
On the Method of Design Drift-Ice
Concentration and Floe Area for
New-Energy Structures in Ice-Infested
Nearshore Areas of the Bohai Sea,
China
Zhijun Li1, Yuanren Xiu1, Qingkai Wang1, Ge Li2*, Peng Lu1*, Shan Zhong2 and Xue Chen2

1State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian, China, 2North China Sea
Marine Forecasting Center of State Oceanic Administration, Qingdao, China

To provide basic drift-ice parameters for new-energy structures in ice-infested nearshore
waters, an estimation method of the design drift-ice concentration and floe area was
established. A total of 700 satellite images in winters from 2010 to 2021 were used to
obtain the drift-ice concentration and floe area from 26 sites in the Bohai Sea. The floe area
with 90% cumulative probability was selected as the characteristic floe area in each
satellite image. Furthermore, the water temperature threshold ranging from −1.6 °C to −0.5
°C was adopted by considering the drift-ice freezing/melting states because of different
salinity values in nearshore waters. The upper limit values of the ice concentration and
characteristic floe area at the lowest water temperature of −1.6 °C were finally used as the
design drift-ice indexes. The maximum design ice concentrations (floe area) in the
Liaodong Bay, Bohai Bay, and Laizhou Bay were 96% (0.43 km2), 91% (0.39 km2),
and 87% (0.29 km2), respectively. The design ice concentration at the bay bottom was
higher than that near the mouth. The design floe area in the Liaodong Bay and Bohai Bay
increased with latitudes, but the trend was opposite in the Laizhou Bay. The method
developed in the current study has universal applicability, which can be extended to other
ice-cover waters and specific structure designs by adjusting the cumulative probability
threshold and the water temperature threshold.
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1 INTRODUCTION

Anthropogenic emissions of greenhouse gases, especially CO2 from fossil fuel combustion,
exacerbate global warming (Lacis et al., 2010; Montzka et al., 2011). To sustainably limit global
warming, China declared striving to peak carbon emissions by 2030 and to achieve carbon neutrality
by 2060 (Li et al., 2022; Liu et al., 2022). As a critical economic zone in China that is seriously
threatened by sea-level rises due to global warming, the Bohai Economic Rim needs to develop new
energies to replace fossil fuels in the electric industry to reduce CO2 emissions (Zeng et al., 2008;
Wang, 2010; Sayigh, 2021). The new energies along the coast are from wind, solar, wave, tidal,
current, nuclear, etc. Along the Bohai coast, the seasonal resources of wind energy (Li et al., 2016; Yu
et al., 2019), solar thermal energy (Chao et al., 2014), and wave energy (Zhang et al., 2009; Wang
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et al., 2016) are abundant. As one of the clean energies, nuclear
power has also been developed in Bohai coastal areas (Yan et al.,
2011).

The wave, tidal, and current energies for power generation are
limited because of about a four-month ice period every winter in
the coastal waters of the Bohai Sea. To the authors’ knowledge,
there has been no report on the utilization of tidal and current
energies in the Bohai Sea. Zhang et al. (2020) reported that sea ice
in winter reduces average wave energy fluxes by approximately a
half in the Bohai Bay and Laizhou Bay and up to 80% in the
Liaodong Bay.Wind energy supply is highest fromMarch toMay,
and solar energy supply peaks between May and July. The
variance makes the joint utilization of wind and solar energy
superior to the exclusive utilization of wind or solar energy. The
combined guarantee rate of wind and solar energy is higher from
March to July and is lower in other months (Chao et al., 2014). To
manage the conflict between air pollution and an increasing
electricity demand, the Chinese central government has chosen
the option of building nuclear power plants along the coast of the
Bohai Sea (Qi et al., 2020). Therefore, the new energies in
nearshore areas in the Bohai Sea are wind farms, photovoltaic
plants, and nuclear power plants or platforms that are operated,
under construction, and planned.

