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Abstract: The Circum-Bohai-Sea Region is an important economic zone of China. The sea ice, which occurs at each winter, is

the major marine hazard of the Bohai Sea. As a result, it is very important to evaluate the damage effects quantitatively in this re-

gion, which is seldom studied and analyzed systematically using long-time-series data. In this paper, the sea-ice disaster in the

Bohai Sea is evaluated quantitatively based on the Sentinel-1 and GOCI. For different hazard-bearing bodies of the marine trans-

portation and the offshore constructions, different sea-ice-hazard indexes are defined, which can be applied to analyze the sea-

ice disaster quantitatively in the Bohai Sea, including the annual and inter-annual variations in the period from 2011 to 2017.

The analysis results can provide the reference of the sea-ice monitoring in the Bohai Sea.
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1 INTRODUCTION

The Bohai Sea and its coastal regions have significant econom-
ic value for China, which account for about one fifth of China's
GDP (Zhang, et al., 2016). Sea ice in the Bohai Sea not only influ-
ences the regional climate of the north china, but also poses a great
threat to the marine transportation and offshore constructions (Shi,
et al., 2012a, 2012b), which leads to severe economic losses in
China (Yang, 2000; Liu, et al., 2015). For example, in the winter of
2009 to 2010, the sea-ice disaster caused direct economic losses
amounting to several billion dollars (Su, et al., 2012a, 2012b).
Therefore, it is very important to monitor, analyze and evaluate the
sea-ice and its damaging effects (Xie, ef al., 2006; Su, et al., 2012).

The early sea-ice monitoring in the Bohai Sea mainly depended
on the field measurements, which is time consuming, and limited
in space and time (Yang, 2000; Xu, et al., 2012). So far the scientif-
ic community has devoted many efforts to the sea-ice monitoring
based on the satellite remote sensing (Luo, ef al., 2004; Gu, et al.,
2013; Liu, et al., 2014). SAR and optical remote sensing, which
are the two main methods for sea-ice remote sensing, have their
own advantages, respectively (Liu, et al., 2015). The sea ice can be
identified and classified visually by optical images. However, the
images tend to be influenced by the atmospheric attenuation and
weather conditions (Shi, ef al., 2012a, 2012b). In comparison, SAR
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can penetrate clouds and rain to achieve the all-time and all-weath-
er observations. However, the SAR images are not intuitive (Luo,
et al.,2004; Liu, et al., 2013).

In this paper, the quantitative evaluation of the sea-ice disaster
in the Bohai Sea has been studied based on both the optical images
of GOCI and the SAR images of Sentinel-1. For different hazard-
bearing bodies of the marine transportation and the offshore con-
structions, the different sea-ice-hazard indexes have been defined
using the sea-ice parameters including the concentration, thickness,
and velocity. The sea-ice parameters can be extracted by the exist-
ing methods using the GOCI and Sentinel-1 data. Then, the sea-ice-
hazard indexes are applied to analyze the space-time distribution of
the sea-ice disaster quantitatively in the Bohai Sea from 2011 to
2017.

2 RESEARCH AREA AND DATA SOURCES

2.1 Research area

The Bohai Sea in china (Fig. 1) is a semi-enclosed sea of the con-
tinental shelf with the range of 37°07N'—41°00'N, and 117°35E'—
122°15', and it is the southernmost frozen sea in the Northern
Hemisphere.
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The sea ice in the Bohai Sea appears in winter due to the fre-
quent occurrence of strong winter currents, which belongs to first-
year ice from November to March of the following year and devel-
ops more heavily from January until February (Wu, et al., 2006;
Yuan, et al., 2012).

40°N}

Bohai Sea

Bohai Bay

38°Nf

118°E 120°E 122°E

Fig.1  Location of the Bohai Sea in china

2.2 Data sources

(1) Sentinel-1 data

The Sentinel-1 mission is a constellation consisting of two po-
lar-orbiting satellites (Sentinel-1A\B, Fig. 2), operating day and
night performing C-band synthetic aperture radar imaging, en-
abling them to acquire imagery regardless of the weather (Sentinel-
1, 2016), and providing single- and dual-polarization data. The
Sentinel-1 data in the paper is from 2014 to 2017.

(2) GOCl data

GOCI (Geostationary Ocean Color Imager), which is a payload
of COMS satellite launched in Korea in 2009, is the first geosta-
tionary sensor in the world. GOCI covers the whole Bohai Sea
completely with a spatial resolution of about 500 m of 8 images for
one daytime (Fig. 3). The GOCI data in the paper is Level-1B data

with little cloud from 2011 to 2017 provided by the Korea Ocean
Satellite Center (KOSC).

