 19, 2013 Feb. 21, 2013 Dec. 26, 2019 Jan. 16, 2020  Feb. 18, 2020
Divergence -0.3025 2.4521 -0.0394 ‘ 0.3141 1.8120 0.0051
Curl 0.5243 0.1793 -0.0083 ‘ 0.4444 -0.7018 -0.0190
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air temperature. The magnitude and duration of cooling of the sea
surface temperature after ice formation directly impact the
development of sea ice. Accumulated temperature is the total
temperature conditions or heat resources provided by the climate
for a specific natural process. It depends on both the starting
temperature and the accumulation period. In meteorology, the
cumulative value of the daily average temperature less than 0°C is
usually referred to as the negative accumulated temperature.
Previous studies have indicated a close correlation between the
spatial distribution of negative accumulated temperature and sea ice
conditions in the Bohai Sea each year (Li et al., 2013). However,
previous research predominantly focused on the interannual
variations in sea ice parameters in relation to accumulated
temperature, with limited studies examining the daily sea ice
changes in connection to the starting temperature and the
accumulation period. Therefore, this study marks the first attempt
to discuss the relationship between daily sea ice area and sea ice
thickness in the Bohai Sea with respect to the starting temperature
and the accumulation period. Moreover, as analyzed earlier, the
influence of wind speed on sea ice physical parameters cannot be
ignored. Therefore, in this study, we utilized a dataset of sea ice area
and thickness in the Bohai Sea from ten winters spanning 2011 to
2021, establishing statistical models that consider ocean dynamic
factors (accumulated temperature and wind speed) and their
relation to sea ice area and thickness.

4.1.1 Accumulated temperature

The calculation of accumulated temperature requires
determining the starting temperature and the accumulation
period. In this study, the starting temperature was determined
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through a correlation analysis between the mean annual sea ice
area and the accumulated temperature (AT) during the winter. As
shown in Table 5, the correlation coefficient between the sea ice area
and accumulated temperature below -4°C was the lowest, at -0.8806,
whereas the highest correlation coefficient was below -1°C, with a
value of -0.9468. There was a strong correlation between the sea ice
area and the accumulated temperature. As shown in Table 5, the
correlation between sea ice thickness and accumulated temperature
below -1°C was the highest, with a value of -0.7835, while the lowest
correlation was observed with accumulated temperature below -4°
C, with a value of -0.7408. The correlation coefficients between sea
ice thickness and accumulated temperature exhibited minimal
variations with different starting temperatures, remaining stable at
approximately -0.7600. The correlation between sea ice thickness
and accumulated temperature was lower than that of sea ice area,
with a maximum correlation coefficient 0.1633 lower than that of
sea ice area.

The analysis of daily sea ice area also requires selecting an
appropriate accumulation period for the accumulated temperature.
In this study, we tested the correlation between different
accumulation periods and sea ice area, as shown in Figure 8A.
Initially, as the accumulation period increases, the correlation
coefficient rapidly increases until it reaches a peak at 7 days.
Afterward, the correlation coefficient slightly decreases. However,
when the accumulation period reaches 13 days, the correlation
coefficient starts to increase again, reaching its maximum value of
-0.7030 at 19 days. Beyond 19 days, the correlation coefficient
decreases with a further increase in the accumulation period.
Therefore, using a 19-day accumulation period for the
accumulated temperature is the most appropriate choice to
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TABLE 5 The correlation between the sea ice in the Bohai Sea and different starting temperatures from 2011 to 2021.

Sea ice area Sea ice thickness

The starting temperature <0°C <-1°C <-2°C <0°C ‘ <-1°C <-2°C
c.c. -0.9417 -0.9468 -0.9414 -0.7408 ‘ -0.7497 -0.7623
The starting temperature <-3°C <-4°C <-3°C ‘ <-4°C
c.c. -0.9327 -0.8860 -0.7835 ‘ -0.7463

Bold values in represent the optimal results.

establish the model. In Figure 8B, the correlation between daily  matched data between Bohai Sea ice thickness and climate factors
average sea ice thickness and the accumulation period of  during winters from 2011 to 2021, 185 samples were randomly
accumulated temperature is shown. Like the sea ice area, as the  selected to establish the empirical equation for sea ice area. The
accumulation period of accumulated temperature increased from 2 formula for sea ice area is as shown in Equation 8, Equation 9 and
days to 5 days, the correlation coefficient rapidly increased. — Equation 10:

