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Abstract

Based on a coupled ocean-sea ice model, this study investigates how changes in the mean state of the atmosphere
in different CO, emission scenarios (RCP 8.5, 6.0, 4.5 and 2.6) may affect the sea ice in the Bohai Sea, China,
especially in the Liaodong Bay, the largest bay in the Bohai Sea. In the RCP 8.5 scenario, an abrupt change of the
atmospheric state happens around 2070. Due to the abrupt change, wintertime sea ice of the Liaodong Bay can be
divided into 3 periods: a mild decreasing period (2021-2060), in which the sea ice severity weakens at a near-
constant rate; a rapid decreasing period (2061-2080), in which the sea ice severity drops dramatically; and a
stabilized period (2081-2100). During 2021-2060, the dates of first ice are approximately unchanged, suggesting
that the onset of sea ice is probably determined by a cold-air event and is not sensitive to the mean state of the
atmosphere. The mean and maximum sea ice thickness in the Liaodong Bay is relatively stable before 2060, and
then drops rapidly in the following decade. Different from the RCP 8.5 scenario, atmospheric state changes
smoothly in the RCP 6.0, 4.5 and 2.6 scenarios. In the RCP 6.0 scenario, the sea ice severity in the Bohai Sea
weakens with time to the end of the twenty-first century. In the RCP 4.5 scenario, the sea ice severity weakens with
time until reaching a stable state around the 2070s. In the RCP 2.6 scenario, the sea ice severity weakens until the
2040s, stabilizes from then, and starts intensifying after the 2080s. The sea ice condition in the other bays of the
Bohai Sea is also discussed under the four CO, emissions scenarios. Among atmospheric factors, air temperature
is the leading one for the decline of the sea ice extent. Specific humidity also plays an important role in the four
scenarios. The surface downward shortwave/longwave radiation and meridional wind only matter in certain

scenarios, while effects from the zonal wind and precipitation are negligible.
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1 Introduction

The Bohai Sea (Fig. 1) is a shallow marginal sea between
37.0°-41.0°N, 117.5°-121.5°E. It is largely enclosed by land with
dense population and connected to the Yellow Sea via the Bohai
Strait. The Bohai Sea includes three major bays, the Liaodong
Bay (LDB) to the north, the Bohai Bay (BHB) to the west and the
Laizhou Bay (LZB) to the south. Affected by cold air from the
north, seasonal sea ice appears every winter, making the Bohai
Sea one of the south most regions with sea ice in the Northern
Hemisphere (Ning et al., 2009). Sea ice in the Bohai Sea usually
appears in December and disappears in the following March,
with a duration of 3-4 months.

Surrounded by dense populations, sea ice in the Bohai Sea is
a great threat to local human activities. It may block harbors,
damage ships and oil platforms, causing not only economic loss,
but also injuries, or even deaths. Thus, understanding the physic-
al processes controlling the onset and offset of the sea ice, devel-
oping an accurate sea ice forecast system, and evaluating the
long-term trend of the sea ice, are critical for the management of
the Bohai Sea and urgently needed. Previous studies regarding

the sea ice in this region are mainly based on observations, espe-
cially remote sensing (Karvonen et al., 2017; Ning et al., 2009;
Ouyang et al., 2019; Shi and Wang, 2012a, b; Su et al., 2019, 2012;
Su and Wang, 2012; Yan et al., 2020, 2017; Yuan et al., 2018, 2012;
Zhang et al., 2015). Some numerical models have also been de-
veloped and employed in related investigations (Chen et al.,
2003; Ji et al., 2015; Yan et al., 2019; Zhang et al., 2019). However,
most previous studies are about the sea ice in either current or
historical climate conditions. With increasing CO, concentration
in the atmosphere and rapidly changing climate, the sea ice in
the future will probably be largely different from what it is cur-
rently or historically. Zu et al. (2016) investigated how sea ice in
the Bohai Sea and the Yellow Sea will respond to changes of 2-m
air temperature during 2015-2045 in different CO, emission
scenarios. They found that the largest sea ice decrease appears in
a middle CO, emission scenario (RCP 4.5) but not higher CO,
emission scenarios (RCP6.0 and RCP 8.5). To the best of the au-
thors’ knowledge, this is the only pioneering study exploring the
future of sea ice in the Bohai Sea. However, there are still many
unknowns. For example, how will the change of atmospheric
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Fig. 1. Topography in the model domain. The edge of the domain is marked by the red lines. The blue lines indicate major rivers in
this region, and the blue triangles indicate locations of buoys where sea surface temperature is measured.

factors other than 2-m temperature (e.g., downward shortwave
radiation) influence the sea ice in the future? And how will the
sea ice condition evolve with time after 2045?

