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Abstract: Bohai Sea ice creates obstacles for maritime navigation and offshore activities. A better
understanding of ice conditions is valuable for sea-ice management. The evolution of 67 years of
seasonal ice thickness in a coastal region (Yingkou) in the Northeast Bohai Sea was simulated by using
a snow/ice thermodynamic model, using local weather-station data. The model was first validated
by using seasonal ice observations from field campaigns and a coastal radar (the season of 2017/2018).
The model simulated seasonal ice evolution well, particularly ice growth. We found that the winter
seasonal mean air temperature in Yingkou increased by 0.33 ◦C/decade slightly higher than air
temperature increase (0.27 ◦C/decade) around Bohai Sea. The decreasing wind-speed trend (0.05 m/s
perdecade) was a lot weaker than that averaged (0.3 m/s per decade) between the early 1970s and
2010s around the entire Bohai Sea. The multi-decadal ice-mass balance revealed decreasing trends of
the maximum and average ice thickness of 2.6 and 0.8 cm/decade, respectively. The length of the ice
season was shortened by 3.7 days/decade, and ice breakup dates were advanced by 2.3 days/decade.
All trends were statistically significant. The modeled seasonal maximum ice thickness is highly
correlated (0.83, p < 0.001) with the Bohai Sea Ice Index (BoSI) used to quantify the severity of the
Bohai Sea ice condition. The freezing-up date, however, showed a large interannual variation without
a clear trend. The simulations indicated that Bohai ice thickness has grown continuously thinner
since 1951/1952. The time to reach 0.15 m level ice was delayed from 3 January to 21 January, and
the ending time advanced from 6 March to 19 February. There was a significant weakening of ice
conditions in the 1990s, followed by some recovery in 2000s. The relationship between large-scale
climate indices and ice condition suggested that the AO and NAO are strongly correlated with
interannual changes in sea-ice thickness in the Yingkou region.

Keywords: Bohai Sea; sea-ice thickness; thermodynamic ice model; coastal radar; interannual and
seasonal variability

1. Introduction

Sea ice is an important part of the Earth environment. Sea-ice-mass balance has a
profound impact on the ocean, the atmosphere, and the climate [1,2]. For example, when
sea ice is formed, the energy exchange between seawater and the atmosphere is significantly
reduced, which, in turn, alters the energy balance of the upper ocean. Therefore, sea ice
can act as a proxy, reflecting the regional and global climate [3]. The Bohai Sea is partially
covered by sea ice during the winter. It is a southernmost sea with seasonal ice cover in the
northern hemisphere. The seasonal sea-ice cover in the Bohai Sea has important ecological,
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social, and economy impacts [4,5]. Accurate long-term knowledge on ice conditions is
critical for maritime operations, such as optimization and planning of ship routing in the
harbors and ice-breaking operations along the ship routes.

The Bohai Sea is located between north latitude (37◦07′~40◦56′) and east longitude
(117◦33′~122◦08′). The maximum width of the east and west of the Bohai Sea is 346 km, and
the maximum length of the south and north is 550 km (Figure 1). The costal line is roughly
3800 km in total. The sea area is 80,000 square kilometers, with an average depth of about
18 m. Bohai is a semi-enclosed sea. The sea salinity is between 29‰ and 31‰. Bohai is
designated a mid-latitude sea. Meteorological parameters, such as air temperature, showed
a strong seasonal cycle. The wind pattern showed typical monsoon characteristics, with
an average wind speed of about 3~6 m/s and a majority NW distribution. The irregular
semidiurnal M2 120 cm tide prevails. During winter, the local weather pattern is largely
dominated by the high pressure in North Siberia; the low air temperature, accompanied
by a strong northwest wind result, showed clear sky conditions. The sea ice is largely
distributed in the Northernmost Liaodong Bay of the Bohai Sea (cf. Figure 1). The ice
conditions showed large temporal and spatial distributions in Liaodong Bay. The east coast
of Liaodong Bay first shows ice formations, followed by the west coast. In the normal ice
winter, the maximum area of sea ice in Liaodong Bay can reach 1.8 × 104 square kilometers;
the distance between the open-water ice edge and coastline is about 120–166 km, and the
maximum level ice thickness is about 30–40 cm [6]. In contrast with other regional seas (e.g.,
Baltic Sea), the long-term quantitative sea-ice observation in the Bohai Sea was insufficient;
however, qualitative sea-ice documentation has a long history [7]. Remote sensing has
played an important role in sea-ice observations. This technique has also been used for
Bohai Sea ice investigation [8,9]. Efforts have been made to combine remote-sensing
observations, operational weather forecasts, and numerical sea ice models to estimate
sea-ice parameters [10].

A lot of studies have been carried out on the Bohai Sea ice, but most of them have
targeted the seasonal and annual cycles. For example, to observe sea-ice thickness in
Liaodong Bay, MODIS data were applied to monitor the spatiotemporal evolution of Bohai
sea ice [11–13], and a semi-empirical model based on hyperspectral remote sensing was
developed to calculate seasonal ice thickness [14,15]. Few studies have focused on long-
term ice conditions in the Bohai Sea by investigating the large-scale climate index, e.g.,
the Arctic Oscillation (AO), local temperature, and their linkages to the Bohai Sea ice
conditions [16,17]. A recent study [18] focused on the long-term variability in the Bohai Sea
ice area by using a statistical method. Understanding changes in long-term ice conditions
would require long-term sustainable in situ observations; such an undertaking would be
a big challenge in the Bohai Sea. The sea-ice process model can be used to tackle this
challenge. Modeling results are based on sea-ice physics and have a strong connection
with weather and climate forcing condition. If the model is validated and weather data are
reliable, we may expect that the results from the physical-based ice model would provide
valuable insights into long-term ice conditions that would potentially be useful for the
design and construction of coastal and offshore constructions and ice management for ship
navigations. A physical long-term investigation of Bohai Sea ice is still missing. There
are long-term meteorological observations around the Bohai Sea. The local long-term ice
conditions can be reconstructed by using a well-validated physical ice model.