Subsequently, with further growth in the accumulation period, For the Growth Period:

the correlation continued to increase but at a slower rate. Unlike

sea ice area, the correlation between sea ice thickness and the § = -28.19ty1 = 51.35V,yjg — 305.93 ®)
accumulation period did not exhibit a decreasing trend with an For the Development Period:

increase in the number of days. The correlation coefficient

remained relatively stable, reaching a plateau near -0.5251 when § =919, — 90.82v,yiq +773.49 ©)
the accumulation period reached 40 days. The increase in sea ice For the Melting Period:

thickness requires a longer and colder accumulation period. In the

analysis of factors influencing sea ice thickness, a longer S =-107.65t47 + 257.71v,,4 — 393.92 (10)

accumulation period is needed compared to that of sea ice area. . .
where S represents the sea ice area, t,y is the accumulated

Therefore, a 40-day accumulation period is the most appropriate temperature, v, i the wind speed.

choice to establish the empirical equation for sea ice thickness. During the Melting Period, sea ice exhibits complex behavior,
with sea ice area rapidly changing in response to accumulated
4.1.2 The statistical model temperatures. Attempting to model this phase using a linear
4.1.2.1 Sea ice area relationship resulted in significant errors. Consequently, this
As outlined in Section 3.1.2, the development of sea ice in the ~ study employs an exponential relationship to represent the
Bohai Sea can be categorized into three distinct phases: the Growth ~ variation in sea ice area during the Melting Period, as shown in
Period (December 15th - 31st), the Development Period (January — Equation 11:
Ist - February 15th), and the Melting Period (February 15th -
March 15th). Each of these phases exhibits unique characteristics in
terms of sea ice changes. Consequently, separate statistical models After validating the model with the remaining matching data, a
related to accumulated temperature (AT) and wind speed were  comparison between measured sea ice area and estimated sea ice
constructed for each of these stages. In the dataset comprising  area is illustrated using scatter plots, as shown in Figures 9A-D. It

§=-4.07 x 1078 x ¢ 04 _ 45y . +1685.1 (11)

o
o

o
33
T
I
IS

o
w

Correlation coefficient
o o
N w

Correlation coefficient
°
S

o
[N

0.1F

0 5 10 15 20 25 30 0 10 20 30 40 50 60
Accumulation period /day Accumulation period /day

FIGURE 8
The correlation between the sea ice and accumulation period. (A) Sea ice area. (B) Sea ice thickness.

Frontiers in Marine Science 14 frontiersin.org


https://doi.org/10.3389/fmars.2024.1364889
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yan et al.

can be observed that, under the linear model, the goodness of fit for
the statistical models in all three periods is quite satisfactory, with
correlation coefficients exceeding 0.7300. Among them, the
statistical model for the Development Period exhibits the best fit,
with the highest correlation coefficient, while the Growth Period
and Melting Period show relatively weaker fits. After refining the
statistical model for the Melting Period, the correlation coefficient
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increases to 0.8107, and the average relative error (MRE) decreases
by 5.11%. This indicates that the modified model can better
represent the variation in sea ice area during the Melting Period.
The improved segmented model is then applied to calculate sea ice
for the entire winter, as shown in Figure 9D. The correlation
coefficient reaches 0.8099, with an average relative error (MRE) of
0.0308. The results from the sea ice area statistical model closely
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align with the measured data, making it a valuable reference for sea
ice forecasting models.

4.1.2.2 Sea ice thickness

Like sea ice area, statistical models for sea ice thickness, based
on the three stages of sea ice development and their correlation with
accumulated temperature and wind speed, were established. A
dataset consisting of matched data for Bohai Sea ice thickness
and climate factors during the winter seasons from 2011 to 2021
was utilized, randomly selecting 185 samples to construct the
statistical models for sea ice thickness, as shown in Equation 12,
Equation 13 and Equation 14:

For the Growth Period:

H = —0.017t,7 — 0.29v,,,4 + 0.56 (12)
For the Development Period:

H =—0.041t47 — 0.1v,,,q + 8.38 (13)
For the Melting Period:

H = —0.048t,7 — 0.26v,,,4 + 0.76 (14)

where H represents the sea ice thickness, ¢,y is the accumulated
temperature, v,,;,; is the wind speed.

The Bohai Sea is located in a seasonal ice zone, where sea ice
thickness is relatively small. During the melting period, sea ice
thickness exhibits only minor changes in terms of rate
(Supplementary Figure S5 in the ‘Supplementary Material’ file). In
this context, a linear relationship is sufficient to predict sea ice
thickness during the thawing period.