For the safe operation of industrial activities in Bohai, it is
necessary to consider the impact of sea ice (Yang, 2000; Ouyang
et al., 2019). Ice engineering in the Bohai Sea has developed since
the 1980s, and Chinese scholars have conducted many studies on
sea ice problems (Gu et al., 2013; Zhang et al., 2017). Under the
background of reducing carbon emissions, more offshore wind
farms, photovoltaic plants, and even nuclear power platforms will
be built in the Bohai Sea. The sea ice issues in new-energy
exploitation have become research hotspots in recent years.
Zhu et al. (2018) proposed a control method of wind-turbine
vibration in an ice zone based on a three-dimensional pendulum-
tuned mass damper. Wang A. et al. (2021) provided a scheme to
estimate sea ice design parameters for offshore wind farms. Zhu
et al. (2021) analyzed ice-induced frequency lock-in phenomena
of offshore wind turbines under various ice conditions through a
coupled method. Liu et al. (2021) conducted ice condition
monitoring around China’s first nuclear power plant in the ice
zone. They found that the main sea ice risks of cooling water
sources were located near the cooling water intakes.Wang Y. et al.
(2021) carried out an optimal design of the mooring system of a
floating nuclear power platform in ice zones.

The interaction of sea ice with offshore structures is an
important part of ice engineering (Tuhkuri and Polojarvi,
2018; Hendrikse and Nord, 2019). The ice force on offshore
structures cannot be greater than the available environmental
driving forces. Driving forces from the dynamic impact of a drift-
ice floe on a structure depend on the floe’s kinetic energy, which is
determined by the floe velocity, density, thickness, and area.
Moreover, when a large-area floe stops in front of the
structure, the wind and current driving forces are determined
by wind and current drag shear stresses and floe area. When the
environmental driving force is great enough to make the ice fail
against the structure, the ice force on structures is the ice failure
force; otherwise, the ice force on structures is equal to the

environmental driving force (Kreider and Vivatrat, 1983;
Sanderson, 1988). Therefore, the design ice force on a
structure should be determined as the smaller one between the
ultimate failure force of floes and the ultimate environmental
driving force.

Between the 1980s and 2010s, ice-resistance designs of
offshore structures in the Bohai Sea were generally based on
the ultimate failure force of ice sheets because ice conditions were
more severe and the ice sheets were thicker than those in the
present (Zhang, 1989; Yang, 2000). With global warming, the ice
season shortens, the ice thickness decreases, and the drift ice
occupies most of the existing sea ice in winter in the Bohai Sea
(Gong et al., 2007; Yan et al., 2019; Ma et al., 2022). With the
increase in drift ice in the Bohai Sea, ice-resistance design criteria
only based on the ultimate failure force of floes may lead to
overprotection due to less available environmental driving forces
than those required to cause ice failure, resulting in economic
waste. Nowadays, it is sensible for ice-resistance designs to
determine the ultimate environmental driving forces on
offshore structures in the Bohai Sea. Ice concentration is a
fundamental parameter characterizing sea ice conditions, and
floe area is a necessary input parameter for estimating
environmental driving forces, so their design values should be
determined (Li et al., 2017).

The prevention and control of sea ice disasters require a large
amount of ice data (Zhang et al., 2013). Yang (2000) summarized
general sea ice conditions in the Bohai Sea by statistical analysis of
long-term observations during the 1980s–1990s. Most of the
observations were on a local scale at that time, and drift-ice
conditions could not be obtained because of the shortage of large-
scale observation technology. Nowadays, remote sensing
techniques have matured in long-term continuous sea ice
monitoring in the Bohai Sea (Yan et al., 2020). China’s
Huanjing (HJ), Gaofen (GF), and China–Brazil Earth resource
satellites (CBERS) can provide large-scale remote sensing images
of sea ice in the Bohai Sea with a high spatiotemporal resolution,
making it possible to determine the design indexes of ice
concentration and floe area based on a long enough time
series of annual data, providing references for the
determination of the environmental driving force (Zhou et al.,
2010; Wang et al., 2020).

With the aim of providing basic drift-ice parameters for new-
energy structures in ice-infested nearshore waters, an estimation
method of design drift-ice concentration and floe area was
established in the present study. The remote sensing images
from HJ, GF, and CBERS satellites in winters from 2010 to
2021 were used to obtain the drift-ice concentration and floe
area near 26 sites in nearshore waters of the Bohai Sea. To achieve
the universal applicability of the method, a cumulative probability
threshold for characteristic floe area determination and a water
temperature threshold were introduced, which can be adjusted to
extend to other ice-cover waters and specific structure designs.
The article is organized as follows: Section 2 introduces the study
area, data, and data processing and analysis methods. In Section
3, the results of the design ice concentration and floe area in
26 sites and their latitude variations are shown. The discussion on
the selection criteria for the cumulative probability threshold and

Frontiers in Energy Research | www.frontiersin.org July 2022 | Volume 10 | Article 9471532

Li et al. Design Drift-Ice Criteria

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


the water temperature threshold, and the limitations and
prospects of the present study are provided in Section 4. The
main conclusions of the present study are summarized in
Section 5.