(a) 2016-01-16 (b) 2016-01-28

Fig.2 Sentinel-1 images
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Fig.3 The GOCI images Red channel: band 5; green channel:
band 4; blue channel: band 3

3 SEA-ICE PARAMETERS RETRIEVAL

Sea-ice parameters should be inversed for the sea-ice-hazard
evaluation, which include the sea-ice concentration, thickness and
velocity.

According to the Sea-ice-hazard Emergency Plan, Sea-ice-haz-
ard Bulletin from the State Oceanic Administration, People's Re-
public of China (SOAPRC), the sea-ice parameters can be divided
into four grades, which is shown in Table 1.

Table 1 The grades of the sea—ice parameters

Grade 1 Non hazard

Sea—ice parameters

Grade 2 Low hazard

Grade 3 Mild hazard Grade 4 Severe hazard

Concentration 0—15 % 15—50 % 50—80 % 80—100 %
Thickness 0—0.1m 0.1—0.2 m 0.2—0.3 m >0.3 m
Velocity 0—0.2 m/s 0.2—0.4 m/s 0.4—0.6 m/s >0.6 m/s

3.1 Sea-ice thickness

The sea-ice thickness (H)) is retrieved using the sea-ice optical
information of GOCI in the Bohai Sea (Liu, et al., 2016; Liu,
2016). The sea-ice shortwave albedo changes with the sea ice thick-
ness as (Grenfell, ef al., 1984)

O = O (1=KEXD(~11,H)) (1)

where, ag,, is the sea-ice shortwave broadband albedo; a,,, is
the sea-ice albedo at the infinite thickness, which is taken as 0.7 in
the Bohai Sea; k is the correlation coefficient k=1-a, /0, O, 1S
the albedo of the sea-water with the value of 0.06; and g, is the at-
tenuation coefficient of the albedo with the value of 1.209 (Su, et
al., 2012a). The equation of ay,, calculated by 8 visible infrared
spectra of GOCI was proposed as (Liu, 2016; Ryu, et al., 2012;

Kim, et al., 2014)
Ogor= —0.1360,-0.2700,+1.4090,,-0.328,—0.08 1 015
+0.6200,,—0.1470,—0.02682,—0.046 2)
The results are shown in Fig. 4 in Orthographic projection
(unit: m).

3.2 Sea-ice concentration

The sea ice and the sea water are detected based on Sentinel-1
and GOCI using the sea-ice optical and microwave features, which
is used to calculate the sea-ice concentration (C,) in the Bohai Sea.

(1) Sea-ice concentration calculated by Sentinel-1

The sea ice and the sea water are identified using the threshold
method based on the Sentinel-1 (Zhang, et al., 2016). In the classi-
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fied results of the Sentinel-1 images, the pixels classified to the sea
ice are set to 1; the other pixels classified to the sea water are set to
0. The resolution of the Sentinel-1 images is reduced to that of the

GOCI images which is 500 m, then the sea-ice concentration is
achieved by Sentinel-1 (Fig. 5).
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Fig.4 Sea—ice thickness results by GOCI
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Fig.5 Sea—ice concentration results by Sentinel-1

(2) Sea-ice concentration calculated by GOCI

The sea ice and the sea water can be recognized by the sea-ice
thickness results using GOCI data in the previous section. All pix-
els bigger than 0 in the sea-ice thickness results of the COCI imag-
es are set to 1, which represent the sea ice. The other pixels are set
to 0. Then, the sea-ice concentration of one pixel is set to be the
mean value of the pixels surrounding this pixel within the 3 x 3
window (Fig. 6 in Orthographic projection, unit: m).

3.3 Sea-ice velocity

The sea-ice velocity (V) is extracted using the GOCI images,
which employs the Maximum Cross-correlation (MCC) method for
daily 1-hour sea ice drift tracking in the Bohai Sea. The sea ice
drift monitoring is accomplished by tracking the distinct character-

istics of sea ice samples (Wu, 2014; Lang, ef al., 2014). Assume
that the A and B images are obtained at sequential time of ¢, and ,,
respectively. For each sea-ice fragment with typical features at
point P,(x,, y,) in the A image, the best matching fragment with the
same size is found at point P,(x,, y,) in the B image using the MCC
method. According to the location drift in the two images, the drift
speed components can be calculated as follows

v,=(x, = x;) X500/ (3600x &) (unit: m/s) (3a)

v,= (7, = ») %500/ (3600% h) (unit: m/s) (3b)

where x; and y, (i =1,2) represent the eastward and northward
components of the image coordinates (pixels), respectively; v, and
v, represent the eastward and northward components of the sea-ice
velocity, respectively; and /4 is the time delay (¢, - ¢,) between the
two images. The results are shown in Fig. 7 in Orthographic projec-
tion (unit: m).
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Fig.6 Sea—ice concentration results by GOCI
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Fig.7 Sea-ice velocity results by GOCI