Based on an ocean-sea ice coupled model, this study investig-
ates the potential future of sea ice in the Bohai Sea from 2020 to
2100 in different CO, emission scenarios described by RCP 8.5,
RCP 6.0, RCP 4.5 and RCP 2.6 (van Vuuren et al., 2011). The pur-
pose of this study is to explore how the changing mean state of
the atmosphere in the future may affect sea ice in the Bohai Sea,
but not to forecast the sea ice condition at a specific instant. We
first set up a control experiment in a typical winter with heavy sea
ice, the winter of 2012-2013. A winter with heavy ice is selected
intentionally since worst sea ice disasters mostly happen in such
winters, especially in the future, in which a trend of weakening
sea ice is expected with global warming. Influences from the
changing atmospheric state will be evaluated by a set of sensitive
experiments with updated mean state of the atmosphere accord-
ing to predictions of climate models in different CO, emission
scenarios.

Details of the experimental setup are described in Section 2.
The results from the control experiment are compared with ob-
servations in Section 3. The future of sea ice in the Liaodong Bay
is detailed in Section 4. The future of sea ice in the Bohai Bay and
the Laizhou Bay is discussed in Section 5. The conclusions are
summarized in Section 6.

2 Model setup

2.1 Control experiment

The Nucleus for European Modelling of the Ocean (NEMO;
Madec et al., 2008) version 3.6 and Louvain-La-Neuve sea ice
model 2 (LIM2; Fichefet and Maqueda, 1997; Goosse and
Fichefet, 1999) are coupled to simulate sea ice in the Bohai Sea.
The model domain covers the Bohai Sea and part of the Yellow
Sea (Fig. 1), with an open boundary located south to the domain
(~35.5°N). The model is based on a subset of the (1/12)° ORCA

grid (Madec and Imbard, 1996). Its horizontal resolution is ~7.34 km
in zonal direction and ~6.26 km in the meridional direction. In
the vertical direction, a z-coordinate with 36 layers is adopted.
The layer thickness is ~1 m near surface, increasing to ~4.4 m be-
low 50 m. The topography is extracted from a 1-arcminute data-
set, ETOPO1 (Amante and Eakins, 2009).

NEMO uses mode-splitting technology in time iteration. The
time step for external mode and internal mode are 12 s and 360 s,
respectively. The control experiment (Exp-Ctl) starts from April 1,
2012 and ends on April 30, 2013. Its initial fields, including tem-
perature, salinity, current velocity and sea surface height, are ex-
tracted from (1/12)° HYCOM reanalysis Exp 53.x.

At surface, the net heat and freshwater flux are calculated on
the fly by Core bulk formula (Large and Yeager, 2004). The hourly
downward longwave radiation (DLR), downward shortwave radi-
ation (DSR), 2-m air temperature, 2-m specific humidity, 10-m
wind velocity and precipitation are extracted from the NCEP Cli-
mate Forecast System version 2 (NCEP CFSRv2; Saha et al., 2014).
The surface forcing is given in river 0.2° grids except for precipita-
tion, which is given in 0.5° grids.

At lateral boundaries, the partial slip condition is used for
coastlines. Monthly climate freshwater runoff (Dai et al., 2009)
from 8 major rivers (the Hanjiang River, the Liaohe River, the
Geum River, the Yalu River, the Daling River, the Luanhe River,
the Haihe River and the Taedong River) in the model domain is
added as equivalent precipitation at the river mouths. At the
open boundary located in the Yellow Sea, the model is forced by
a combination of non-tidal components (temperature, salinity,
current velocity and sea surface height extracted from 3-hourly
HYCOM reanalysis Exp 53.x) and the tide-induced velocity/sea
surface height from the Oregon State University’s TPX0O-08 data-
set (Egbert and Erofeeva, 2002). Nine major tidal constituents in
the Bohai Sea, including M,, S,, K;, O,, K,, N,, P;, Q, and M,, are
considered in the model. The baroclinic component is relaxed to
the pre-described values at the open boundary with a sponge lay-
er of 10 grids. The barotropic signals are allowed to leave the do-
main freely with the Father radiation scheme (Flather, 1994).
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The quadratic bottom drag is used in the model with a drag
coefficient of 0.002 5. The Eddy-induced vertical mixing is para-
meterized by the generalized length scale (GLS) turbulent clos-
ure parameterization (Umlauf and Burchard, 2003, 2005).

2.2 Sensitive experiments

2.2.1 Sensitive experiments for sea ice in the future

A set of sensitive experiments (Exp-SE-a) is conducted to ex-
plore the wintertime sea ice in the Bohai Sea in the future with
different CO, emission scenarios described by RCP 8.5, RCP 6.0,
RCP 4.5 and RCP 2.6 (van Vuuren et al., 2011), in which the radi-
ative forcing will increase to 8.5 W/m?, 6.0 W/m?, 4.5 W/m? and
2.6 W/m? in 2100, respectively. The mean states of the winter-
time (November to March) atmosphere above the Bohai Sea in
different scenarios (Fig. 2) are derived from the ensemble mean
of climate models as listed in Table 1.
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Due to the coarse spatial resolution of the climate models
(~1.9° or above for atmosphere), they cannot capture the short-
to medium-term atmospheric processes (e.g., cold air events)
and the fine spatial distribution of the atmospheric variables
above the Bohai Sea. Thus, changes of the mean state of winter-
time atmosphere from the climate models are added to the atmo-
spheric fields derived from NECP CFSRv2 to generate the surface
forcing for the sensitive experiments. For each CO, emission
scenario, the mean state of the wintertime atmosphere in
2012-2013 is first subtracted from that in a specific decade (e.g.,
2021-2030), based on ensemble means of climate forecasts
(Table 1); then the differences (Tables A1-A4) are added to the
NCEP CFSRv2 hourly forecast for the winter of 2012-2013 to gen-
erate surface forcings for sensitive experiments. The wintertime
surface forcings used in the sensitive experiments would be
identical to the ones used in the control experiment after their
mean values removed. Similar to the control experiment, each
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Fig. 2. Changes of wintertime (November to March) averaged 2-m specific humidity (a), precipitation (b), surface downward
longwave radiation (c), surface downward shortwave radiation (d), 2-m air temperature (e), and 10-m wind in the zonal (f) and
meridional (g) directions above the Bohai Sea in different CO, emission scenarios compared to the winter of 2012-2013.
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Table 1. Sources of mean state of atmosphere in different CO, emission scenarios