2 MATERIALS AND METHODS

2.1 Study Area
The Bohai Sea is a semienclosed inland sea in China, located at
approximately 37°07′–41°00′N, 117°35′–121°10′E. It comprises
three bays: the Liaodong Bay in the north, the Bohai Bay in the
west, and the Laizhou Bay in the south.

Effective wind energy is highest from March to May and
lowest in August along the coastal area of the Bohai Sea (Chao

et al., 2014). Long-term average wind power density (W/m2) was
derived from the wind conditions at 100 m from 1979 to 2013 (Li
et al., 2016), which showed that the mean wind power density
over the Bohai Sea and at several potential wind farm sites is
300–500W/m2 (Figure 1A). No report was given on the spatial
distribution of the annual solar energy (kWh/m2) in the Bohai
Sea. However, the annual solar energy near the Bohai coast was
118 kWh/m2, which can be obtained from the coastal results
(Chao et al., 2014). There is an operating nuclear power plant and
a building in the ice-infested coastal area in the Bohai Sea.

The sea ice in the Bohai Sea does not reduce the wind and solar
energies; however, it affects the safe operations of wind farms,
photovoltaic plants, nuclear power plants or platforms. From the
1980s to the 1990s, the sea ice condition variations in the Bohai Sea
had six characteristics from spatial distribution and four

FIGURE 1 |General natural environmental conditions in the Bohai Sea in winter. (A) The mean wind power density derived from the wind conditions at 100 m from
1979 to 2013; (B) the sea ice distribution from a satellite image on 19 January 2022; (C) the surface salinity distribution in February; (D) the surface temperature
distribution in February.
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characteristics from temporal distribution (Yang, 2000). These spatial
characteristics were that the ice condition in the north is more severe
than that in the south, that along the coast is more severe than that in
the middle of the sea, and drift ice is usually drifted from the coast.
The temporal distribution mainly was that the air temperature, wind,
and tidal current made the ice occur in the morning and disappear in
the afternoon; sea ice will increase and thicken abruptly as the cold air
mass or a cold front passes; the air temperature rises after the passage
of the cold air mass or cold front; and the ice will melt or drift
elsewhere. Nowadays, the ice characteristics mentioned above still
exist. Still the ice season shortens, the ice thickness decreases, and the
drift ice occupiesmost of the existing sea ice inwinter in the Bohai Sea
because of global warming (Gong et al., 2007; Yan et al., 2019; Ma
et al., 2022). Figure 1B gives the ice conditions from a satellite image
on 19 January 2022.

The water temperature indicates the drift ice’s freezing/
melting states. However, water salinity influences the freezing
point temperature of water. Because many rivers discharge into
the Bohai Sea, approximately 8–9×1010 m3 of freshwater flows
into the Bohai Sea each year (Yang, 2000). The water temperature
and salinity in the Bohai Sea are not uniform. The Institute of
Geography of the Chinese Academy of Sciences (1990)
summarized that the salinity of seawater in the Liaodong Bay
is the highest, followed by that of the Bohai Bay and that of the
Laizhou Bay, which is the lowest (Figure 1C). For the surface
temperature of seawater, the opposite is true (Figure 1D).

In the operation areas of new-energy structures, structures are
more likely to encounter drift ice than landfast ice. As a result, the
ice-resistance design criteria transit from solely based on the
ultimate ice failure forces, which were generally employed in the
last century, to be based on the smaller one between the ultimate
ice failure forces and the ultimate environmental driving forces.
After comparing the two ultimate ice forces, the final design
scheme can be determined. Therefore, the design values of the
drift-ice parameters are required, including the floe area, drift-ice
concentration, thickness, velocity, and direction.

