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Abstract In this study, we used Landsat images and meteorological data to examine the spatiotemporal distribution and variability
of sea ice in Jiaozhou Bay (JZB) between 1986 and 2016. The results show that JZB is not always covered by sea ice in winter, but in
some extreme cases, sea ice has covered more than one-third of the sea area of the bay. Sea ice in JZB has generally formed between
January 1 and February 5, primarily along the coast, and gradually expanding to the central area of the bay. Both meteorological and
artificial factors have played important roles in modulating the sea ice distribution. We found sea ice coverage to have been strongly
correlated with the accumulated freezing-degree days nine days before the occurrence of sea ice (R*=0.767). North-northwest sur-
face winds have dominated the freezing period of sea water in the JZB, and wind speed has exerted a more significant influence on
the formation of sea ice when the sea ice coverage has been generally small. Additionally, artificial factors began to affect the expan-
sion of sea ice in JZB since 2007. The construction of the Jiao-Zhou-Bay Bridge (JZBB) is believed to have retarded water flow and
reduced the tidal prism, thereby leading to the formation of an ice bridge along the JZBB, which effectively prevents the southward

expansion of sea ice.
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1 Introduction

Jiaozhou Bay (JZB; 35°38'-36°18'N, 120°04'-120°23E),
which is connected to the Yellow Sea through an inlet
channel to the south, is located off the Southern coast of
the Shandong Peninsula, China (Fig.1). JZB is a semi-
enclosed bay with a trumpet shape, whose water depth
increases from northwest to southeast with an average
depth of 7m (Zhao et al., 2015). It is bounded by the
seven districts of Qingdao City, with an area of 343.09
km? (Ma et al., 2014; Song et al., 2015). JZB is charac-
terized by low turbidity, short and weak tides, and low
waves and currents (Yang et al., 2004b). Although more
than 13 small rivers flow into the bay, JZB is tide-domi-
nated (Yang et al., 2004a).

The rapid growth of seacoast economies, including the
construction of docks, aquaculture farms, bridges, and
ports, has reclaimed a significant area of land from JZB.
According to Ma et al. (2014), approximately 39.5% of the
water area in JZB has been transformed into land during
the last 150 years. For example, two islands in JZB, Hong-
dao and Huangdao, have been merged with the mainland.
Most of the bay’s natural coastlines have been replaced
by artificial infrastructures. In addition, Jiao-Zhou-Bay
Bridge (JZBB), which was under construction from 2006
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to 2011, now connects the east and west areas of JZB.
The overall length of the bridge is 26.707 km, 97% of
which is over sea water. The bridge rests on 5000 pillars,
which significantly affect the hydrodynamics in JZB,
especially in areas near the bridge (Zhang et al., 2015; Li
etal., 2014).

As a frozen sea area with the lowest latitude in the
world, JZB can experience unexpected disasters due to
sea ice (Yuan et al., 2015). According to historical materi-
als (Yuan et al., 2015; Zhang, 1986), JZB has been cov-
ered by sea ice of various extents in winter and has ex-
perienced extreme sea ice coverage in 1917, 1936, 1956,
1977, and 1980. During these periods, sea ice induced by
severe weather conditions has resulted in significant
losses by multiple industries, such as shipping transporta-
tion, aquaculture, and sea salt production.

Satellite remote sensing can provide a frequent and real-
time view of sea ice variability on global and regional
scales. Long-term optical high-resolution remote sensing
images enable the identification of the spatiotemporal
variability of sea ice in most latitudes. For example, Kang
et al. (2014) examined the relationship between global
sea ice extent and ice surface temperature using Moderate
Resolution Imaging Spectroradiometer (MODIS) prod-
ucts. Of significant interest is the investigation of varia-
tions in sea ice in small regions, which are mostly ne-
glected at the global scale but are important to local en-
vironments and economies (such as those in the Bohai
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Sea and JZB). Yuan et al. (2012) retrieved the thickness of
sea ice in the Bohai Sea and constructed an index that
indicates the annual amount of sea ice. Shi and Wang
(2012a, b) proposed a model for estimating sea ice cov-
erage in the Bohai Sea and analyzed the seasonal and
annual variations.
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Fig.1 Location of JZB, China. The red star indicates the
location of the Qingdao meteorological station.