The validation results of the empirical equation using 185
validation samples are shown in Figures 9E-H. The horizontal
axis represents the actual measured values based on GOCI, while
the vertical axis represents the estimated values from the empirical
equation. It can be observed that the statistical models for sea ice
thickness have lower accuracy compared to those for sea ice area.
The correlation coefficients for the Growth Period and
Development Period are approximately 0.5200, while for the
Melting Period, it is 0.4663. This indicates that changes in sea ice
thickness are more complex than sea ice area. As discussed in
Section 4.1.1, sea ice thickness has different requirements regarding
the starting temperature and accumulation period compared to sea
ice area. Sea ice thickness necessitates a lower starting temperature
and a longer accumulation period for thickness growth. An AT of
less than -1°C over 19 days exhibits the highest correlation with sea
ice extent, whereas sea ice thickness requires an AT of less than -3°C
over 40 days. Therefore, sea ice thickness exhibits lower sensitivity
to temperature, and its growth necessitates the accumulation of cold
temperatures over an extended period. Simple linear relationships
between AT and wind speed are insufficient for accurate sea ice
thickness estimation. To achieve more precise predictions of sea
ice thickness, further research into the physical laws governing sea
ice formation and melting is required, potentially involving the
inclusion of additional model parameters. When applying the
segmented models to calculate sea ice thickness over the entire
winter season, the results, as shown in Figure 9H, yield a correlation
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coefficient of 0.5735and an average relative error of 0.0586. This
represents a reliable method for estimating sea ice thickness.

4.2 Relationship between sea ice dynamic
parameters and ocean dynamic parameters

Sea ice drift is an essential component of ocean dynamics
research and is primarily controlled by ocean currents, local
winds, and internal ice stresses. Internal ice stresses can cause
deformation and rotation of sea ice, but their short-term effect on
sea ice drift can be considered negligible. In this study, sea ice drift
matrices were extracted from two sets of sequential GOCI sea ice
images with a time interval of 1 hour, allowing us to avoid the
influence of internal ice stresses on sea ice drift. Therefore, the
equation for sea ice drift velocity can be simplified to the
relationship between wind and flow fields (Lang et al., 2014), as
shown in Equation 15:

Vice = al_;wind + b‘_;cur (15)

where v, is sea ice drift velocity; V., is drift current speed; ¥,,;,4
is wind speed; and a and b are drag coefficients of wind and drift
currents, respectively. Using the latitude-longitude grid of the Bohai
Sea region as the reference, a coordinate system is established with
latitude as the x-axis and longitude as the y-axis. The vector
equation is decomposed into the Equation 16:

R o i

In this study, we extracted a total of 346 sea ice drift velocity

b, b,
bs by

a; a Viind, Veur,

az ay Vwindy chry

samples from the GOCI covering the winters from 2011 to 2021 in
the Bohai Sea region. These samples were then matched with wind
and drift current data from ECMWEF. Among these, 173 randomly
selected samples were used for the inversion of drag coefficients for
wind and drift current. The remaining 173 samples were utilized for
validation. The result is in the following values for the drag
coefticients of wind and drift current, as shown in Equation 17:

) ) o

The Bohai Sea experiences distinct monsoonal climate patterns

0.0196 -0.0555 —1.1380 4.9278

—-0.0144 —-0.0089 0.6052 2.2060

characterized by cold and dry winters. During the winter season,
dry and cold air masses from Siberia and the Mongolian Plateau
descend into the region, resulting in prevailing northwest and north
winds. The dominant wind direction in the Bohai Sea is primarily
from the northwest. Regarding the influence of oceanic currents, the
marine flow system in the Bohai Sea is primarily composed of the
remnant branches of the Yellow Sea Warm Current and coastal
currents, as shown in Figure 10A. The dashed line represents the
remnant branches of the Yellow Sea Warm Current, which intrude
into the northern part of the strait, extending westward along the
western coast of the Bohai Sea. Upon encountering the coastline, it
bifurcates into two branches, one moving northward along the coast
of western Liaodong and joining the coastal current along the coast
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of eastern Liaodong. This forms a weak clockwise circulation
pattern. The Liaodong Coastal Current (LC) is located within
Liaodong Bay and exhibits characteristics of density-driven flow,
primarily flowing southward during the winter season. The
southern branch of the remnant current shifts southward along
Bohai Bay’s coast, converging with the Bohai Coastal Current (BC),
which originates from the Yellow River estuary and flows eastward
along the northern coast of Shandong Province, ultimately exiting
the Bohai Sea through the southern straits. Examining the drag
coefficients related to wind, it is clear that in the x-axis (eastward)
direction, the drift velocity is significantly affected by y-axis
(northward) winds. Conversely, in the y-axis direction, drift
velocity is more influenced by x-axis winds. As discussed earlier,
sea ice drift in the Bohai Sea is predominantly in the southwest
direction, which is perpendicular to the prevailing winter monsoon
winds. Therefore, the impact of wind fields in the Bohai region
primarily involves altering the direction of sea ice drift. The analysis
of the drag coefficients related to oceanic currents indicates that the
influence of flow fields on sea ice drift is concentrated mainly along
the y-axis. Thus, currents not only affect the direction of sea ice drift
but also impact the magnitude of sea ice drift velocity. In the winter
season, the current patterns in the Liaodong Bay area consist mainly

10.3389/fmars.2024.1364889

of weak clockwise circulation. However, since the sea ice drift
direction is predominantly southwestward, the influence of
currents on sea ice drift in this region is more complex and
warrants further investigation in future studies.