To determine the design ice concentration and floe area
covering the whole Bohai Economic Rim, high-resolution
satellite images were used as the basis to obtain data. It is
necessary to select characteristic sites along the coast of the
Bohai Sea. Since the 1980s, many large coastal structures in
bays, such as dams, ports, and waterways, have changed the
morphology and dynamic environments of the coastal waters,
influencing the drift-ice movement noticeably (Shi et al., 2016; Xu
et al., 2016). Therefore, the selection of characteristic sites in the
present study considers the influence of the local bays and large
built coastal structures. A total of 26 sites along the coast around
the Bohai Sea (Figure 2) were selected as coastal base points to
explore the ice concentration and floe area in nearshore waters of
the Bohai Sea (Li et al., 2017). The location information is listed in
Table 1. The satellite remote sensing images of ice conditions
within approximately 20 km from the coast in these sites in

FIGURE 2 | Positions of the 26 sites selected as coastal base points in the Bohai Sea (red circles). The red number is the site number. Also shown are satellite
images of some of these sites.
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winters were collected, with the seawater temperature data
recorded from the nearest ocean stations on corresponding days.

With the requirements of reducing CO2 emissions, many offshore
new-energy power generation plants have been operated and
projected in the Bohai Rim (Figure 3). These new-energy
structures located in ice-infested waters need to select the ultimate
ice failure forces or ultimate environmental driving forces as the basis
of ice-resistance designs. Therefore, the characteristics of the drift ice
in nearshore waters were required. The study area (Figure 2) covers
the most operating and projected areas of these new-energy
structures. The method and relevant results of the present study
can provide references for ice-resistance designs of the projected new-
energy structures in these areas.

2.2 Satellite Images and Surface Water
Temperature Data
A total of 700 satellite remote sensing images of ice conditions
during the severe ice periods of each winter from 2010 to 2021 in
the 26 selected sites were provided by the North China Sea
Marine Forecasting Center of State Oceanic Administration.
Because of the severer ice conditions in the Liaodong Bay than
in the Bohai Bay and Laizhou Bay in winter, the number of
satellite images of the Liaodong Bay was much more than the
numbers of satellite images of the Bohai Bay and Laizhou Bay.
The resolution of the images was 1920 × 956 pixels. All satellite
images were obtained from five satellites: the HJ-1A, HJ-1B, GF-
1, GF-6, and CBERS-04.

TABLE 1 | Location information of the 26 sites.

Region Site Location Region Site Location

Liaodong Bay 1 39.28°N, 121.64°E Bohai Bay 16 39.01°N, 118.63°E
2 39.49°N, 121.15°E 17 39.04°N, 118.24°E
3 40.22°N, 122.00°E 18 39.05°N, 117.84°E
4 40.67°N, 122.00°E 19 38.53°N, 117.66°E
5 40.83°N, 121.85°E 20 38.24°N, 118.10°E
6 40.83°N, 121.56°E 21 38.14°N, 118.87°E
7 40.79°N, 120.99°E Laizhou Bay 22 37.85°N, 119.12°E
8 40.70°N, 120.97°E 23 37.44°N, 118.95°E
9 40.62°N, 120.81°E 24 37.23°N, 119.19°E
10 40.38°N, 120.60°E 25 37.14°N, 119.49°E
11 40.23°N, 120.49°E 26 37.26°N, 119.88°E
12 40.09°N, 120.12°E
13 39.97°N, 119.86°E
14 39.94°N, 119.73°E
15 39.29°N, 119.13°E

FIGURE 3 | Overview of new-energy power generation development in the Bohai Sea.
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The HJ-1A/B, China’s optical remote sensing satellites
launched in September 2008, are dedicated to environmental
and disaster monitoring and prediction. The HJ-1A is equipped
with a 30-m-resolution charge-coupled device (CCD) camera and
a 100-m-resolution hyperspectral imager, and the HJ-1B has a 30-
m-resolution CCD camera and a 150/300-m-resolution infrared
sensor. The GF-1, launched in April 2013, is the first satellite of
China’s high-resolution Earth observation system, with a design
service life of five to eight years. The GF-1 is equipped with two 2-
m-resolution panchromatic/8-m-resolutionmultispectral sensors
and four 16-m-resolution wide-field multispectral sensors. The
GF-6 launched in June 2018, a low-orbit optical remote sensing
satellite networked with the GF-1, is China’s first high-resolution
satellite for precise agriculture observation, with a design service
life of eight years. The GF-6 has a 2-m-resolution panchromatic/
8-m-resolution multispectral sensor and a 16-m-resolution wide-
field multispectral sensor. The CBERS-04, launched in December
2014, is equipped with four cameras. Among the four cameras,
the 5/10-m-resolution panchromatic sensor and the 40/80-m-
resolution infrared sensor were designed by China, and the 20-m-
resolution multispectral sensor and the 73-m-resolution wide-
field imager were designed by Brazil.