In this study, we carried out long-term ice-thickness modeling by using a high-
resolution thermodynamic snow-and-ice model (HIGHTSI) forced by weather station
data observed in Yingkou, north of the Bohai Sea. A multi-decadal sea-ice-mass balance
time series was calculated. In the coastal region, the ice-mass balance is mainly driven by
thermodynamic processes [19]. We investigate modeled sea-ice parameters, particularly the
time series of ice thickness, freeze-up and breakup dates, and their interannual variations.

The objective of this study was to find the meteorological-driven interannual coastal
sea-ice-mass balance and its linkages with climate change in the region. Our results are
compared with previous Bohai Sea ice studies. The modeled ice parameters can be useful
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for the Bohai Sea ice remote sensing and have potential applications for other seasonal
ice-covered seas [19,20].
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Figure 1. Geographical location of the Bohai Sea in the east coast of China in (a) and Liaodong Bay 
in the northern part of the Bohai Sea (b). The black dot (●) is the Yingkou meteorological weather 
station, and the red triangle is the Bayuquan coastal radar position. The in situ observation was 4 
km north of the Bayuquan coastal radar position. The top image is the Bayuquan coastal landfast 

Figure 1. Geographical location of the Bohai Sea in the east coast of China in (a) and Liaodong Bay
in the northern part of the Bohai Sea (b). The black dot (•) is the Yingkou meteorological weather
station, and the red triangle is the Bayuquan coastal radar position. The in situ observation was 4
km north of the Bayuquan coastal radar position. The top image is the Bayuquan coastal landfast
ice, and the bottom right photo is the coastal radar. The distance between Yingkou meteorological
weather station and Bayuquan coastal radar position is 10 km.

2. Data and Methods
2.1. Study Site

Sea-ice conditions in the Bohai Sea respond to global climate change [5]. Ice exists
in the Liaodong Bay (Figure 1) every winter season. Liaodong Bay has the maximum ice
conditions with respect to the ice extent, thickness, concentration, and duration [21,22].
Yingkou, a north-west coastal harbor area at 122◦13’ E, 40◦39’ N, has the severest ice
conditions in Liaodong Bay. The average water depth is 5 m, and the sea water salinity is
28 ‰. The ice season usually covers part of December and lasts until the end of March [23].
For convenience, we define the period between 1 December and 31 March as the full ice
season (FIS).

2.2. Sources of Data
2.2.1. Meteorological Data

The Yingkou meteorological station located at the Park of Yingkou West Battery
(122◦13’ E, 40◦39’ N) was established in 1904. In this study, the investigation period
lasted from 1950 to 2020. The ice season before 1950 was excluded, due to insufficient
observations. The archived data are from (http://data.cma.cn/, accessed on 1 December
2021). The weather parameters we applied are wind speed (Va), air temperature (Ta),
relative humidity (Rh), and total cloudiness (CN). The hourly cloud observation was not
available on an hourly basis, but the accumulated monthly sunshine hours are available.
Therefore, the CN was derived as CN = 1 − (SSD/PSD), where SSD is the observed daily

http://data.cma.cn/
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sunshine hours and PSD is the theoretical daily sunshine hours, 9–11 h during FIS. This
estimation cannot identify daily cloud condition but can fairly represent the total cloud
portion on a monthly basis. The clear-sky condition dominates the winter season over the
Bohai Sea area [24].

2.2.2. Sea Ice Observation by Coastal Radar

A coastal radar was constructed at Duntai Mountain Bayuquan (122◦6′ E, 40◦17’ N)
in 1987 (Figure 1). The height of the antenna was 120 m above sea level. The radar was
initially designed for Yingkou harbor service. Since 1989, the radar has been used to monitor
local sea-ice conditions, as part of the operational service formed by the National Marine
Environmental Monitoring Center, State Oceanic Administration [25]. The operational
monitoring of sea ice was largely qualitative in the early days. Since 2010, the radar images
have been digitized and processed by establishing links between the texture of radar images,
radar echo, and in situ ice classification with respect to the sea ice types, such as ice rind,
nilas, pancake ice, gray ice, and gray-white ice. Based on the typical thickness of those ice
types, we finally identified the ice thickness in the radar-monitored domain [26–28]. In
principle, the radar monitoring can be carried out continuously on a daily basis. However,
for operational seasonal sea ice monitoring, the radar was activated only at 8:00, 14:00, and
20:00 local time. The effective sea-ice observation radius of radar antenna is 27 km.