In contrast to the studies noted above, little is known
about sea ice in JZB. The sea ice coverage in JZB is
unique because this sea ice occurs at the lowest latitude of
the world ocean where the freezing of sea water in winter
is observed. Due to its potential implications for the re-
gional environment and economy, more attention should
be directed to studies related to sea ice variability in JZB.

In addition, previous investigations of the weather vari-
ables that may trigger sea ice variations have mostly fo-
cused on temperature-related parameters, such as surface
air (Su et al., 2012; Shi and Wang, 2012b), sea ice surface
temperature (Kang et al., 2014), and cumulative free-
zing degree days (Zhang et al., 2016). The potential ef-
fects of winds have been less fully explored (Yuan et al.,
2016; Zhang, 1986). Moreover, few studies have consid-
ered the far-reaching consequences of the establishment of
artificial infrastructures, which can significantly alter the
formation and distribution of sea ice.

In this paper, we describe sea ice variability in JZB,
based on the spectral analysis of sea-ice with Landsat
imagery over the past 30 years. We outline the natural and
artificial factors related to sea ice variability. Our overall
aim is to use satellite observations to provide insight into
the spatial and temporal distribution patterns of sea ice in
JZB.

2 Datasets

We used satellite data collected by Landsat in this study,
which have a high spatial resolution of 30m and a rela-
tively long time series of over 30 years. We obtained im-
ages from the Thematic Mapper (TM), Enhanced Thematic
Mapper Plus (ETM+), and Operational Land Imager (OLI)
sensors from the United States Geological Survey (http:/
www.usgs.gov/) and the Geospatial Data Cloud (http://
www.gscloud.cn/). Through visual examination, we chose
118 cloud-free images showing sea ice cover in JZB from
1986 to 2016 (Table 1). These satellite data were acquired
between December and February when sea ice often
emerges in JZB. For the purposes of quality control, we
excluded images with no sea ice or excessive cloud cover.
The winter period of each year in this study refers to the
meteorological year starting from December 1 to Novem-
ber 30 of the succeeding year.

Table 1 Landsat images employed in the study. The column headed by ‘year’ indicates the meteorological
year starting from December 1 to November 30 of the succeeding year

Year Dec Jan Feb Sensor Year Dec Jan Feb Sensor
1986 0 1 1 ™ 2002 2 1 3 TM&ETM+
1987 1 1 1 ™ 2003 2 2 2 TM&ETM+
1988 0 1 0 ™ 2004 2 0 2 TM&ETM+
1989 2 1 1 ™ 2005 3 2 1 TM&ETM+
1990 0 1 1 ™ 2006 1 0 0 TM&ETM+
1991 1 0 2 ™ 2007 2 0 0 TM&ETM+
1992 2 0 1 ™ 2008 2 1 3 TM&ETM+
1993 1 1 2 ™ 2009 2 2 1 TM&ETM+
1994 0 1 1 ™ 2010 2 2 0 TM&ETM+
1995 1 1 1 ™ 2011 3 2 1 TM&ETM+
1996 0 1 2 ™ 2012 0 1 0 ETM+
1997 1 1 2 ™ 2013 0 2 0 ETM+
1998 1 2 0 ™ 2014 1 2 1 TM&ETM+
1999 2 1 0 ™ 2015 3 0 3 TM&ETM+
2000 2 2 1 TM&ETM+ 2016 1 3 4 TM&ETM+&OLI
2001 3 2 1 TM&ETM+ Total 43 37 38 118

We obtained meteorological data such as air tempera-
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ture, wind speed, and wind direction recorded by the
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Qingdao meteorological station, which is located 2.62km
inland from JZB (red star in Fig.1), from the China Mete-
orological Data Sharing Service System (http://data.cma.
cn/en). We acquired the in-situ water temperature from
the Marine Ecosystem Research Station (http:/www.jzw.
cern.ac.cn/) in JZB, and collected the sea surface tem-
perature (SST) from NASA’s Ocean Color Web (https://
ocean-color.gsfc.nasa.gov).

