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Storm surge variation along the
_coast of the Bohai Sea
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The present study mainly investigates the storm surge variations at different temporal scales using
. hourly tide gauge data in the Bohai Sea. The seasonal variation, inter-decadal variation, long-term trend
Accepted: 11 July 2018 . and the tide-surge interaction were analyzed separately. The results show that the storm surges in the
Published online: 27 July 2018 - southwest Bohai Sea are larger than those in the north. The storm surges were more serious in winter

© (Oct. to Mar.) than in summer half of the year. Significant inter-decadal variations exist in the Bohai
Sea, and the extreme storm surge events have been intensifying since 2010. Storm surge intensities at
three of the tide gauges (Qinhuangdao, Huludao and Tanggu) exhibited a decreasing trend from 1980
to 2016, with trends significant at the 95% level at Qinhuangdao and Tanggu. Significant tide-surge
interactions were observed at all four tide gauges. The tide-surge interaction that results in peak surges
mostly occurs during the flood and ebb tides. There is a statistically significant negative correlation
between storm surge intensity and the Arctic Oscillation (AO) at Longkou and Tanggu, while thereis a
significantly positive correlation between storm surge intensity and the Siberian High (SH) at Huludao,
Qinhuangdao and Tanggu. A linear regression analysis revealed that the variations of the AO and SH
explained 19-48% of the variations in the storm surge intensity in the Bohai Sea.
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Because of the rich and fertile land, feasible port access, fishing access and abundant transport connections, mil-
lions of people are crowded around coastal zones. As one of the major geophysical risks of coastal areas, storm
surge is often associated with heavy casualties and property losses!. The storm surge disasters in China caused
economic losses of 10.5 billion Chinese Yuan, 148 deaths and affected 11.5 million people annually from 1990
to 2010 (China Marine Disasters Bulletin). As the only semi-enclosed inland sea in China, the Bohai Sea has an
area of approximately 78,000 km?, and its proximity to Beijing, the capital of China, makes it one of the busiest
seaways in the world (Fig. 1). Although the Bohai Sea is less susceptible to typhoons, with only approximately
11 typhoons that have passed the Bohai Sea since 1980 (http://tcdata.typhoon.gov.cn), cold-air outbreaks and
extratropical cyclones often bring serious storm surge disasters, especially in the winter*®. The rapid economic
development and population increases have accelerated the storm surge disaster risks in the coastal regions along
the Bohai coast®.

The growing concern about climate change has motivated numerous studies to evaluate the effects of climate
change on the mean and extreme sea levels’~'*. Many of these studies have indicated that the storm surge has also
undergone through remarkable changes during the past several decades, and these changes were important parts
of the extreme sea level changes in some areas. Bromirski et al.'* found that the winter storm surge in San Francisco
showed a significant increasing trend beginning in 1858. Ullmann et al.'” found that the maximum annual sea
level had risen twice as fast as the mean sea level because of the changes in the storm surges. Weisse et al.'?
found that the storm surge in the North Sea from 1912 to 2010 featured an increasing trend. Wahl and Chambers!®
believed that the changes in extreme sea level along the southeast coast of North America were affected by the
storm surge caused by hurricanes. Unlike the changes in the mean sea levels, the changes in storm surges through-
out the world have clearly shown spatial differences over the past several years.

Recently, risk assessments have been widely utilized to plan for coastal flood mitigation under climate change
scenarios'’~?!. However, most studies assumed that the statistical characteristics of the storm surges remain
unchanged in the long run?*?. Some assessments also considered the variations in storm surges, most of which
were represented by the characteristics of changes in tropical cyclones®**-2°. A better understanding of the
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Figure 1. The locations of the Bohai Sea and the four tide gauges (Huludao (HLD), Qinhuangdao (QHD),

Tanggu (TG) and Longkou (LK)).

characteristics and trends of storm surges is important for flood risk assessments, coastal planning as well as for
defining an indicator of the potential coastal climate changes.