Under the influence of local wind, sea current, tide, and bathymetry, the initial ice
formation is quite dynamic, and ice floes may experience breakup and consolidation several
times before becoming stabilized in the coastal ice zone. After consolidation, rapid ice
formation took place, a coastal landfast ice zone was formed, and ice thickness started to
increase. The dynamic influence on sea-ice movement was largely reduced. During the
melting season, ice grows thinner and is more easily subject to breakup, ice concentration is
reduced, and the various dynamic impacts on ice movement increase again. On a seasonal
scale, the local sea-ice characteristics reveal a high sea-ice concentration, largely level
undeformed ice cover and slow ice motion. Therefore, the level ice thickness and maximum
and minimum ice thicknesses are quantitatively identified from the radar signal and then
averaged to a single ice-thickness category, as a step function along with time. This simple
procedure can overcome the disadvantage of not being able to provide ice thickness from
successive radar images.

The coastal radar sea-ice monitoring became operational in 2017. The processing
of radar signal data is still largely a manual process. A field expedition was carried out
in winter 2016/2017, between 12 January and 20 February. We collected comprehensive
in situ ice thickness in a confined coastal land fast sea-ice area of about 2 km2, which
was covered by the radar antenna scanning radius. The data were used to verify radar
ice-thickness products.

2.2.3. Bohai Sea Ice Index (BoSI)

The Bohai Sea Ice index (BoSI) number has been used to qualitatively assess Bohai Sea
ice conditions since 1950 [18]. It was concluded based on observed maximum sea-ice extent,
maximum ice thickness, and ice-season duration. This number was used to characterize
the severity of ice conditions in the Bohai Sea. The BoSI divided sea-ice conditions into
9 levels, according to the China Ocean Disaster Bulletin (1991–2018) and a compilation of
information on 40 years of marine disasters in the China (1949–1990) protocol. The index
ranges from 1 to 5, with an increment of 0.5. The integer numbers represent extremely mild
(1), mild (2), normal (3), severe (4), and extremely severe (5).

2.3. Thermodynamic Ice Model

HIGHTSI is a thermodynamic process model [29–34]. The principle of HIGHTS
follows the classical 1D sea-ice model invented by Maykut and Untersteiner [35]. HIGHTSI
considers vertical heat and mass balance through the snow–ice–ocean system. The model
core is the numerical solutions of partial-differential heat-conduction equations for snow
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and ice, respectively. HIGHTSI accounts for the snow–ice interaction with respect to the
heat and mass transformation (snow to ice). The surface and ice-bottom heat balance and
mass balance act as boundaries connected with the atmosphere and ocean, respectively.
HIGHTSI has been validated and applied for various sea-ice applications for seasonal
ice-covered seas and the polar ocean [33,36]. The modeling results are representative along
an ice floe drift trajectory [37] or a coastal domain [38]. The key processes (equations),
model parameters, and external forcing items, as well as output results, used in this study
are summarized in Table 1.

Table 1. Major components of HIGHTSI model and parameters used for this study.

Surface Heat and Mass Balance In Snow and Ice
Temperature

Ice-Bottom Heat and Mass
Balance

Equation

(
1− αi,s

)
Qs − I(z)0 +εQd −Qb

(
Ts f c

)
+Qh

(
Ts f c

)
+ Qle

(
Ts f c

)
+Fc

(
Ts f c

)
− Fm = 0

(ρc)i,s
∂Ti,s(z,t)

∂t = ∂
∂z (ki,s

∂Ti,s(z,t)
∂z

−q(z, t))
ρi Li

dhi
dt + Fw =

(
ki

∂Ti
∂z

)
bot

Parameter

Qs: downward solar radiation for all sky
condition.
α: surface albedo;
I(z): solar radiation penetrating below the
surface layer;
Qd and Qb: downward and upward
longwave radiation under all sky
conditions; ε: surface emissivity.
Qh and Qle: turbulent sensible and latent
heat fluxes;
Fc is the conductive heat flux of the
surface layer;
Fm: surface melting of snow or ice;
Tsfc: surface temperature

T: temperature;
t: time;
z: vertical coordinate below
the surface;
ρ: density;
c: specific heat;
k: thermal conductivity
(function of Ti and si)
q(z,t) is the absorbed solar
radiation below surface layer.
The subscripts s and i: snow
and ice, respectively

hi: sea-ice thickness;
Li: latent heat of fusion;
Fw: Oceanic heat flux;

HIGHTSI
parameters

values used for
this study

Extinction coefficient of sea ice (ki)= 1.5
m−1;
αs,I: parameterization (Briegleb, et al.,
2004)
ε = 0.97;

k0 = 2.03 W m−1 K−1;
ρi = 910 kg m−3;
ci = 2093 J kg−1 K−1.
Sea ice salinity (si) = 1–6 ppm;

Oceanic heat flux (Fw)= 2
W/m2.
Freezing point (Tf)= −1.4 ◦C;
Latent heat of freezing (Li)=
0.33 × 106 J kg−1

Input Wind speed (Va); temperature (Ta); relative humidity (Rh); cloud cover (CN); solar radiation (parameterized).

Output Time series of ice thickness (hi), timing of maximum ice thickness, freeze-up and breakup dates

2.4. Statistical Methods

To perform multi-decadal statistical analyses, we applied Theil–Sen’s slope estimator
to generate the fitting lines from multi-decadal parameters. The non-parametric Mann–
Kendall (MK) test was used to evaluate the trends, and the two-tailed t-test was used to
characterize the statistical significance level. These are well-known statistical tools that
have been widely used for Earth data analyses [39–42].