Scenario Model Ensemble members Reference

RCP 8.5 GFDL-GSM2M r10ilp1-r19ilpl Rodgers et al. (2015)
RCP 6.0 HadGEM2-ES rlilpl-r4ilpl Collins et al. (2011)

RCP 4.5 CSIRO-MK3.6 rlilpl-r10ilpl Rotstayn et al. (2010)
RCP 2.6 CanESM2M rlilpl-r5ilpl Arora et al. (2011)

sensitive experiment runs from April 1 to 30 in the next year. The
above surface forcing for the sensitive experiments can, on one
hand, reflect influences of changes in the mean state of the win-
tertime atmosphere, and on the other hand, keep the sensitive
experiments comparable with the control experiment. The Bohai
Sea is well mixed in winter (Bian et al., 2016), allowing the sur-
face atmospheric forcings to influence the entire water column.
The wintertime water temperature in the Bohai Sea is determ-
ined by the atmospheric forcing, while the initial temperature (in
April) has little influence on it. Section Al of Appendix shows that
influences from the initial temperature and salinity fields in April
can be ignored for wintertime sea ice. Thus, all sensitive experi-
ments share the same initial fields with the control experiment.

2.2.2 Sensitive experiments for different atmospheric variables
Another set of sensitive experiments (Exp-SE-b) is used to fur-
ther investigate the role of each atmospheric factor (e.g., air tem-
perature) on future sea ice changes. Those experiments are simil-
ar to the ones described in Section 2.2.1, except that the mean
value of only one of the atmospheric variables will be edited ac-
cording to the climate forecasts in each experiment. The un-
changed variables remain the same as in the control experiment.
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Thus, sea ice changes in each experiment in Exp-SE-b are exclus-
ively caused by a specific atmospheric variable. Those experi-
ments are only conducted for the 2090s.

3 Model validation

Accurate sea surface temperature (SST) is necessary for sea
ice modelling. Figure A3 compares the modelled and observed
daily SST (extracted from in-situ buoy observation) at three sta-
tions A01-A03 (triangles in Fig. 1). The highest SST (~25°C) ap-
pears in August and the lowest temperature (~0°C) appears in
February. The control run is slightly biased from the observa-
tions from May to October and fails to reproduce the observed
short-term perturbations in this period. However, the SST in con-
trol run matches the observations well after October, which in-
cludes the entire lifecycle of the sea ice in the Bohai Sea. Since
the sea ice only appears in winter, the errors in summer will not
affect the sea ice simulation investigated in this study.

Figure 3 compares the sea ice from the control experiment to
true-color images from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) carried by satellite Terra. It shows that
the simulated sea ice extent (bounded by 15% contour of sea ice
concentration) matches the MODIS images well, especially for
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Fig. 3. True color images from MODIS (background image) and contours of sea ice concentration (solid colorful lines) from the
control experiment. The dashed lines indicate sea ice extent subjectively derived from the satellite images.
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the Liaodong Bay.

On December 27, 2012, the sea ice extent covered the north
end of the Liaodong Bay with most of the sea ice appearing near
the east side of the bay. The model indicates that sea ice also ap-
peared in the Bohai Bay, which is hard to see in the satellite im-
age due to clouds. On January 4 and 27, the Bohai Bay and the
Laizhou Bay are relatively free of clouds. The simulated sea ice
extent is consistent to the MODIS images in the Bohai Bay, while
the model overestimates the area of sea ice extent in the Laizhou
Bay. The Yellow River runs into the ocean at the west corner of
the Laizhou Bay. In NEMO, river runoff is treated as equivalent
precipitation in a region near the river mouth. The area of the re-
gion increases with the river runoff. This special way of adding
river runoff may generate false distribution of salinity in the La-
izhou Bay, which may contribute to the sea ice bias in the La-
izhou Bay on January 4 and January 27. Since sea ice in the Bohai
Sea mainly appears in the Liaodong Bay, small biases in the La-
izhou Bay will not affect the major conclusions in this study.
Around February 11, 2013, the area of sea ice extent in the Liao-
dong Bay reached its maxima in the winter of 2012-2013, cover-
ing almost the entire Liaodong Bay. Overall, the model can repro-
duce the observed sea ice distribution in the Bohai Sea well.