The comparison between the measured and estimated data
obtained from the validation samples is shown in Figures 10B, C.
The correlation coefficients for the x and y directions are 0.3804 and
0.4384, respectively, indicating a significant level of error. This
could be attributed to the simplicity of the model, as sea ice drift is a
complex motion influenced by multiple factors. In this context, the
model only considers its primary influencing factors, wind and drift
currents. Additionally, the wind and drift current data used for
modeling are based on ERA5 reanalysis data, which inherently
contain some degree of error. In future work, consideration could
be given to using field-observed data for modeling. From the
inversion results, it is evident that the drag coefficient for the drift
current is significantly larger than the drag coefficient for the wind,
indicating that the drift current has a more pronounced impact on
sea ice drift velocity compared to the wind, which aligns with the
findings in the literature (Lang et al., 2014). Both drag coefficients
are positive, implying that higher drift current and wind speeds lead
to increased sea ice drift velocity.
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5 Conclusions

The Bohai Sea and its coastal areas are important economic
zones in China. Sea ice freezing and sea drift have varying degrees of
impact on maritime shipping and maritime production, so it is very
important to quantify and standardize high-resolution and high-
precision sea ice monitoring in the Bohai Sea. Based on GOCI, in
this study, we extracted a standardized dataset of sea ice parameters
with high spatial resolution from 2011 to 2021 in the Bohai Sea,
including sea ice thickness, sea ice concentration, sea ice area and
sea ice drift velocity, quantitatively analyzed the 10-year statistical
distribution of sea ice parameters, and discussed the influence of
ocean dynamic factors on sea ice in the Bohai Sea. The research
shows the following:

(1) The physical parameters of sea ice in the Bohai Sea have
obvious interannual variations. The average sea ice area
exhibits an annual decline of approximately 357.35 km2,
and sea ice thickness diminishes by approximately 0.30 cm
per year. According to the distribution of sea ice, 2012,
2013, 2016, 2018 and 2021 were classified as high sea ice
extent years, and 2014, 2015, 2017, 2019 and 2020 were
classified as low sea ice extent years. The development of sea
ice in low sea ice extent years exhibited a lag of 10 days
compared with that in high sea ice extent years. Every
February, the sea ice thickness of the Bohai Sea exhibited
different degrees of sudden growth. Temperature and wind
speed were closely related to the physical parameters of

sea ice.

(2) The sea ice drift velocity in the Bohai Sea showed no
obvious interannual change, and the direction was mostly
southwest. The representative data of the growth ice period,
the development ice period, and the melting ice period in
2013 and 2020 were selected to analyze the relationship
between the changes in sea ice dynamic parameters and the
physical parameters of sea ice. The results showed that the
divergence of drift velocity was slightly larger during the
development ice period. The curl of the drift velocity was
basically unchanged in the three periods. The drift velocity
gradient was larger at the sea ice edge. The interaction
between sea ice in the Bohai Sea is very little.

(3) The correlation between the starting temperature and the
accumulation period with sea ice area and sea ice thickness
was analyzed, and a statistical model of accumulated
temperature and wind speed was established. Then, the
accuracy of the model was verified. The model can provide
reference for sea ice forecast in Bohai Sea. The statistical
model of sea ice drift velocity was established by inverting
the drag coefficient of wind and drift current, and its
accuracy indicated a significant level of error. In future
work, consideration could be given to using field-observed
data for modeling.

These results showed that the main factors influencing sea ice
were ocean dynamic factors: temperature and wind speed affected
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the sea ice physical parameters, and wind and drift current affected
sea ice dynamic parameters. Based on this, we established a
statistical model for the relationship between sea ice and ocean
dynamic factors, strengthening the prediction of sea ice disasters
and the formulation of immediate measures. It can be used to
mitigate the impact of sea ice disasters on the local economy, ensure
the safety of infrastructure in the Bohai Sea, and promote the
exploration and development of resources in the region.

In this paper, the study of sea ice was focused on the Bohai Sea.
In future work, we will focus on other seasonal ice regions and polar
sea ice, advance our understanding of the change in global sea ice
distribution, and improve and revise sea ice forecasting models.
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