2.5. Large-Scale Climate Indexes

To understand the impact of large-scale atmosphere circulations on Bohai Sea ice,
we investigated the correlations between local weather parameters, ice conditions, and
large-scale atmospheric circulation indices from December to March between 1951/1952
and 2017/2018. The large-scale indices are Arctic oscillation (AO), Pacific/North American
pattern (PNA), North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO), and
El Nino-Southern Oscillation (ENSO). The data were downloaded from Physical Sciences
Laboratory (www.esrl.noaa.gov/psd/data/climateindices, accessed on 1 December 2021).

www.esrl.noaa.gov/psd/data/climateindices
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In the analysis, the climatic indexes are average values for the winter season, defined for
the months of December, January, February, and March (DJFM).

3. Results and Analyses
3.1. Model Validation

Bohai Sea in situ observations have been used for HIGHTSI development and valida-
tion [29]. This work was carried out more than 2 decades ago, and the validation period was
rather short (~5–7 days). To perform multi-decadal seasonal modeling, a new validation
of HIGHSTI for the Bohai Sea ice is necessary. The 2017/2018 seasonal-radar-observed
ice thickness was selected for HIGHTSI validation. In addition, the monthly observed ice
thickness was also applied as a seasonal ice survey. The BoSI was 3 for 2017/2018. The
seasonal maximum level ice thickness reached 30 cm in Liaodong Bay. The maximum
ice extent was reached on 28 January 2018, where the distance between the northernmost
shoreline of Liaodong Bay and ice edge was approximately 137 km. The ice thickness was
manually observed on the coastal landfast ice, and the situ observation was 4 km north
of the Bayuquan coastal radar position. The level ice was 10 cm on 13 January 2018. On
February 3, ice thickness reached 27 cm. On 14 February, ice thickness reached a seasonal
maximum of 33 cm.

Figure 2 shows the comparison of observed and modeled ice thickness. We can see that
HIGHTSI-modeled ice thickness captured the observed ice-growth pattern reasonably well
during the freezing season (26 December–9 February). Bear in mind, this study focused
on sea-ice thermodynamic modeling; the dynamic impact of sea ice was not considered in
the HIGHTSI. Therefore, we cannot provide a quantitative assessment of wind and ocean
impact on coastal ice accumulation. However, the local field observations indicated that
offshore wind and ocean current can generate ice raft, leading to ice accumulation in the
early freezing season [23]. The modeled maximum ice thickness was 0.32 m, whereas the
in situ observed value was 0.33 m, so they were very close to each other. The modeled ice
melting was faster than the observation. This discrepancy was probably contributed to
by the ice dynamics. Melting reduces ice thickness, and thinner ice is easier to raft and
deform, increasing the total ice thickness detected by the coastal radar and in situ point
measurement. We concluded that HIGHTSI simulated seasonal landfast ice thickness near
Yingkou until mid/late February.
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3.2. Long-Term Trends of Meteorological Parameters

Figure 3 shows the observed winter-season mean meteorological parameters of Yingkou
station during the study period. The air temperature shows an increasing trend of 0.33
◦C/decade (Table 2). The wind speed has a decreasing trend of 0.05 m/s/decade. The
relative humidity decreased by 0.59%/decade. Cloudy weather also increased.
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Table 2. Significance of trends (Mann–Kendall test) of meteorological parameters during the freez-
ing season.

Theil–Sen’s Slope (10
Years)−1 p

Ta (◦C) 0.33 0.00002
Va (m/s) −0.05 0.04
Rh (%) −0.59 0.03

Cn 0.0089 0.00001
p: significance level, Mann–Kendall test. Bold numbers: trends reach significance level (p < 0.05).

Table 3 summarized the average temperature trend for each winter month. The result
indicated that increases in air temperature were the highest in February (the heaviest ice
month for the Bohai Sea), followed by January (the second heaviest ice month) and Decem-
ber. The March air temperature increased the slowest during the Bohai Sea winter season.
The increase in monthly mean temperature reached statistical significance during January
and March. The increase in temperature has an important influence on the weakening of
ice conditions.
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Table 3. Trends of air temperatures during the season of DJFM.

Season Theil–Sen’s Slope (10 Years)−1 p

December 0.18 0.14
January 0.37 0.002

February 0.54 0.0001
March 0.16 0.0002

p: significance level, Mann–Kendall test.

The increase in cloudy weather can reduce longwave radiative cooling, while cold
weather generates local warming.

3.3. Sea-Ice-Mass Balance
3.3.1. Maximum Ice Thickness

HIGHTIS is a one-dimensional thermodynamic snow-and-ice model. The mass bal-
ance is simulated in the vertical direction. However, HIGHTSI can be used for 2D simulation
for a domain if the weather data from each grid are provided [43]. In this study, we focused
on the Yingkou coastal area. The calculated ice thickness refers to one unit area. The
modeled ice thickness is representative for the coastal area, since the ice is immobile once
consolidated. A total of 67 winters’ sea-ice thermodynamic mass balances were simulated
(the computation is performed on the Qingdao National Laboratory for Marine Science and
Technology high-performance computing and systematic simulation platform). The model
run started on 1 December. The model was initialized with a constant 0.05 m thin ice. In
early December, the weather conditions may not favor sea-ice formation; if the modeled ice
thickness is smaller than 0.05 m, this value will be resumed. The initial ice freeze-up was
defined as ice thickness starting to grow continuously [38]. The model run stopped when
the ice thickness was reduced to zero. The initial 0.05 m ice thickness was justified because
of the dynamic impact due to wave/tide and wind, meaning that the sea-ice thickness was
rarely sustainable below 5 cm. Snow was not included in the simulations, since seasonal
snow on sea ice was rather thin. The seasonal modeled maximum ice thickness versus BoSI
is illustrated in Figure 4.
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The correlation coefficient between BoSI and modeled maximum ice thickness is 0.83
(p < 0.001) during the study period. BoSI is determined annually by the seasonal maximum
ice extent, ice season duration, and maximum ice thickness observed in the entire Bohai
Sea. The Yingkou coastal region has the longest ice season duration in the Bohai Sea. Once
the landfast ice is consolidated, the ice cover likely remains until the melting season begins.
Yingkou region usually has the longest ice season and thickest ice thickness in the Bohai
Sea. Therefore, the modeled maximum ice thickness correlates quite well with BoSI.