To evaluate the model results quantitively, Fig. 4 compares
the daily area of the Bohai Sea where sea ice concentration is
greater than 10% in the control experiment and the satellite-
based sea ice analysis product provided by Japan Meteorological
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Agency. Only the days with less than 10% of cloud cover in the
Bohai Sea are considered. The model results agree well with the
analysis product, especially for the Liaodong Bay. The correla-
tion coefficient between the two is 0.99 for the entire Bohai Sea,
0.96 for the Bohai Bay, 0.93 for the Laizhou Bay and 0.98 for the
Liaodong Bay, all of which are significant at 99% level.

4 Seaice in the Liaodong Bay

The onset and offset of sea ice in different scenarios share
many similarities with largest changes in RCP 8.5. To keep the
manuscript concise and avoid repeating similar results, the fol-
lowing discussions will first detail the sea ice in the RCP 8.5 scen-
ario. Then, seaice in the RCP 6.0, RCP 4.5 and RCP 2.6 scenarios
will be introduced briefly, focusing on their differences from the
RCP 8.5 scenario.

4.1 RCP 8.5 scenario

The most apparent feature in the RCP 8.5 scenario (black
lines in Fig. 2) is probably the abrupt increase of downward
shortwave radiation (hereafter DSR) around 2070, accompanied
by a rapid change of specific humidity, downward longwave radi-
ation (hereafter DLR) and 2-m air temperature. We checked the
predicted DSR in the RCP 8.5 scenario in 14 different products.
Similar abrupt changes appear in 10 of the 14 products. And the
abrupt changes appear near 2070 in 8 of the 10 products. The
reason for the abrupt change is interesting and worth further in-
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Fig. 4. Area of sea surface occupied by sea ice with a concentration of more than 10% from the control run (x axis) and remote sensing
(y axis) in the Bohai Sea (BH, a), the Bohai Bay (BHB, b), the Laizhou Bay (LZB, c) and the Liaodong Bay (LDB, d). The correlation
coefficient (r) and corresponding p-value are indicated at the upper-left corner of each panel.
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vestigations. However, it is out the scope of this study.

A set of sensitive experiments, Exp-SE-a, for the future in the
RCP 8.5 scenario suggest that the high CO, emissions will weak-
en the severity of wintertime sea ice in the Liaodong Bay. The res-
ults of those sensitive experiments are summarized in Figs 5-9
and Figs A4-A7. According to the sea-ice duration (Fig. 5a) and
the maximum sea ice extent (Fig. 6a) in the Liaodong Bay, the re-

100

maining 80 years of this century, 2021-2100, can be divided into 3
periods: the mild decreasing period (2021-2060), the rapid de-
creasing period (2061-2080) and the decreasing period (2081~
2100).

4.1.1 The mild decreasing period (2021-2060)
In 2021-2060, the severity of wintertime sea ice in the
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Fig. 5. The date of first ice, maximum sea ice extent and last ice in different CO, emission scenarios derived from sensitive
experiments Exp-SE-a. The dashed horizontal lines indicate the corresponding values in the control experiment for the winter of
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Fig. 6. The area of max sea ice extent in different CO, emission scenarios from sensitive experiments Exp-SE-a. The dashed horizontal
lines indicate the corresponding values in the control experiment for the winter of 2012-2013.

Liaodong Bay will be weakening at a relatively mild and stable
rate. The maximum sea ice extent will decrease ~150 km?/a
(Fig. 6a). The sea ice area and the total sea ice volume will also
decrease compared to the winter of 2012-2013 from the first day
with sea ice to the last day with sea ice in each winter (Figs 7 and
8). However, the mean thickness of the sea ice will be relatively
stable (Fig. 9), especially in the first two decades (2021-
2040). In the mild decreasing period, the date of last ice will ar-

rive earlier, while the date of first ice and maximum sea ice ex-
tent, which are December 7 and January 27, respectively, will not
be affected by the changes of the mean atmospheric state
(Fig. 5a).

The weakening in the severity of sea ice is not uniform in the
Liaodong Bay (Fig. A4). On the day with maximum sea ice extent
area in each winter, the sea ice thickness and concentration de-
crease with time in the west side of the bay. While in the east side
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sensitive experiments Exp-SE-a.

of the bay, the area of sea ice more than 20-cm thick is nearly un-
changed. Only the area of sea ice exceeding 50 cm in thickness
reduces significantly. Along the east coast of the bay, the sea ice
maintains a concentration of ~70% with its thickness exceeding
40 cm. Overall, the severest sea ice condition will be relieved
along the west coast of the bay, but not at the east coast of the bay.

4.1.2 The rapid decreasing period (2061-2080)

In this period, the maximum sea ice extent and the sea ice
duration in the Liaodong Bay will decrease rapidly, from 16 000 km?
and 95 d in 2051-2060 to 5 000 km? and 55 d in 2071-2080 (Fig. 5a).
This is accompanied by the postponed first day with sea ice and a
dramatic drop of mean sea ice thickness (Fig. 9). At the end of
this period, only sparse sea ice can be found along the west coast
of the bay, with a concentration of less than 15% and a thickness
of less than 10 cm (Fig. A4). In the east side of the bay, the sea ice
thickness reduces to below 30 cm, with a maximum sea ice con-
centration of ~60%.