3 Methodology

3.1 Data Pre-Processing

First, we performed radiometric calibration to convert
the Landsat images into top-of-atmosphere radiance. Then,
we used the Fast Line-of-Sight Atmospheric Analysis of
Hypercube (FLAASH) module embedded in ENVI 5.2
software to atmospherically correct the calibrated radi-
ance. With a lookup table generated by the moderate
resolution atmospheric transmission-4 (MODTRAN-4)
radiation transfer code, we used FLAASH to derive the
atmospheric properties for each pixel in an image. This
treatment has proved to be a good solution for atmos-
pheric correction in classification applications (Han et al.,
2015). Regarding the key parameters used in the FLAASH
module, we set the atmospheric model to ‘Mid-Latitude
Winter’ and the aerosol model to ‘Urban’, because JZB is
located nearby Qingdao City. We used a two-band (K-T)
algorithm to retrieve the aerosol properties, and selected
the ‘initial visibility’ option to be 20—-40km, depending on
the quality of the examined image.

As noted above, we obtained satellite data from three
different Landsat sensors. Given the different band con-
figurations and spectral responses of these Landsat sen-
sors (Chander et al., 2009; Han et al., 2015), the retrieval
methodology established for one satellite is not directly
suitable for the other two sensors. To minimize the dif-
ferences in bandwidth, we used an empirical method
proposed by Han et al. (2015) to adjust the surface re-
flectance of earlier Landsat images and thereby reduce
bias with respect to the new generation of Landsat OLI
data (available here on January 24, 2016).

We compared the SSTs derived from MODIS between
2003 and 2016 with those of corresponding in-situ data
(5.67£5.33°C) collected in the months of January, Febru-
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ary, November, and December 2011. A scatter plot (not
shown) reveals a very good relationship between the in-
situ and retrieved SSTs (R*=0.95, N=21).

3.2 Methods for Sea Ice Identification

According to early studies (Shi and Wang, 2012a; Su
et al., 2013), land, seawater, and sea ice can be detected
using a ratio-threshold segmentation method because their
spectra show significant contrast in the red and near-in-
frared bands. Fig.2a shows the spectra of sea ice, seawater,
and land in the OLI data. We obtained the ratio of band 3
to band 5 (Fig.2b) to identify typical features related to
different surface covers. The ratio of seawater was the
largest of the three subjects, followed by the ratio of sea
ice and then land. Accordingly, we can derive the cover-
ages of sea ice, seawater, and land by setting different
threshold values for the corresponding surface types. As
shown in the following equations, following our statisti-
cal analysis of all the images of JZB, we obtained two
combinations of thresholds:

Land—ice separation: R <band 3/band 5<R,, (1)

Ice—water separation: Ry<band 3/band 5<R,, (2)

where we set threshold values R;, R,, R3;, and Ry, to ap-
proximately 0.0, 0.9, 0.9, and 3.2, respectively. The band
3/band 5 ratio is the reflectance ratio of bands 3 and 5 of
the Landsat OLI images.

The reports of previous authors (Xie et al., 2006; Ning
et al., 2009; Shi and Wang, 2012a) have indicated that sea
ice reflectance ranges from 0.1 to 0.4 in the visible wave-
length with the peak values in the green and red wave-
lengths. Since the sea ice reflectance data of these previ-
ous studies qualitatively agree with those in our study, we
used the above-mentioned threshold values of reflectance
(Egs. (1) and (2)) to identify the sea ice distributions in JZB.

4 Results

4.1 Interannual Variability of Sea Ice

Sea ice in JZB, a frequently observed phenomenon, is
affected by atmospheric and oceanic processes, which
results in significant interannual variability. We calculated
the largest sea ice coverage for each winter since 1986

Band ratio

Sea ice Land Water

Fig.2 Reflectances and ratios of sea ice, seawater, and land.
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(Fig.3a). Although JZB is not always covered by sea ice
in winter, sea ice can occupy more than one-third of its
sea area when a cold wave strikes. No sea ice coverage
was recorded by Landsat images for 1992—-1995, 2007, or
2014-2015. By contrast, the largest sea ice coverage of
118.09 km®, which accounts for approximately 34.4% of
the total sea area of JZB, was observed in 1990, followed
by two other extreme cases with sea ice coverages of

101.27 and 60.81km? in 2016 and 2003, respectively.