3.3.2. Bohai Sea Ice Phenology

HIGHTSI modeled inter-annual freezing-up dates are shown in Figure 5. The earliest
freezing-up occurred on 30 November, and the last was on 8 January. Previous studies have
indicated that Bohai Sea ice conditions are largely dominated by the intensity and timing
of cold-air outbreaks [44]. In December, under the influence of a cold swell and outbreaks
from North Siberia, the low air temperature, accompanied with strong northwest wind,
significantly cooled the seawater temperature in Liaodong Bay, leading to sea-ice formation.
However, diurnal solar radiation was strong at Bohai Sea’s latitude. The clear sky weather
prevails during winter. Hence, sea ice in the Liaodong Bay was often under the influence
of repeated random frozen/thawed weather in early winter, leading to large interannual
variations in the freezing-up date, without a long-term trend. On average, the freezing-up
date occurred around 21 December.
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The modeled breakup date showed a clear trend toward early occurrence (Figure 6).
The average breakup date was 4 March ± 12 (mean ± standard deviation), the earliest
breakup date occurred on 5 February 2008, and the latest breakup date was 31 March 1958.
The decreasing trend of the breakup date was 2.3 days/decade. The modeled breakup
date was largely affected by the accumulated melting degree day, which is determined by
air temperature above zero. The modeled accumulation of total number of ice-days (the
number of days in which sea ice exists) in each month (Figure 7a) and for the entire ice
season (FIS, Figure 7b) showed decreasing trends in response to the variability in freezing-
up and breakup dates. The decreases in ice-days were large in March and December as
compared with those in January and February. The average total number of ice-days was
69 ± 20. The decreasing trend of the ice season was 3.72 days/decade (Table 4).
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Table 4. Trends of HIGHTSI-modeled seasonal ice-days and breakup date (Theil–Sen’s slope).

Parameters Theil–Sen’s Slope (Decade) p

FS (days) −3.72 0.0002
December (days) −1.08 0.03

January (days) −0.23 0.02
February (days) −0.67 0.01

March (days) −1.20 0.0006
Breakup date −2.31 0.002

p: significance level, Mann–Kendall test.

For Yingkou harbor, the operational sea-ice management authority defined 15 cm–
level ice thickness as a critical condition for ships navigation in the region [45]. We can,
therefore, divide seasonal ice evolution into three sessions: (i) a period from initial ice
freeze-up until ice thickness reached 15 cm, (ii) a period where ice thickness is larger than
15 cm, and (iii) a period when ice thickness is below 15 cm until ice-free. Those sessions can
be named the initial sea-ice stage (I), heavy ice condition (II), and melting period (III). The
heavy ice period has the greatest impact on economic activities. Based on these definitions,
we calculated the timing of (I) and (III), and length of (II) for each ice season and averaged
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each decade from the 1950s to 2010s. The numbers are summarized in Table 5, and the
mean decadal ice evolution is plotted in Figure 8. Before the 1980s, the length of (II) was
longer and ice was thick; after the 1980s, the length of (II) and ice thickness both decreased
rapidly. The occurrence of (II) is delayed from 3 January to 21 January, and the ending time
of (II) occurred early, from 6 March to 19 February.

Table 5. Timing (onset and ending) and length of (II) from the 1950s to the 2010s.

Decade 1950s 1960s 1970s 1980s 1990s 2000s 2010s

Onset date of (II) 4
January

3
January

15
January

11
January

14
January

14
January

21
January

Ending date of (II) 6
March

8
March

14
March

2
March

1
February

23
February

19
February

Length of (II) 61 65 59 51 19 41 30
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3.3.3. Sea-Ice Thickness

The seasonal evolution of modeled ice thicknesses for the 67 ice seasons and the
average value are given in Figure 9. The seasonal ice-thickness evolution showed large
interannual variations. The seasonal maximum ice thickness was 65 cm, as calculated on
27 February in 1956. The corresponding minimum value was 8.6 cm at early February
in 2008. The multi-decadal mean ice thickness showed a quite symmetrical distribution
with a multi-decadal maximum ice thickness of about 0.24 cm in the beginning of February.
The modeled seasonal average and maximum ice thickness are given in Figure 10. Both
maximum and mean ice thickness reveal decreasing trends of 2.55 and 0.76 cm/decade,
respectively. The trends reached statistical significance (Table 6). The average date of the
annual maximum ice thickness was February 4 ± 13 days.