The surface water temperature data were obtained from the
field observations of 21 ocean stations near the 26 selected sites.
The daily mean value of surface water temperature from the
nearest ocean stations on the corresponding day of a satellite
image was determined for further analysis.

2.3 Data Preprocessing
The ice concentration and floe area were obtained from satellite
images based on the method proposed by Lu and Li (2010). The
image processing method has also been widely used in sea ice
retrieval from satellite images (Su et al., 2013; Hwang et al., 2017).
A color satellite image was first transformed into a grayscale
image and was then transformed into a binary copy using

thresholding segmentation. All individual floes were identified
from the binary copy of the image (see Figure 4). The ice
concentration was calculated by dividing the number of white
pixels by the total number of pixels in the binary copy. The area of
each floe was obtained based on the pixel cover area of the floe in
the binary copy after conversions to the actual size.

Floe area data were then further processed. In general, the
larger the floe area is, the lower is the frequency of occurrence
(Toyota et al., 2006). For the purpose of safe design, a more
conservative prediction is preferred. A risk parameter was usually
introduced to determine the designed value, and in the current
study, the parameter was set at 90% in the cumulative probability
distribution of floe size. Figure 5 shows an example of a satellite
image’s characteristic floe area determination. The floe area

FIGURE 4 | Examples of transformations from satellite images at (A) site 22 on 2 February and (B) site 6 on 1 February 2016 to black–white binary copies after
thresholding segmentation. In binary copies, white represents ice and black represents water. Also shown are the scale and north arrow of the images.

FIGURE 5 | Determination of the characteristic floe area based on the
satellite image at site 5 on 10 February 2017. The characteristic floe area of this
case is 0.20 km2.
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corresponding to the cumulative probability of 90% was selected
as the characteristic floe area.

3 RESULTS

3.1 Design Ice Concentration and Floe Area
The relationships between ice concentration and water
temperatures at the 26 sites were analyzed firstly. Because the
analysis processes for different sites are similar, ice concentration
versus water temperatures at two sites of the Liaodong Bay, one
site of the Bohai Bay, and one site of the Laizhou Bay was selected
as case studies. The results of all 26 sites were provided in
Supplementary Material.

The influence of water temperature on the drift ice in the
Bohai Sea is rarely mentioned. Generally, the ice thermal dynamic
process always assumes that the surface water temperature under
the ice is the same as the freezing point. This assumption is
inappropriate for drift ice because water temperature varies in
different regions. In inland seas such as the Bohai Sea, even in
winter, the water temperature in some regions is still higher than
the freezing point. Most ice floes are not formed where they stand
but drift from other areas. The freezing/melting states of ice floes
depend on local hydro-meteorological conditions.

Generally, the salinity in coastal waters is lower than that in
offshore waters because of the freshwater supply from river

FIGURE 6 | Ice concentration versus water temperatures at the four sites ((A) site 7 in the Liaodong Bay, (B) site 9 in the Liaodong Bay, (C) site 19 in the Bohai Bay,
and (D) site 26 in the Laizhou Bay). The black dotted line is the upper envelope curve of data points. The blue and red frame areas represent drift ice’s freezing andmelting
cases. The value of the black cross is the design ice concentration.

TABLE 2 | Design index of ice concentration and floe area at the 26 sites.

Region Site Ice Concentration/% Floe Area/km2

Liaodong Bay 1 78 0.17
2 71 0.31
3 96 0.37
4 90 0.41
5 87 0.40
6 92 0.37
7 92 0.24
8 87 0.37
9 91 0.26
10 91 0.20
11 80 0.38
12 78 0.43
13 87 0.20
14 78 0.38
15 78 0.39

Bohai Bay 16 60 0.39
17 74 0.18
18 77 0.27
19 91 0.30
20 83 0.25
21 71 0.11

Laizhou Bay 22 54 0.12
23 58 0.17
24 78 0.26
25 87 0.29
26 72 0.27
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discharges along the coastal zone. Salinity determines the water
freezing point. Water temperature combined with salinity can be
used to determine the local drift-ice freezing and melting
situation. The freezing point of ice floes formed in coastal
areas was assumed as a threshold of −0.5 °C. Ice floes drifted
to other places that would grow if water temperatures < −0.5 °C
and melt if water temperatures > −0.5 °C. Moreover, Yang (2000)
reported that the lowest water temperature was
approximately −1.6 °C in the Bohai Sea. The two water
temperature thresholds of −0.5 °C and −1.6 °C correspond to
the highest and lowest freezing points of seawater in the
Bohai Sea.