Compared to 2021-2060, a significant difference in this rapid
weakening period is the missing of the re-freezing process in
February (Figs 7-9). Before 2061, the sea ice in the Liaodong Bay

15% in the Liaodong Bay from the control experiment and the

melts slightly near the end of January, and then refreezes quickly
in early February. However, this refreezing process has disap-
peared since 2071-2080, with little sea ice remaining in February.
This change is likely to be a result of rapid climate change around
2070, as shown in Fig. 2.

4.1.3 The stabilized period (2081-2100)

After 2080, the sea ice in the Liaodong Bay is relatively stable
and much weakened compared to the winter of 2012-2013. The
duration of sea ice is ~40 d and the maximum sea ice extent is
~5 000 km? (Figs 5a and 6a). Sea ice with a concentration of more
than 15% can only be found in a small region near the north end
and east coast of the bay (Fig. A4).

4.2 The RCP 6.0, 4.5 and 2.6 scenarios

Different from RCP 8.5, there is no abrupt change in the at-
mospheric states in the RCP 6.0, 4.5 and 2.6 scenarios (Fig. 2). In
the RCP 6.0 scenario, the DLR and air temperature increase at a
near-constant rate till the end of this century, by when the air
temperature in RCP 6.0 is even higher than that in RCP 8.5. In the
RCP 4.5 scenario, the DLR and air temperature increase at a rate
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Fig. 8. Total volume of sea ice in the Liaodong Bay from the control experiment and the sensitive experiments Exp-SE-a.

similar to RCP 6.0 until they stabilize around 2070. In the RCP 2.6
scenario, DLR and air temperature increase (decrease) with time
before 2040 (after 2080).

Not surprisingly, the similarities and differences of the atmo-
sphere state in the four scenarios are reflected by the correspond-
ing sea ice conditions, especially the date of last ice (Fig. 5) and
the max sea ice extent area (Fig. 6). Starting with a descending
trend, the max sea ice extent area keeps decreasing till the end of
the century in RCP 6.0. In RCP 4.5, it stabilizes from around 2070.
And in RCP 2.6, it stabilizes around 2040 but an increasing trend
appears after 2080. Similar phenomena can also be found in the
date of last ice among different scenarios.

The 2-D evolution of wintertime sea ice concentration and
thickness in RCP 6.0, 4.5 and 2.6 is similar to that in RCP 8.5 as
shown in Figs A4-A7 of the supplementary materials for readers’
conveniences. To keep the manuscript clear and concise, the de-
tails will not be repeated here.

At the end of the 21st century, the sea ice in the Liaodong Bay
will decrease most in RCP 8.5, less in RCP 6.0, less in RCP 4.5, and
least in RCP 2.6. Compared to the winter of 2012-2013, the sea ice

extent and volume of the Liaodong Bay in RCP 2.6 will largely de-
crease by the 2090s (Figs 7 and 8). While the mean sea ice thick-
ness will only decrease slightly (Fig. 9) by then.

The above results are different from Zu et al. (2016), which
suggested that the sea ice decreases most in the RCP 4.5 scenario.
This difference is due to the different situations considered in Zu
et al. (2016) and this study: (1) influences from all the atmospher-
ic variables used to force the numerical model are considered in
this study, while Zu et al. (2016) only investigated influences of 2-m
air temperature; and (2) the results of Zu et al. (2016) are based
on the mean air temperature of 2015-2045, which is before the
abrupt change of the atmospheric state in the RCP 8.5 scenario.
Figure 6 in this study also shows that the decrease of sea ice ex-
tent of the Liaodong Bay is larger in RCP 4.5 than RCP 8.5 in 2045.

4.3 The role of each atmospheric variable

To further investigate the role of each atmospheric variable
on the sea ice decline in the Liaodong Bay, their contributions
are evaluated in Fig. 10 by comparing differences between the
control experiment and the two sets of sensitive experiments for
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the 2090s, Exp-SE-a and Exp-SE-b. In the Exp-SE-a, the mean val-
ues of all atmospheric variables are edited following the climate
forecasts, while, in the Exp-SE-b, only one of the atmospheric
variables is edited in each run and the others remain unchanged
from the control experiment. Thus, the first bar plot in each pan-
el of Fig. 10 reflects the change of the sea ice extent due to the
overall atmospheric state. And the remaining bar plots indicate
the exclusive influences of the corresponding atmospheric vari-
able on the change of the sea ice extent.

The results suggest that air temperature plays a leading role in
the decline of the sea ice extent in the Liaodong Bay among the
four CO, emission scenarios. Specific humidity also plays an im-
portant role in all the scenarios. DLR, DSR and meridional wind
are important in certain scenarios when the changes of them-
selves are large. While influences from zonal wind and precipita-
tion can be ignored. Those results also indicate that the sea ice
extent decline to the end of the century in the Liaodong Bay is
due to a combination of effects from multiple atmospheric
factors. Even though air temperature is found to be the most im-
portant factor, none of the variables can dominate the mag-
nitude of sea ice extent decline alone.