The quantitative ice thickness is a key parameter for offshore infrastructure design and
maritime navigation safety management. Modeled ice thickness can be used for assessment.
Figure 11a shows the probability density function (PDF) of modeled seasonal ice thickness
distribution during the entire study period (1952/1952–2017/2018), using 10 cm bin. The
ice thickness ranging between 0 and 10 cm has the highest probability (67%). For the
ice-thickness groups of [10–20 cm], [20–30 cm], and [30–40 cm], the probabilities have
the same magnitudes (8.0–9.5%). For ice thicknesses larger than 40 cm, the probability
exponentially decreased.



Remote Sens. 2022, 14, 182 12 of 18

Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 19 
 

 

3.3.3. Sea-Ice Thickness 
The seasonal evolution of modeled ice thicknesses for the 67 ice seasons and the av-

erage value are given in Figure 9. The seasonal ice-thickness evolution showed large in-
terannual variations. The seasonal maximum ice thickness was 65 cm, as calculated on 27 
February in 1956. The corresponding minimum value was 8.6 cm at early February in 
2008. The multi-decadal mean ice thickness showed a quite symmetrical distribution with 
a multi-decadal maximum ice thickness of about 0.24 cm in the beginning of February. 
The modeled seasonal average and maximum ice thickness are given in Figure 10. Both 
maximum and mean ice thickness reveal decreasing trends of 2.55 and 0.76 cm/decade, 
respectively. The trends reached statistical significance (Table 6). The average date of the 
annual maximum ice thickness was February 4 ± 13 days. 

 

 
Figure 9. Seasonal evolution of modeled ice thicknesses for 67 ice seasons (1951/1952–2017/2018). 
The thick black line is the modeled seasonal average ice thicknesses. The color bar represents the ice 
season in the figure. 

Table 6. Trends of seasonal ice thicknesses. 

Parameters Theil–Sen’s Slope (Decade) p 
Maximum ice thickness (cm) −2.55 0.006 
Average ice thickness (cm) −0.76 0.008 

p: significance level, Mann–Kendall test. 

Figure 9. Seasonal evolution of modeled ice thicknesses for 67 ice seasons (1951/1952–2017/2018).
The thick black line is the modeled seasonal average ice thicknesses. The color bar represents the ice
season in the figure.

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 10. Maximum and average ice thicknesses for the winter 1951/1952–2017/2018. The lines are 
trends of ice thicknesses (p < 0.05). 

The quantitative ice thickness is a key parameter for offshore infrastructure design 
and maritime navigation safety management. Modeled ice thickness can be used for as-
sessment. Figure 11a shows the probability density function (PDF) of modeled seasonal 
ice thickness distribution during the entire study period (1952/1952–2017/2018), using 10 
cm bin. The ice thickness ranging between 0 and 10 cm has the highest probability (67%). 
For the ice-thickness groups of [10–20 cm], [20–30 cm], and [30–40 cm], the probabilities 
have the same magnitudes (8.0–9.5%). For ice thicknesses larger than 40 cm, the probabil-
ity exponentially decreased. 

The PDFs of different ice-thickness categories, along with time, are illustrated in Fig-
ure 11b–d. For ice thickness less than 15 cm (Figure 11b), the 1990s has the highest PDF. 
For ice thickness between 15 and 35 cm (Figure 11c), the PDF was high in the 1970s, fol-
lowed by the 1980s and 1960s. In the 2010s, this ice category was clearly more than that in 
the 1990s and 2000s. Ice thickness in the early 1990s has the largest thin-ice category. A 
better understanding of extreme ice-thickness conditions is important for sea-ice manage-
ment to ensure the safety of winter navigation, offshore infrastructure, and harbor opera-
tions. Based on the definition of climate extremes indices (percentile definition method), 
we defined 90% percentile modeled ice thickness as a quantitative index for extreme ice 
conditions. This value read as 35 cm. The probability of an ice thickness greater than 35 
cm for each decade is shown in Figure 11d. The probability of extreme ice thickness has a 
clear decreasing trend. The probability of occurrence of extreme ice thickness in the 1990s 
and 2010s is lower, by about 60%, than that in 1960s. 
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Table 6. Trends of seasonal ice thicknesses.

Parameters Theil–Sen’s Slope (Decade) p

Maximum ice thickness (cm) −2.55 0.006
Average ice thickness (cm) −0.76 0.008

p: significance level, Mann–Kendall test.
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Figure 11. (a) Probability of ice thickness (grouped every 10 cm) distribution in the winter of
1951/1952–2017/2018. The probability of ice thickness in different thickness categories between 0
and 15 cm in (b), between 15 and 35 cm in (c) and larger than 35 cm in (d).

The PDFs of different ice-thickness categories, along with time, are illustrated in
Figure 11b–d. For ice thickness less than 15 cm (Figure 11b), the 1990s has the highest PDF.
For ice thickness between 15 and 35 cm (Figure 11c), the PDF was high in the 1970s, followed
by the 1980s and 1960s. In the 2010s, this ice category was clearly more than that in the
1990s and 2000s. Ice thickness in the early 1990s has the largest thin-ice category. A better
understanding of extreme ice-thickness conditions is important for sea-ice management to
ensure the safety of winter navigation, offshore infrastructure, and harbor operations. Based
on the definition of climate extremes indices (percentile definition method), we defined 90%
percentile modeled ice thickness as a quantitative index for extreme ice conditions. This
value read as 35 cm. The probability of an ice thickness greater than 35 cm for each decade
is shown in Figure 11d. The probability of extreme ice thickness has a clear decreasing
trend. The probability of occurrence of extreme ice thickness in the 1990s and 2010s is lower,
by about 60%, than that in 1960s.