We calculated the trends of sea ice coverage for differ-
ent periods from 1986-2006 and 2007-2016. The largest
sea ice coverage in each meteorological year experienced
a slight decreasing trend (—0.91km?yr ', P<0.5) between
1986 and 2006. In comparison, the sea ice coverage trend
for the 20072016 period was positive (10.44km*yr ', P
<0.05, R*=0.65).
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Fig.3 Largest sea ice coverage (solid line with circles) (a), air temperature (solid line with asterisks), and SST (dashed line

with triangles) (b) in winter of JZB from 1986-2016.

4.2 Sea Ice Spatial Distribution

To calculate the occurrence frequency of sea ice in JZB,
we divided the number of images with sea ice by the
number of available images in each winter month. Fig.4
shows the spatial distribution of sea ice occurrence fre-
quency in JZB between 1986 and 2016, in which the JZB
boundaries are marked by pink, gray, and black lines for
1986, 2006, and 2016, respectively. The shaded area with
dots represents the extent of the shrinkage of JZB.

Frequency maps (Fig.4) suggest that sea ice in JZB
normally appears in December, and expands to its maxi-
mum in January, followed by a gradual decrease in Feb-
ruary. As shown in Fig.4a, only the northwest corner of
JZB has been frequently covered by sea ice in December.
In comparison, sea ice expanded significantly in January
(Fig.4b), from the coast to the central and southern parts
of JZB. In addition, sea ice appeared to concentrate around
the JZBB. In February (Fig.4c), sea ice was still fre-
quently observed in JZB in its northwestern inshore and
offshore areas. Generally, the spatial distribution of sea
ice frequency in February is similar to that in December,
with the sea ice remaining in the northwestern coastal
area. In particular, sea ice in JZB in 1990 expanded to the
central and southern areas, including Qianwan Bay and
Haixi Bay. In the winter months (Fig.4d), sea ice was
mostly observed from along the coast to the central bay.
The occurrence of sea ice in the southern part of JZB has
been infrequent.

a) Springer

4.3 Occurrence Time of Sea Ice

To analyze the temporal behavior of sea ice occurrence
in JZB, we divided each winter month into 6 pentads,
with the 1st—6th pentads in December, the 7th—12th pen-
tads in January, and the 13th—18th pentads in February.
Then, we divided the number of images with sea ice by
the number of available images in each pentad, and cal-
culated the sea ice frequency of each pentad, which are
indicated by the shaded blue bars in Fig.5. We also de-
termined the average sea ice coverage of each pentad, as
indicated by the red bars in Fig.5.

Generally, sea ice appeared during the 7th to 13th pen-
tads (January 1 to February 5). The highest frequency oc-
curred in the 12th pentad (January 26 to January 31), and
the second highest in the 8th pentad (January 6 to January
10). Large sea ice coverage occurred between the 7th and
14th pentads (January 1 to February 10). The largest cov-
erage of 33.37km” occurred in the 7th pentad (January 1
to January 5). The temporal pattern of the sea ice is simi-
lar to the results shown in Figs.3 and 4, in which we can
see that the most significant sea ice production and ex-
pansion has occurred in January.

5 Factors Affecting the Variability of Sea
Ice in JZB

5.1 Surface Air Temperature and SST

We calculated the mean surface air temperature (SAT)
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Fig.4 Sea ice occurrence frequency based on Landsat observations between 1986 and 2016 for December (a), January (b),
February (c), and all three winter months (d). The gradient of red to blue indicates variation from high to low frequency,
respectively. The areas with dots indicate the area of shrinkage of JZB between 1986 and 2016; the black, gray, and pink
lines indicate the JZB boundary in 2016, 2006, and 1986, respectively.
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Fig.5 Sea ice frequency for each pentad in December, Jan-
uary, and February between 1986 and 2016. The shaded
blue bars indicate the sea ice frequency and the red bars
indicate the sea ice coverage of each pentad.

and SST of each winter in the JZB, the results of which
are presented in Fig.3b. We can see that SAT and SST
display opposite trends with respect to sea ice coverage.
The SAT and SST peaks are closely aligned with the
troughs of sea ice coverage, which suggests that SAT and

SST are controlling factors of sea ice coverage variability
in JZB. Moreover, the correlation between SAT and sea
ice coverage is stronger than that between SST and sea
ice coverage.