4 SEA-ICE-HAZARD EVALUATION

The different sea-ice-hazard indexes should be defined for dif-
ferent disaster-bearing bodies of the marine transportation and the
offshore constructions. Based on the sea-ice parameters of the con-
centration, thickness, and velocity, the two types of the sea-ice-haz-
ard indexes are calculated, used to evaluate the spatial distribution
features and the inter-annual variations of the sea-ice disaster quan-
titatively in the Bohai Sea in the period from 2011 to 2017.

4.1 For the marine transportation (/)

If the sea-ice concentration and thickness are larger, the sea-ice
breaking is harder, which causes blocking the marine transporta-
tion severely. The sea-ice influence for the marine transportation
focused on the sea-ice volume which is equal to multiplying the
sea-ice concentration (C,) by the sea-ice thickness (#;), which is in-
dicated the sea-ice mass per unit area in physics. Therefore, the sea-
ice-hazard index for the marine transportation is represented by the
sea-ice volume, which is defined by /,

1, = C, x H, (unit: %*m) “)

where, the larger value of /, means less navigable. According to

the grades of the sea-ice parameters, the sea-ice-hazard index for
the marine transportation can be also divided into four grades,
shown in Table 2. The distribution of /, are shown in Fig. 8 in Or-
thographic projection (unit: m).

Table 2 The grades of the sea—ice—hazard index for the

marine transportation

) Grade 1 Grade 2 Grade 3 Grade 4
unit
Non hazard ~ Low hazard Mild hazard Severe hazard
% *+ m 0—1.5 1.5—10 10—24 >24

4.2 For the offshore constructions (Z,)

If the sea-ice volume and velocity are larger, the sea ice has a
greater impact on the offshore constructions (e.g. the oil platform),
which leads to large loss. The sea-ice influence for the offshore
constructions focused on the combined action of the sea-ice vol-
ume and velocity which is the sea-ice concentration (C;) times the
sea-ice thickness (/) times the sea-ice velocity (V}), which is indi-
cated the sea-ice momentum per unit area in physics. Therefore,
the sea-ice-hazard index for the offshore constructions is represent-
ed by the sea-ice momentum, which is defined by 7,
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Fig.8 Sea—ice—hazard index for the marine transportation

L =1 xV,=C,x H x V,(unit: % m?-s™") %)
where, the bigger value of /, means a higher extruding pressure
and impulse force imposed by the sea ice. According to the grades
of the sea-ice parameters, the sea-ice-hazard index for the offshore
constructions can also be divided into four grades, shown in Table 3.
The distribution of 7, are shown in Fig. 9 in Orthographic projec-
tion (unit: m).
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Table 3 The grades of the sea—ice—hazard index for the

offshore constructions

) Grade 1 Grade 2 Grade 3 Grade 4
unit
Non hazard Low hazard Mild hazard Severe hazard
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Fig.9 Sea—ice—hazard index for the offshore constructions

4.3 The analysis on sea-ice disaster

(1) Annual analysis

According to the sea-ice-hazard indexes for the marine trans-
portation and the offshore constructions from 2011 to 2017, the
variability and their features of the sea-ice disaster distribution in
the Bohai Sea are analyzed. It is found that the sea-ice-hazard in-
dexes is often smaller in the November and December, then in-
creases from January to February. Finally, the sea ice disappears in
March. The characteristics of the sea-ice-hazard indexes of 2015\

2016 were taken for an example shown in Fig. 10.

(2) Inter-annual analysis

According to the sea-ice-hazard indexes for the marine trans-
portation and the offshore constructions, the changes and their fea-
tures of the sea-ice disaster distribution are analyzed in the Bohai
Sea from 2011 to 2017. The sea-ice-hazard indexes are bigger in
the 2012\2013 and 2015\2016, milder in the 201112012 and 2014\
2015, and lighter in the 2013\2014 and 2016\2017, shown in
Fig. 11.
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Fig.10 Sea—ice Disaster analysis in 2015/2016
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5 CONCLUSION

In the Dragon-4 programme, the sea-ice-hazard indexes, for the
marine transportation (/,) and the offshore constructions (/,) respec-
tively, are used to eualuate quantitatively the space-time distribu-
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