3.4. Large-Scale Atmospheric Circulation

Table 7 summarizes the correlations between the winter large-scale atmospheric in-
dices and observed mean meteorological parameters between December and March from
1951/1952 to 2017/2018 and the BoSI index. AO and NAO were correlated in terms of BoSI,
air temperatures, and average and maximum ice thicknesses, whereas the PNA, PDO, and
ENSO had no statistically significant correlations. We can conclude AO and NAO have
links with sea-ice conditions in the Yingkou area.

The interannual ice-condition changes in the Yingkou region are mainly influenced
by the local and regional weather and climate patterns. The high pressure in the Siberian
High Arctic is closely related to China’s winter climate. High pressure in the Siberian
winter season may bring cold air southward. When the AO is positive, the Arctic region
is controlled by low atmospheric pressure, the corresponding cold air will shrink in the
vicinity of the Arctic, and the temperature of the mid-latitudes will be higher. When the AO
moves negatively, the Arctic is controlled by high atmospheric pressure, and the cold air in
the polar region is squeezed southward. In winter, when the AO is in a positive/negative
anomaly, the Yingkou region ice condition tends toward being mild/severe. In the years
when the NAO Index was strong, the intensity of the Azores high was likely weak, corre-
sponding to the weak high pressure in Siberia. The impact of NAO on the ice condition in
Yingkou is similar to that of AO [46,47].
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Table 7. Correlation coefficients.

BoSI Ta Va Rh Cn Have Hmax

Arctic Oscillation (AO) −0.53 0.55 −0.22 −0.04 0.07 −0.32 −0.40
Pacific/North American Pattern

(PNA) −0.03 0.06 −0.23 −0.08 0.16 −0.01 −0.01

North Atlantic Oscillation
(NAO) −0.47 0.52 −0.17 −0.23 0.12 −0.29 −0.37

Pacific Decadal Oscillation
(PDO) −0.17 0.19 −0.04 −0.19 0.04 −0.14 −0.10

El Nino-Southern Oscillation
(ENSO) −0.02 0.11 0.00 0.11 0.10 −0.09 −0.06

When significance level is 0.05, the values are marked in bold.

4. Discussions

Long-term sea-ice process-modeling studies have been rare for the Bohai Sea, due
to the limited in situ observations. However, long-term sea-ice-area analyses have been
investigated before, using BoSI and remote-sensing observation [18]. Our results are in line
with long-term variations in sea-ice area in the Bohai Sea. For example, Yan [18] found that
the maximum and average Bohai Sea ice cover showed decreasing trends between 1958 and
2015, as also reflected by the decrease in the maximum and mean ice thickness calculated in
this study. However, there are differences. For example, Yan [18] found that the Bohai Sea
ice cover increased between 1958 and 1980, followed by a decreasing period between 1980
and 1995; then it increased again between 1995 and 2015, i.e., a weak periodical variation.
Our modeled maximum and average ice thickness did not reveal such periodical variation
during the simulation period. One possible explanation for this is that our result was
confined to the Yongkou region based on a physical model, while Yan targeted the entire
Bohai Sea, using statistical analyses. The modeled Yongkou ice thickness is not necessarily
representative of the entire Bohai Sea. The statistical method may not be representative of
the complicated physical world.

The HIGHTSI-modeled seasonal maximum ice thickness was correlated with BoSI.
However, there was an exception. For the extreme Bohai Sea ice season of 1968/1969,
where BoSI was the highest, HIGHTSI-modeled maximum ice thickness, however, was
not the multi-decadal maximum value. The entire Bohai Sea was covered by sea ice in
March 1968/1969, making it the severest ice winter in the last 70 years. The mismatch
between modeled Yingkou maximum ice thickness and highest BoSI may be caused by
the fact that the HIGHTSI result represents only the thermodynamic ice mass balance,
while BoSI represents both the sea-ice thermodynamics (ice-season duration) and dynamics
(maximum ice extent) of the entire Bohai Sea. There are many factors that impact the extent
of the ice. The wind is the most important factor. In the winter, the Bohai Sea usually faces
a northwest wind and north wind, meaning that Liaodong Bay has the most serious ice
conditions in the Bohai Sea. In the winter of 1969, the Bohai Sea area prevailed with a
northeast wind, which led to the Bohai Bay having the most serious ice conditions in the
Bohai Sea. The HIGHTSI-modeled maximum ice thickness is comparable to the situation
in the Liaodong Bay. The highest BoSI of 1968/1969 was attributed to severe ice conditions
in another part of the Bohai Sea.

The trend in meteorological parameters, particularly the increasing air temperature
in Yingkou, was comparable to the air temperature increase around the Bohai Sea [13].
The average air temperature increased by 0.27 ◦C per decade around the Bohai Sea. The
temperature increase in Yingkou was slightly (0.06 ◦C) higher than that. However, far
north (67N) in the boreal Nordic Arctic region, the increase in air temperature was much
faster (1.03 ◦C per decade) [39], a good example of polar amplification [48]. In the mid-
latitude monsoon climate zone, the warming rate was less than that in the Northern Polar
region [49]. The decreasing wind speed trend (0.05 m/s per decade) in Yingkou was a
lot weaker than that found by a study (0.3 m/s per decade) averaged around the entire
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Bohai Sea [50]. This is largely caused by the impact of investigation period. This large wind
decreasing trend in Reference [50] was derived from the data observed between 1971 and
2012, where the wind speed was the highest in the 1970s and the lowest in the 2000s. The
humidity trend found in Yingkou (0.6 per decade) was in line with the humidity trend (0.8
per decade) in Northeast China between 1951 and 2000 [51].