To determine the correlation between temperature and
sea ice coverage, we calculated the cumulative freezing
degree days (CFDD), which refers to the sum of the av-
erage daily air temperature below the freezing point for a
specified period (Su and Wang, 2012; Zhang et al., 2016):

DE
CFDD=)'T,, T,<T,, (3)
D.

s

where T, is the average daily air temperature, 7, is the
freezing point, and D, and D, refer to the starting and
ending dates of the specified period, respectively. We set
the freezing point to —1.79°C, which corresponds to an
average salinity of 30PSU in JZB (Wang et al., 2009). In
accordance with previous sea ice studies in the Bohai Sea
(Su and Wang, 2012; Zhang ef al., 2016), we considered
the start date to be December 1 and the end date to be the
end of the ice period. We could obtain just 1-7 images
each winter for JZB (Table 1) because of Landsat’s long
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revisit period and the typically cloudy conditions. Fig.6
shows the correlations between sea ice coverage and
CFFD in the winter of 2011 for five satellite images.
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Fig.6 Sea ice coverages and CFDDs in JZB for five winter
images in 2011.

As shown in Fig.6, sea ice overage and CFDD in the
winter of 2011 were negatively correlated (R = 0.33).
From December 24, 2010 to January 26, 2011, a decline
in CFDD coincided with an increase in sea ice coverage.
The CFDD remained unchanged because the daily average
temperature hovered around the freezing point (—1.79°C)
on January 26, 2011, which caused a rapid decline in the
ice area. This result suggests that the steady decline in
CFDD facilitated the formation of sea ice, whereas equi-
librium conditions favored sea ice melting. Similar phe-
nomena were also observed for other years in the present
study, and these results are consistent with the findings of
recent studies (Su and Wang, 2012; Zhang et al., 2016).

We found no robust correlation between sea ice area
and CFDD because of the significant annual variations
and lack of images. Therefore, the commonly used CFDD
variable estimated from a fixed starting date may be an
unsuitable index for predicting sea ice coverage in JZB.
As a substitute, we utilized the CFDD estimated from 1 to
30 days (CFDD-X) before sea ice occurrence and inves-
tigated the correlations of sea ice coverage with SAT, SST,
and CFDD-X, the results of which are presented in Fig.7.
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Fig.7 Determination coefficients of sea ice coverage ver-
sus SAT, SST, and CFDD-X.
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We found CFDD-X to be more strongly correlated with
sea ice coverage than either SAT or SST. As shown in
Fig.7, the determination coefficients were larger than 0.55
for a CFDD-X of 3 days to 15 days (CFDD-03 to CFDD-
15) before sea ice occurrence. A CFDD of 16 days (CFDD-
16) or more had an increasingly diminishing effect on sea
ice coverage variability. In particular, a CFDD of 9 days
(CFDD-09) before sea ice occurrence exhibited the most
robust correlation with sea ice changes. Therefore, we
derived the CFDD-09 for each satellite image, and Fig.8
shows the corresponding scatter plot. In our analysis, we
used a starting date nine days before the sea ice occur-
rence date and an end date of the sea ice occurrence date,
and we established a correlation formula using regression
analysis, as follows:

Y =0.048X%+0.194X+2.030 , 4)

where Y is the predicted sea ice coverage, and X is CFDD-
09, with R*=0.767 and P<0.01. The obtained equation
can be used to hindcast and forecast sea ice coverage in
JZB.
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Fig.8 Scatter plot of sea ice coverage versus CFDD-09.

5.2 Wind

Winter cold snaps from the northwestern region re-
sulted in obvious temperature drops in JZB, thereby re-
sulting in large-scale sea ice occurrence, particularly near
its northwestern coast. We examined the wind direction
and speed during the periods of sea ice occurrence in JZB
between 1986 and 2016, and Fig.9 presents the data. We
can see that the north-northwest (NNW) winds appeared
most often (accounting for 27 cases out of 53), followed
by north (N) winds (7 cases) and north-northeast winds (4
cases). The wind speed varied between 3.6ms ' and 15.0
ms ', and predominantly ranged between 8.0-12.0ms ™.