Figure 6 plots ice concentration against water temperatures at
the four sites. The freezing/melting states of ice floes were marked
according to water temperatures. Although the data were
somewhat scattered, upper envelope curves showed significant
rising trends of ice concentration with decreasing water
temperatures. According to the upper envelope curve of the
ice concentration against water temperatures determined, the
upper limit value of the ice concentration at the lowest water
temperature of −1.6 °C (the black cross in Figure 6) was selected
as the design drift-ice concentration. The design ice
concentrations at the 26 sites are summarized in Table 2.

Figure 7 plots the characteristic floe area against water
temperatures at the four sites. As references, ice floes’ freezing/
melting states were also marked according to water temperatures.
Upper envelope curves showed significant rising trends of the
characteristic floe area with decreasing water temperatures.

According to the upper envelope curve of the characteristic
floe area against water temperatures, the upper limit value of
the characteristic floe area at −1.6 °C (the black cross in Figure 7)
was selected as the design floe area. All design characteristic floe
areas at the 26 sites are also summarized in Table 2.

3.2 Latitudinal Variations of Design Ice
Concentration and Floe Area
3.2.1 Design Ice Concentration Variation With
Latitudes
Figure 8 shows the latitudinal variations of the design ice
concentration in the Bohai Sea. Along the latitude from low to
high are the Laizhou Bay, Bohai Bay, and Liaodong Bay. The
overall trend of each bay was that the design ice concentration at
the bottom of the bay was larger than that at the bay mouth.

The design ice concentration in the Laizhou Bay decreased with
the increase in latitude. At the bottom of the bay, the nearshore
seawater was easy to freeze and ice floes accumulated easily,
affected by cold north winds. Therefore, the ice conditions at
the bottom of the bay were more severe than those at the mouth of
the bay. When the latitude was 37.85°N, the design ice
concentration was the lowest. This position corresponded to site
22 in the Laizhou Bay, which was located at the bay mouth and
affected by the flow of the Yellow River into the Bohai Sea, resulting
in the low ice concentration here.

In the Bohai Bay, the regions with the highest design ice
concentration appeared at the bottom of the bay, where the

FIGURE 7 |Characteristic floe area versus water temperatures at the four sites ((A) site 7 in the Liaodong Bay, (B) site 9 in the Liaodong Bay, (C) site 19 in the Bohai
Bay, and (D) site 26 in the Laizhou Bay). The black dotted line is the upper envelope curve of data points. The blue and red frame areas represent drift ice’s freezing and
melting cases. The value of the black cross is the design floe area.
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design ice concentration was up to 91%. In contrast, the design ice
concentration at the bay mouth was lower. The main reason for
this distribution of the design ice concentration was the low air
temperature in high-latitude areas and ice movement by the
north winds.

The bay mouth is located southeast of the Liaodong Bay and at
low latitudes. The design ice concentration in the Liaodong Bay
increased gradually with latitudes. Severe ice conditions appeared
at high latitudes, mainly because of low air temperatures.

Quadratic functions were used to depict the upper envelope
curves of the design ice concentration versus the latitude in the
three bays of the Bohai Sea (Figure 8). Correspondingly, the
equations of these upper envelope curves are provided as follows:

Cd �
⎧⎪⎨
⎪⎩

49.67θ2 − 3771.10θ + 71636.00, θ ∈ (37.12, 37.90)
−67.89θ2 + 5239.90θ − 101013.00, θ ∈ [37.90, 39.10)
−8.51θ2 + 691.25θ − 13934.00, θ ∈ [39.10, 41.00)

(1)
where Cd is the design ice concentration, in %; and θ is the
latitude, in °N. Equation 1 can be used to determine the design ice
concentration in the Bohai Sea at different latitudes.

3.2.2 Design Floe Area Variation With Latitudes
Figure 9 shows the latitudinal variations of the design floe area
in the Bohai Sea. The general variation trend of the design floe
area with latitude was approximately similar to that of the
design ice concentration. The contributing factor for this
trend was similar to that of the design ice concentration
variation with latitude.