Our results indicated that mean and maximum ice thickness in Yingkou are correlated
with AO and NAO, with statistical significance. This result agreed with a previous study
stating that the severity of the entire Bohai Sea ice was correlated with AO [22]. Gong et al.
2007 [22] found that the Bohai Sea ice severity has declined rapidly since the 1970s. This
was in line with our results, showing that the probability of thinner ice (<15 cm) increased
drastically between the 1970s and 1990s (Figure 11b), although ice thickness showed some
increases in the 2000s and 2010s. Nevertheless, the trends in our modeled ice parameters
are reasonably consistent with long-term regional investigations [13,17,18].

The modeled ice freezing-up date remains a challenge for coastal regions [38,52,53].
The Bohai Sea is a semi-enclosed sea; the seawater salinity was lower than that in the
open ocean. The coastal shadow water may be mixed in early winter before the ice season
starts. The sea-ice formation results from the heat loss from seawater to the atmosphere.
However, due to the tides, sea wave, and random inter-exchanges of cold swells and thaw
in early winter, the initially frozen sea ice is likely to break off and refreeze again. When
the ice is thin, due to the impact of tide and wind, the ice cover may break up, raft, or
even creep up to the beach. A wave/tide–ice coupled model would be needed to better
understand this dynamic process. Once the coastal sea ice is consolidated, the ice-mass
balance is dominated by the thermodynamic processes. Further away from the coastal area,
the dynamic ice formation may prevail [43]. During the melting period, the ice thickness
grows thinner. The ice floes are, again, more easily subject to the effect of tide, wave, and
wind. The ice floes may be more dynamic and could result in thicker ice, as compared
with the thermodynamic modeled ice thickness. This process was not considered in the
HIGHTSI model.

Another simplification in this study is the neglection snow. Differing from other
seasonal ice-covered seas, e.g., the Baltic Sea, where snow can be as high as 20–30 cm
seasonally [19], the snow on the Bohai Sea ice is indeed very thin and can be neglected [54].
However, climate warming may lead to more snowfall in the future [55], even in the Bohai
Sea. Therefore, we would need high-quality precipitation observation, which is vitally
important for snow modeling.

5. Conclusions

Multi-decadal sea-ice thickness in Yingkou, a coastal region located northeast of the
Bohai Sea, was simulated by an ice thermodynamic process model (HIGHTSI). A total of
67 ice seasons were simulated by using local weather station data as external forcing. The
ice phenology, mass balance, and their interannual trends were investigated. To the best
of our knowledge, this study is the longest interannual ice-mass-balance simulation ever
carried out for the Bohai Sea. The seasonal ice-mass balance in the Yingkou region was
modeled quite well by HIGHTSI. For the model validation experiment, HIGHTSI-modeled
ice growth, the maximum ice thickness, and timing of onset melting were close to the in situ
observations and coastal-radar-retrieved ice thickness. The mean observed and modeled
ice growth rates were 1.57 and 1.62 cm/day, respectively, which were quite close to each
other. The difference between the calculated and observed maximum ice thickness was
very small (1 cm).

The multi-decadal ice phenology indicated a decrease in maximum ice thickness,
shortened ice season, and early breakup date. Those results are comparable with previous
studies by Gong [17] and Yan [18], where the regional Bohai Sea ice was investigated. In
addition, the simulated ice thickness in the YingKou area was getting thinner continuously
since 1951/1952. There was a significant weakening of ice conditions in the 1990s in
response to the warm weather.
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The collection of on-site observation data is very important. Ice radar-data analysis
can help us understand the evolution of sea ice. A combined ice radar and numerical
model methodology can help us better understand the local ice breakup process. For the
fracture process of sea ice in the sea near Yingkou, with the increase in solar radiation, the
increase in water temperature at the ice bottom, and the decrease in sea ice cover area, sea
ice rapidly decomposes under the combined action of thermal factors and dynamic factors.
Our results indicated that the increase in solar radiation in late February has a controlling
effect on the melting of sea ice. Bohai Sea ice melts rapidly during this period [28].

The ice condition has an important impact on the economic activities in Liaodong
Bay. this study shows that the seasonal maximum ice thickness, length of ice season,
and timing of breakup date are important parameters to evaluate the sea-ice severity.
Taking the offshore oil platform as an example, we see that the magnitude of static ice
force and dynamic ice force is determined by the maximum ice thickness and average
ice thickness, respectively. The impact of ice load on an offshore structure is determined
by the length of the sea season. The ice condition may also be affected by the regional
environmental factors; for example, the inflow of river water may contain substances that
will affect the sea water salinity and induce the biochemical processes which may affect the
ice-formation and -melting processes. To understand those processes, we need sustainable
in situ biochemical processes’ observations. The accurate assessment of ice conditions is
crucial for sea-ice management and disaster prevention and mitigation in marine economic
activities. HIGHTSI-modeled seasonal maximum ice thickness can be used as a proxy to
assess the Bohai Sea ice climate in the future. One possibility would be to run HIGHTSI,
applying results from the next generation of climate model CIMP6 future climate scenarios.
The modeled ice parameters can be linked with the future BoSI.
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