5 The Bohai Bay and the Laizhou Bay

5.1 RCP 8.5 scenario

Different from the Liaodong Bay, the state of sea ice in the Bo-
hai Bay, including maximum sea ice extent area, mean sea ice
thickness and total sea ice volume, weakens at a relatively stable
rate. Its maximum sea ice extent decreases ~110 km?/a. In
2021-2060, sea ice extent with a thickness of more than 10 cm still
appears along the west and north coast of the bay during the sea
ice maximum. The sea ice with a concentration of 15% or above
disappears from the bay after 2071. And the Bohai Bay is com-
pletely free of sea ice after 2091. Between 2071-2090, only sparse
sea ice less than 1 cm thick can be found. The date of first ice in
the Bohai Bay is approximately unchanged until the 2060s, one
decade before the disappearance of sea ice there.

Similar to the Bohai Bay, the state of sea ice in the Laizhou
Bay weakens at a relatively stable rate. The maximum sea ice ex-
tent decreases ~70 km?/a. The Laizhou Bay is completely free of
sea ice after 2071.

5.2 RCP 2.6, 4.5 and 6.0 scenarios
For the Bohai Bay, the area of max sea ice extent in the RCP
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Fig. 10. The role of each atmospheric factor in the sea ice extent
decline to the end of the 21st century. The first bar of each panel
(noted as Ref) shows the difference between sea ice extent area
on January 27 in the winter of the 2090s (from the sensitive exper-
iments Exp-SE-a) and the winter of 2012-2013 (from the control
experiment) in the Liaodong Bay. The other bars indicate the
area differences between the control experiment and the sensit-
ive experiments Exp-SE-b, in which only one of the atmospheric
variables (noted in x-axis) is edited according to the climate fore-
casts for the 2090s and the others remain unchanged from the
control experiment.

6.0 scenario keeps decreasing after the 2020s until the sea ice ex-
tent disappears in the 2070s (Fig. 6). In the RCP 4.5 scenario, it
decreases from the 2020s to the 2080s, by when it stabilizes at
~128 km?. In the RCP 2.6 scenario, it decreases to 1 812 km? in the
2030s, maintaining an area between 1 500 km? and 2 100 km? for
several decades, until it starts to increase in the 2080s.

The evolution of max sea ice extent for the Laizhou Bay in the
RCP 6.0, 4.5 and 2.6 scenarios is similar to that in the Bohai Bay,
except that, in the RCP 4.5 scenario, the Laizhou Bay will be free
of sea ice extent from the 2080s.

6 Discussion and conclusions

Using a coupled ocean-sea ice model based on NEMO 3.6 and
LIM2, for the first time, this study investigates the potential fu-
ture of sea ice in the Bohai Sea from 2020 to 2 100 in different CO,
emission scenarios (RCP 8.5, 6.0, 4.5 and 2.6). The sea ice in a
typical winter with heavy sea ice, the winter of 2012-2013, is first
reproduced in the control experiment. Then, influences from the

changing mean state of the atmosphere are evaluated by sensit-
ive experiments.

The wintertime sea ice severity in the Bohai Sea weakens with
time in the RCP 8.5 scenario. In the Liaodong Bay, the sea ice
condition can be divided into 3 periods: the mild decreasing peri-
od (2021-2060), in which the sea ice severity weakens at a near-
constant rate; the rapid decreasing period (2061-2080), in which
the sea ice severity drops dramatically; and the stabilized period
(2081-2100). At the end of the current century, the sea ice with a
concentration of more than 15% will only appear near the north
end and east coast of the bay and the duration of wintertime sea
ice will shorten to ~40 d. The north and west coasts of the
Liaodong Bay will be free of sea ice thicker than 10 cm. In the Bo-
hai Bay and the Laizhou Bay, sea ice with a concentration of 15%
or above disappears in the 2070s. The rapid decreasing period is
due to an abrupt change of local atmospheric state in RCP 8.5.
This reminds us that climate change does not necessarily come
smoothly. And it is also an example of how an abrupt change in
the local atmosphere affects the ocean.

Before the 2060s, the dates of first ice in all the three bays are
approximately unchanged, which suggests that the onset of the
sea ice is probably determined by a cold-air event and is not
sensitive to the mean state of the atmosphere. It indicates that
the accuracy of sea ice forecasts in the Bohai Sea largely depends
on the accuracy of forecasts for cold air events. With decreasing
sea ice severity, the mean and max sea ice thickness in the
Liaodong Bay is relatively stable between 2021 and 2060 and then
drops rapidly in the following 10 years.

In the RCP 6.0 scenario, the sea ice severity in the Bohai Sea
weakens with time to the end of the current century. The Bohai
Bay will be free of sea ice extent from the 2080s and the Laizhou
Bay will be free of sea ice extent from the 2070s. In the RCP 4.5
scenario, the sea ice severity in the Bohai Sea weakens with time
until it stabilizes in the 2070s. The Laizhou Bay will be free of sea
ice extent from the 2080s. In the RCP 2.6 scenario, the sea ice
severity will keep weakening before it stabilizes in the 2040s. After
four decades in a stable state, it starts intensifying after the 2080s.
Sea ice extent will appear in all the three bays of the Bohai Sea in
the 2090s in this scenario.