With the latitude increase, the design floe area decreased
gradually in the Laizhou Bay. When the latitude is 37.85°N,
the design floe area is the smallest. This position is near the
estuary of the Yellow River. Under the influence of river water
flow, the design floe area is the smallest, only 0.12 km2.

In the Bohai Bay, the regions with a larger design floe area were
located at the bottom of the bay and north of the bay mouth,
where the design floe area was up to 0.39 km2. In contrast, the
design floe area at the south of the bay mouth was the smallest.
The main reason for this distribution of design floe area was the
low air temperature in areas with high latitudes.

The design floe area in the Liaodong Bay showed a slightly
increasing trend with latitude. The scattered latitudinal
distribution of the design floe area resulted from the influence
of temperature variation with latitude. In addition, the direction

FIGURE 8 | Variation of design ice concentration with latitude in the Bohai Sea.

FIGURE 9 | Variation of design floe area with latitude in the Bohai Sea.
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from the bay mouth to the bay bottom was opposite to the
prevailing wind direction.

Quadratic functions were used to describe the upper envelope
curves of the design floe area varying with the latitude in the three
bays of the Bohai Sea (Figure 9). The equations of these upper
envelope curves are provided as follows:

Ad �
⎧⎪⎨
⎪⎩

−0.10θ2 + 7.60θ − 137.79, θ ∈ (37.12, 37.90)
−0.12θ2 + 9.28θ − 182.49, θ ∈ [37.90, 39.10)
−0.02θ2 + 1.49θ − 29.82, θ ∈ [39.10, 41.00)

(2)

whereAd is the design floe area, in km
2. Equation 2 can be used to

determine the design floe area in the Bohai Sea at different
latitudes when the characteristic floe area corresponds to the
cumulative probability of 90%.

4 DISCUSSION

4.1 Threshold Selection Criteria
The method developed in the present study has universal
applicability, although the data used are from the Bohai Sea in
China. When the method is extended to other ice-cover waters or
specific structure designs in the future, the environmental conditions
in the projected engineering areas and the ice-resistance grade
requirements of structures should be considered specifically.
Therefore, it is necessary to adjust the relevant thresholds of the
method. There are two relevant thresholds, i.e., the cumulative
probability threshold for characteristic floe area determination
and the water temperature threshold. The selection criteria for
the two thresholds are discussed as follows.

4.1.1 Cumulative Probability Threshold of
Characteristic Floe Area
Engineering design criteria require that ice-resistance designs of a
specific offshore structure comprehensively consider its type,
fixing way, dimensions, design grade, etc. (ISO, 2019). For
offshore structures with higher design requirements, the
cumulative probability of floe area to determine the
characteristic index should select a higher value.

Figure 10 shows the characteristic floe area versus water
temperature for 90 and 100% cumulative probabilities of floe
area at site 26 in the Laizhou Bay. For the characteristic floe area
of 90 and 100% cumulative probabilities, the design floe areas
determined were 0.27 and 18.65 km2, respectively. The difference
between them is approximately two orders of magnitude, which
leads to a huge difference in environmental driving forces and
affects the selection of ultimate ice force mode. Hence, for
engineering practice, the characteristic floe area must be
selected according to the design requirement of the specific
structure.

4.1.2 Water Temperature Threshold
When the ice floes drift to waters where the water temperature is
higher than the floes’ freezing point, the ice temperatures are
gradually raised by the seawater here. When the ice floes drift to
waters where the water temperature is lower than or equal to the
floes’ freezing point, the ice temperatures gradually decrease and
the thickness increases. Therefore, water temperature can be
taken as a key hydrological control factor to classify the area
where drift-ice floes stand into a melting zone or freezing zone.
Water temperature is included in the control factors of drift-ice
design parameters.

In terms of engineering designs, when the drift ice is in the
melting zone, its design ice temperature is deemed to be close to
the freezing point of ice floes; when the drift ice is in the freezing
zone, its design ice temperature can be approximated as the mean
of local surface water temperature and air temperature. Ice
temperature affects ice strength, which is an essential control
factor of the maximum ice force on a structure in the collision
process of ice floes on a structure (Cammaert and Tsinker, 1981;
Sanderson, 1988; Li et al., 2011).