The storm surges in the Bohai Sea are mostly caused by cold-air outbreaks and extratropical cyclones
which are strongly impacted by other large-scale systems such as the Arctic Oscillation (AO), Siberian High (SH),
East Asian Winter Monsoon and East Asian jet stream®-*2. The storm surges in the Bohai Sea have been studied
using numerical models since the 19807, Some researchers focused on case studies or verification of storm
surges hindcast®*”, some studied the effects of the cold-air outbreak paths on the occurrence of storm surges**,
while others concentrated on land reclamation patterns and changes to the coastline due to storm surge®>4°.
Few studies have investigated the long-term changes in storm surges in the Bohai Sea. Feng et al.’ analyzed the
characteristics of storm surges in the Bohai Sea from 1961 to 2006 using a numerical model. Zhang and Sheng*!
simulated the extreme sea levels in the northwest Pacific Ocean, and they obtained the 50-year return levels in
these areas. However, these works were all carried out using numerical models, and they lacked comprehensive
verifications by comparing the modeled results with observed storm surges in the Bohai Sea.

Using long-term sea level observations from 4 tide gauges, we comprehensibly investigated the storm surge
variations over the Bohai Sea spatially and temporally, and the relationships between the storm surges and climate
indices were also analyzed. The outline of this paper is as follows: section 2 provides a brief description of the
datasets used in this study, section 3 presents the results of the analysis and discussions of the characteristics of the
storm surges in the Bohai Sea, and section 4 presents the main conclusions drawn from this study.

27-29
>

Datasets

Hourly sea level data from 4 tide gauges, Huludao (HLD), Qinhuangdao (QHD), Tanggu (TG) and Longkou
(LK), along the Bohai coastline were used in this paper (Fig. 1). The datasets were obtained from the marine mon-
itoring stations in China from January 1980 to December 2016. The data have been carefully quality controlled,
including the data spikes and spurious data*’. At the LK station, the data were available for less than 60% of the
year in 1990, and these data were excluded from analysis. The storm surge data were obtained using the harmonic
analysis method®.

The AO index, which is characterized by pressure anomalies of one sign in the Arctic with the opposite anom-
alies centered at 37-45°N, was obtained from the University of Washington (http://jisao.washington.edu/ao/).
The Siberian High (SH), which is the accumulation of cold (very cold) dry air in northeastern Eurasia, was calcu-
lated using the data from the National Center for Atmospheric Research (NCAR). The SH was calculated using
the method established by Gong and Wang*, in which the index I was used to represent the intensity of the SH:

_ EQ’:anén cos U,
Y10y cos T, 1

where P, is the sea level pressure at point n, and U, is the latitude of n. When P, > 1028 hPa, , = 1; otherwise,
8, =0. The selected area is located at 30°N~70°N and 60°E~120°E.
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Figure 2. Monthly maximum storm surge levels (in cm) at the four tide gauges, white areas indicate missing
values.

Results and Discussion

Seasonal variability. The monthly maximum storm surge levels at 4 tide gauges were calculated to describe
the annual storm surge cycle along the Bohai coastline. The 37-year results are shown in Fig. 2. It can be found
that the monthly maximum values exhibit clear seasonal variability at all 4 of the tide gauges. The storm surge
levels were larger in winter half year (October to March) than those in summer half year, which is generally
consistent with the intra-annual variability of cold surge frequencies in the Bohai area®. The storm surge level at
TG was the largest among all tide gauges, with the largest value in February 2004 (250 cm) and the smallest value
in May 2012 (25 cm). The largest storm surge at LK occurred in February 1995 (162 cm), and the smallest value
occurred in June 2010 (16 cm). The storm surge levels at HLD and QHD were not as large as those at the other two
tide gauges. The largest value at HLD occurred in September 2004 (126 cm), while the smallest value occurred in
June 2010 (13 cm). The largest value at QHD occurred in August 1987 (111 cm), and the smallest value occurred
in May 1984 (4 cm). It can be seen that the storm surges along the southwest coast of the Bohai Sea were larger
than those along the northern coast. It should be noted that some high storm surge levels were generated in July
and August of some years, which is thought to be caused by typhoons passing the Bohai Sea. No clear change was
found in the seasonal variability at the four tide gauges during the past 37 years.