Till the end of this century, sea ice in the Bohai Sea will de-
crease most in the RCP 8.5 scenario, less in the RCP 6.0 scenario,
less in the RCP 4.5 scenario and least in the RCP 2.6 scenario.

Another set of sensitive experiments (Exp-SE-b) suggests that
air temperature and specific humidity play important roles in the
sea ice extent decline in the four scenarios. The surface down-
ward shortwave/longwave radiation and meridional wind also
matter in certain scenarios, while effects from the zonal wind and
precipitation are negligible. Among all the atmospheric factors,
air temperature is the leading factor in all scenarios, demonstrat-
ing the potentially huge impact of global warming on marginal
seas and the importance of predicting the long-term trend of air
temperature.

To fully understand the potential future of sea ice in the Bo-
hai Sea, more winter conditions (e.g., choosing a different winter
for the control experiment) should be discussed in future studies.
Limited by the capacity of the climate projection models, only
changes in the mean state of the atmosphere are considered in
this study. However, the changes in the mean state of the atmo-
sphere will affect the frequency and strength of short- to medi-
um-term atmospheric processes, like cold air events. How the
local atmospheric processes above the Bohai Sea will change in
different scenarios and their two-way interactions with local sea
ice also require further investigations.
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Appendix
Al Sensitive to the initial fields

The following two additional sensitive experiments are conducted to explore how changes of the initial temperature and salinity
fields in April may affect the wintertime sea surface temperature (SST), sea surface salinity (SSS) and sea ice: (1) Exp-Ini-Temp: it is
identical to the control experiment except that 2°C is added to the 3-d initial temperature field; and (2) Exp-Ini-Salt: it is identical to
the control experiment except that 1 g/kg is subtracted from the 3-d initial salinity field.

Figures Ala, c and e suggest that the effect of the increased initial temperature is suppressed quickly by surface forcing. The
differences in SST between Exp-Ini-Temp and the control experiment are negligible from July. Since the Bohai Sea is well mixed in
winter with near-vertical isotherms, this also indicates that the differences in the wintertime water temperature below sea surface are
negligible. Thus, it is expected that the 2°C increase in the initial temperature has little influence on the sea ice simulation, which is
proven by Figs A2a, c and e.

Different from Exp-Ini-Temp, the 1 g/kg decrease in the initial salinity field of Exp-Ini-Salt can last throughout the modelling period
(Figs Alb, d and f). However, Figs A2b, d and f suggests that the change in the salinity field will not affect the sea ice in the Liaodong
Bay significantly. The sea ice condition in the Bohai Bay and the Laizhou Bay is also examined, with no significant changes found
(figures not shown).

Overall, for the wintertime seasice simulations conducted in this study, the effect from changes in initial temperature and salinity
fields (in April) within a reasonable magnitude is negligible.
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Fig. Al. Sea surface temperature (SST, a, c, €) from the control experiment (solid grey lines) and the sensitive experiment Exp-Ini-
Temp (dashed black lines), whose initial temperature is 2°C higher than the control experiment; sea surface salinity (SSS, b, d, f) from
the control experiment (solid grey lines) and the sensitive experiment Exp-Ini-Salt (dashed black lines), whose initial salinity is 1 g/kg
lower than the control experiment. The location of station A01 is shown in Fig. 1.
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Fig. A2. Area of sea ice (a, b), Mean sea ice thickness (c, d), and total sea ice volume (e, f) from the control experiment (solid grey
lines) and two sensitive experiments (dashed black lines), Exp-Ini-Temp (left panels), whose initial temperature is 2°C higher than the
control experiment, and Exp-Ini-Salt (right panels), whose initial salinity is 1 g/kg lower than the control experiment.

A2 Tables and figures

Table Al. Change in wintertime (November to March) atmospheric conditions in the RCP 8.5 scenario compared to the winter of

2012-2013
Period Specific humidity/ Precip/ DLW/ DSW/ Air Zonal wind Meridional wind
(106 kg-kg1) (106 kg:m=2s1) (W-m2) (W-m2) temperature/°C speed/(m-s!) speed/(m-s!)
2021-2030 25.778 -1.168 0.419 0.664 0.366 0.121 0.011
2031-2040 -4.295 -2.028 0.934 2.967 0.744 0.160 0.028
2041-2050 126.452 -1.443 3.601 3.965 1.169 0.221 0.010
2051-2060 196.402 -0.406 6.185 3.297 1.368 0.112 0.002
2061-2070 357.875 0.146 10.523 9.757 2.285 0.147 0.033
2071-2080 568.938 2.331 15.989 25.236 3.349 0.170 0.062
2081-2090 628.251 2.028 17.717 25.554 3.550 0.140 0.016
2091-2100 723.334 2.475 19.798 25.913 4.098 0.151 0.067