The method developed in the present study is based on the
data from the Bohai Sea. A large amount of freshwater supply
from river discharges leads to local salinity reduction in nearshore
waters of the Bohai Sea. Salinity increases to approximately 31‰
in central Bohai (Yang, 2000). Therefore, the water temperature
threshold ranging from −1.6 °C to −0.5 °C was selected in the
present study, corresponding to the lowest and highest freezing
points of seawater in the Bohai Sea. When the local water

FIGURE 10 | Characteristic floe area versus water temperatures at site 26 of the Laizhou Bay. The characteristic floe area corresponds to (A) 90% and (B) 100%
cumulative probabilities. The black dotted line is the upper envelope curve of data points. The blue and red frame areas represent drift ice’s freezing and melting cases.
The value of the black cross is the design floe area.
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temperature is higher than −0.5 °C, ice floes drifting here are
considered melting; otherwise, ice floes drifting here are deemed
freezing. The upper limit values of the drift-ice parameters at the
water temperature of −1.6 °C were selected as the basis of ice-
resistance designs. For ice-resistance designs in other seas, the
water temperature threshold should be selected according to the
range of local seawater freezing points in the projected
engineering area.

4.2 Limitations and Prospects
Satellite observations are influenced by clouds. The existence of
clouds introduced errors in distinguishing ice and water when
processing satellite images by thresholding segmentation. The
frequency of satellite observations also introduced uncertainties.
In the past, the number of satellites was limited and the revisit
period of a high-resolution satellite was usually several days.
Nowadays, although the increase in the number of satellites
reduces the revisit period, it is still not guaranteed that there
will be clear satellite images every day. As a result, it is uncertain
whether the clear satellite images are obtained on the day with the
most severe ice conditions. Thus, the present study used the
upper envelope curves of data points rather than the return
period method for the designs. Using long-term datasets can
ensure that future observations are lower than the upper envelope
curve. Therefore, the design indexes of drift-ice concentration
and floe area obtained by the present method can be considered
reliable.

Meteorological, hydrological, and topographical conditions
jointly affect ice formation in restricted waters, and relevant
investigations have already obtained much achievement (Yang,
2000; Shi et al., 2016; Xu et al., 2016). However, there is a gap
between the drift-ice behavior and design drift-ice parameters.
The behavior of drift ice is driven by the ice thermal and dynamic
processes, whereas the design parameters depend on the
structures and need the upper limit. At present, existing
knowledge is not enough to fill this gap. More efforts are
required in the future to fill the gap between the drift-ice
behavior and design drift-ice parameters.

5 CONCLUSION

To provide an estimation method of the design ice concentration
and floe area for ice-resistance designs of offshore new-energy
power generation structures in nearshore waters of the Bohai Sea,
700 satellite images in winters from 2010 to 2021 were used to
obtain the ice concentration and floe area near 26 sites in
nearshore waters of the Bohai Sea. Each satellite image’s floe
area of 90% cumulative probability was selected as the
characteristic floe area. A water temperature threshold of −0.5
°C corresponding to the freezing point of local seawater was
introduced to consider the local floes’ freezing/melting states. The
relations between water temperature and ice concentration as
well as water temperature and characteristic floe area were further
analyzed. Upper limit values at the lowest water temperature
of −1.6 °C of both the ice concentration and the characteristic floe
area were selected as design drift-ice indexes. Latitudinal

variations of design ice concentration and floe area were also
analyzed.

Results showed that the upper limit values of both the ice
concentration and the characteristic floe area had an increasing
trend with decreasing water temperatures. The design ice
concentration in different sites in the Liaodong Bay, the Bohai
Bay, and the Laizhou Bay ranged from 71 to 96%, 60–91%, and
54–87%, respectively. Correspondingly, the design floe area in the
three bays ranged from 0.17 to 0.43 km2, 0.11–0.39 km2, and
0.12–0.29 km2. The design ice concentration at the bottom of the
bay was higher than that at the bay mouth for the three bays. The
design floe area had a rising trend with increasing latitudes in the
Liaodong Bay and Bohai Bay but had a reducing trend in the
Laizhou Bay.

The estimation method of the design ice concentration and
floe area provided in the present study has universal
applicability and can be used as a reference for ice-
resistance designs of offshore structures. The characteristic
floe area determined by different cumulative probabilities will
result in a quite massive difference in the design floe area.
Water temperature threshold selection affects the
determination of ice floes’ freezing/melting states. For
engineering practice, the characteristic floe area must be
selected according to the design requirement of a specific
structure, and the water temperature threshold shall be
selected according to local hydrological conditions.
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