Correlation analysis revealed that sea ice coverage was
positively correlated with wind speed (R*=0.33) when the
sea ice coverage was less than 2km”. The squared correla-
tions dropped to 0.18 and 0.21 when the sea ice coverage
increased to 2—10km* and >10km? respectively. By con-
trast, the correlation between sea ice coverage and CFDD-
09 increased from 0.19 (for sea ice coverage <2km?) to
0.44 (for sea ice coverage: 2-10km?), and 0.56 (for sea
ice coverage >10km?). These results indicate that the NW
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wind caused deeper mixing and more heat loss at the sea
surface during the early frozen period, which resulted in
reduced temperature and increased sea ice coverage. As sea
ice coverage increases, the effectiveness of wind speed is
reduced, which leads to the increased role of surface air
temperature in sea ice production.
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Fig.9 Wind frequency of sea ice occurrence in JZB be-
tween 1986 and 2016.

5.3 Artificial Factors

As discussed in Section 5.1, SAT and SST are key con-
trolling factors in modulating sea ice coverage in JZB.
From 1986 to 2006, we found that an increase in winter
air temperature coincided with a decrease in the largest
sea ice coverage in each meteorological year (Figs.3a and
3b). However, this phenomenon has changed since 2007
due to the construction of the JZBB. The SATs and SSTs
in winter hardly changed from 2007 to 2016, whereas sea
ice coverage obviously increased during the same period
(Fig.3a).

To ascertain the primary reason for the increased sea
ice coverage in JZB, we removed extreme cases to obtain
equivalent environmental conditions. For example, we eli-
minated environmental parameters (air temperature, ma-
ximum wind, and direction of maximum wind) beyond
the scope of the mean value + standard deviation. Thus,
we found the mean sea ice coverage before and after the
bridge construction to be 11.94 and 24.82 km® respec-
tively. The similar environmental conditions in the 1986—
2006 and 2007-2016 periods suggest that the changes in
sea ice coverage were mainly due to the construction of
the bridge rather than changes in air temperature or wind.

Fig.10 shows the spatial distribution of the differences
in the sea ice frequency in JZB for the 19862006 and
2007-2016 periods, in which the red color indicates an
increase in sea ice frequency and green denotes a de-
crease. We can see that variations in sea ice coverage
mainly occurred in two subareas: the northwestern coastal
and central areas of the bay along the bridge.

The obvious increases of sea ice frequency observed in
the northern and central JZB indicates an overall increase
in sea ice occurrence since bridge construction. The sea
ice forms an ‘ice bridge’ mainly on the northern side of
the JZBB, and more sea ice has appeared in this area of

JZB since 2007. The simulation results of Li et al. (2014)
and Zhang et al. (2015) revealed that bridge construction
could cause considerable changes in the hydrodynamic
environment, particularly on the northern side. Compared
to the period before bridge construction, the flow velocity
of JZB generally decreased by 10cms ' and the overall
tidal prism decreased by 1.71% after bridge construction.
Moreover, after bridge construction, the number of resid-
ual current circles was reduced, and three major current
circles were severely weakened (Li et al., 2014). This re-
ported reduced water exchange has contributed to sea ice
formation. The flow velocity has decreased on the north-
ern side of the bridge, forming a weak flow area on the
northern side of every pier (see Fig.11 of Li et al., 2014).
Consequently, the lower flow velocity and tidal prism has
favored sea ice formation on the northern side of the
bridge. In addition, the sea ice frequency has significantly
decreased in the northern coastal regions in JZB, indicat-
ing that more sea ice is being advected to the central area
of JZB after bridge construction.

N
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36°100"F &
36005!0" =
JZB bridge
|:| 2016
| 2006
36°00'0" [ 1986
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Difference value
wem 0.12
0
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Fig.10 Differences in sea ice frequency in JZB in the
2007-2016 (with bridge) and 19862006 (without bridge)
periods.