Note: DSW and DLW indicate the surface downward shortwave radiation and the surface downward longwave radiation, respectively.
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Table A2. Change in wintertime (November to March) atmospheric conditions in the RCP 6.0 scenario compared to the winter of
2012-2013

Period Specific humidity/ Precip/ DLW/ DSW Air Zonal wind Meridional wind
(105 kg-kg!) (10°kgm2s1) (Wm?) (Wm? temperature/°C  speed/(m-s?) speed/(m-s)
2021-2030 204.237 -0.615 4.648 -0.407 1.339 0.164 0.277
2031-2040 170.118 -0.646 4.697 -0.736 1.373 0.134 0.301
2041-2050 263.688 -0.378 7.890 -1.925 1.680 0.152 0.245
2051-2060 289.583 -0.893 9.195 0.508 2.628 0.157 0.356
2061-2070 386.868 -0.545 11.638 0.213 2.846 0.163 0.304
2071-2080 548.500 -0.141 15.669 0.965 3.665 0.135 0.292
2081-2090 634.748 0.023 17.757 2.326 4.189 0.185 0.309
2091-2100 740.741 -0.137 19.990 2.700 4.737 0.232 0.385

Note: DSW and DLW indicate the surface downward shortwave radiation and the surface downward longwave radiation, respectively.

Table A3. Change in wintertime (November to March) atmospheric conditions in the RCP 4.5 scenario compared to the winter of
2012-2013

Period Specific humidity/ Precip/ DLW/ DSW Air Zonal wind Meridional wind
(106 kg-kg!) (108 kg-m-2.s1) (W-m2) (W-m2) temperature/°C speed/(m-s™) speed/(m-s)
2021-2030 102.536 0.655 2.829 -0.935 0.542 0.033 0.158
2031-2040 234.775 1.504 5.913 0.315 1.020 -0.003 0.221
2041-2050 344.460 1.941 8.611 1.225 1.504 -0.059 0.262
2051-2060 431.652 2.538 10.616 1.740 1.817 -0.045 0.289
2061-2070 539.022 2.861 12.811 2.294 2.227 -0.111 0.304
2071-2080 580.075 2.924 14.104 2.051 2.331 -0.105 0.307
2081-2090 617.175 3.163 14.758 2.141 2.454 -0.087 0.350
2091-2100 613.910 3.163 14.867 2.167 2.488 -0.098 0.329

Note: DSW and DLW indicate the surface downward shortwave radiation and the surface downward longwave radiation, respectively.

Table A4. Change in wintertime (November to March) atmospheric conditions in the RCP 2.6 scenario compared to the winter of
2012-2013

Period Specific humidity/ Precip/ DLW/ DSW Air Zonal wind Meridional wind
(10-5kgkg!) (10-5kg-m—2s1) (W-m2) (W-m2) temperature/°C speed/(m-s) speed/(m-s)
2021-2030 169.520 0.049 -0.221 6.450 0.729 0.379 0.189
2031-2040 395.981 0.077 3.033 8.581 1.517 0.381 0.420
2041-2050 385.460 -0.017 2.982 10.611 1.488 0.416 0.329
2051-2060 350.707 -0.013 2.875 10.532 1.276 0.333 0.308
2061-2070 387.610 -1.115 2.174 12.442 1.564 0.358 0.332
2071-2080 399.049 -1.762 2.424 12.674 1.526 0.385 0.352
2081-2090 350.722 -1.659 1.158 13.290 1.395 0.559 0.314
2091-2100 300.425 -1.071 -0.015 13.855 1.098 0.510 0.327

Note: DSW and DLW indicate the surface downward shortwave radiation and the surface downward longwave radiation, respectively.
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Fig. A3. Observed (grey lines) and modelled (black lines) sea surface temperature at three located marked by blue triangles in Fig. 1.
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Fig. A4. Seaice concentration (background color) and sea ice thickness (colorful contours) in the control experiment for the winter of
2012-2013 (a) and the sensitive experiments Exp-SE-a for the future in the RCP 8.5 scenario (b-i). The white contours indicate the 15%
concentration of sea ice. Only the results with maximum sea ice extent in each experiment are shown.
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Fig. A5. Seaice concentration (background color) and sea ice thickness (colorful contours) in the control experiment for the winter of
2012-2013 (a) and the sensitive experiments Exp-SE-a for the future in the RCP 6.0 scenario (b-i). The white contours indicate the 15%
concentration of sea ice. Only the results with maximum sea ice extent in each experiment are shown.
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Fig. A6. Seaice concentration (background color) and sea ice thickness (colorful contours) in the control experiment for the winter of

2012-2013 (a) and the sensitive experiments Exp-SE-a for the future in the RCP 4.5 scenario (b-i). The white contours indicate the 15%
concentration of sea ice. Only the results with maximum sea ice extent in each experiment are shown.
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Fig. A7. Seaice concentration (background color) and sea ice thickness (colorful contours) in the control experiment for the winter of
2012-2013 (a) and the sensitive experiments Exp-SE-a for the future in the RCP 2.6 scenario (b-i). The white contours indicate the 15%
concentration of sea ice. Only the results with maximum sea ice extent in each experiment are shown.
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