In summary, the bridge construction has significantly
altered the kinetic conditions along the bridge and in-
creased sea ice coverage in JZB. However, further in-
depth analysis of the sea ice coverage variability is re-
quired once multiple platforms for remote sensing images
and advanced hydrodynamic simulation become avail-
able.

6 Discussion

In this study, by analyzing the observations of multiple
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Landsat satellites, we characterized for the first time the
spatiotemporal changes in the sea ice in JZB over the past
30 years. However, there may be residual errors in the
surface reflectance values despite our use of a sophisti-
cated atmospheric correction method (Kaufman et al.,
1997). Fortunately, the dense forest area near JZB pro-
vides dark pixels to improve the accuracy of the atmos-
pheric correction (Kaufman et al., 1997; Han et al., 2015).
In addition, utilizing the empirical line correction method
proposed by Han et al. (2015), we adjusted the reflec-
tance of different images to the same level as that in the
OLI image in 2016. In this way, we compensated for any
atmospheric correction errors and reduced the uncertain-
ties of classification.

Ideally, to consider the daily sea ice changes, the sea
ice of JZB should be studied with higher temporal resolu-
tion data than Landsat images. However, given its high
spatial resolution (30 m) and long data record (>30 years),
Landsat provides the most comprehensive dataset of the
long-term sea ice changes in JZB. In view of the JZB’s
small area and the coarse spatial resolution of other satel-
lite data (such as 1km and 250m for MODIS and 500 m
for GOCI), Landsat images can be used to effectively
identify subtle sea ice changes in JZB. MODIS and GOCI
data became available in 2000 and 2010, respectively, so
they cannot be used to capture the characteristics of sea
ice variability over several decades in JZB. By contrast,
Landsat data have been recorded for more than 30 years
and thereby provide a long-term record of the sea ice
variations in the JZB.

Given its revisit period of 16 days, Landsat cannot pro-
vide the beginning date of sea ice formation each year.
However, the derived CFDD-09 shows a fairly good cor-
relation with sea ice coverage variations (R> > 0.76).
Overall, the Landsat images captured the approximate
temporal variations of sea ice in JZB. More reliable re-
sults can be obtained by the use of satellite data with
higher spatial and temporal resolutions and from different
platforms.

7 Conclusions

In this paper, we examined the temporal-spatial distri-
bution and variation of sea ice in JZB from 1986 to 2016
using Landsat TM/ETM+ and OLI imagery. We retrieved
the sea ice coverage using a ratio-threshold segmentation
method, and analyzed the interannual variability, spatial
distribution, and occurrence time of sea ice in JZB. We
outlined the main controlling factors of sea ice formation
and variation, and discussed meteorological and artificial
factors. The main conclusions are summarized as follows:

1) Sea ice coverage in JZB has undergone significant
interannual variations. The largest sea ice coverage oc-
curred in 1990, followed by 2016 and 2003. In terms of
the largest sea ice coverage, a slight decrease occurred
between 1986 and 2006, whereas an obvious increase
trend has occurred since 2007.

2) The spatial distribution of sea ice frequency shows
an intensive accumulation of sea ice along the shore, par-
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ticularly along the northwestern coast of JZB. Over the
study period, the sea ice in JZB expanded significantly in
January, particularly from January 1 to February 5.

3) SAT, SST, and wind are vital factors causing
changes in the sea ice coverage in JZB. We found sea ice
coverage to be most strongly correlated with CFDD-09
(R*>0.76). This correlation can be used to retrieve the sea
ice coverage in JZB. NNW wind has dominated the ice-
formation period of JZB. Although we found the maxi-
mum wind speed to be strongly correlated with sea ice
coverage, its impact progressively diminishes as the sea
ice spreads out.

4) An artificial factor explains the gradual increase in
the sea ice coverage since 2007. After the construction of
the cross-bay bridge, the sea ice frequency has obviously
increased in the northern and central areas of JZB. The
bridge construction altered the kinetic conditions in the
bay. Our results suggest that the smaller flow velocity and
tidal prism has contributed to the formation of an ice
bridge along the bridge, which promotes the accumula-
tion and congestion of sea ice around the central area of
JZB.
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