The seasonal and spatial characteristics of the storm surge in the Bohai Sea can be well explained by the char-
acteristics of cold-air outbreaks and extratropical cyclones, which are the two main causes of the storm surges
in the Bohai Sea. Ding and Krishnamurti*® and Zhu et al.¥’ revealed that cold-air outbreaks, which are led by the
cold-core high from Siberia and Mongolia, mostly occur during the late autumn and early spring. The spatial
characteristics of the storm surge in the Bohai Sea were strongly correlated to the cold-air outbreak tracks, as
shown in Zhao and Jiang* and Mo et al.**. All four tracks, from the northwest (44%), west (33%), north (18%) and
east (9%), caused high easterly winds over the Bohai Sea, resulting in more serious storm surges in Bohai Bay and
Laizhou Bay than in the other regions of the Bohai Sea.

Tide-surge interaction. Previous studies**-*! showed that significant nonlinear tide-surge interaction exists
between the tide and surge at some locations, especially for shallow seas and estuaries. The tide-surge interaction
can significantly affect the amplitude and timing of storm surges; thus, the surge peaks mostly occur during the
rising or falling tide.

Using the method established by Haigh et al.'?, the role of the tide-surge interaction in the distribution of
surges was analyzed in this work. According to the tide cycles at the tide gauges, the tides were divided into
thirteen (or twenty-five) hourly bands. Then, the timings of the surge peaks relative to the nearest high tide were
calculated. If a tide-surge interaction exists at the tide gauge, the number of surges (exceeding the threshold u,
which is the 99.9% percentile of the water level) in each band will differ from one to another. The distributions of
the observed surge peaks above the 99.9% levels with respect to the timing of high tides at the 4 tide gauges are
shown in Fig. 3.

The results showed that a tide-surge interaction existed at all four tide gauges. There were surge peaks during
both the rising and falling tide periods. The features of the tide-surge interaction varied among the different
tide gauges. At HLD, the surge peaks mostly occurred during the falling tide period, which was approximately
1-4hours after the high tide. At LK, the surge peaks were more frequent during the falling tide, which was
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Figure 3. Distribution of the surge peaks above the 99.9% threshold with respect to the high tides at 4 tide
gauges (Huludao, Longkou, Qinhuangdao and Tanggu), the colors represent the different surge levels, the y-axis
is the number of the storm surges, and the x-axis is the timing before (negative) and after (positive) the high
tide.

approximately 2-5 hours after the high tide. At QHD, there were surge peaks during both the falling and rising
tide periods, which were 5hours before and 2 hours after the high tide, respectively. At TG, the surge peaks were
more centralized than those at the other three gauges, with the most frequent peaks occurring 4hours after the
high tide. The results also showed that no clear distribution rule existed between the different surge levels. It
should be noted that few storm surges occurred exactly during high tide at all four tide gauges; in particular, no
surge peak occurred during high tide at LK.

Storm surge variations. The number of the storm surges (above the 99.9% level of storm surges) in each
ten-year band was calculated to study the decadal variations in the extreme events of storm surge at each tide
gauge. To obtain an independent storm surge event, at least 96 hours were required between events. The results
(Fig. 4) show that the decadal variations in storm surge at the four tide gauges share some common features,
with the most surge events during 2010 and 2016 at all four tide gauges, although there were only 7 years in this
band. This result indicates that the frequency of the storm surges intensified from 2010-2016. There are also pro-
nounced differences among the four tide gauges in terms of decadal variations in storm surge. The fewest storm
surges occurred from 1980 to 1989 at HLD, from 1990 to 1999 at LK, and from 2000 to 2009 at TG, while the
numbers were small from both 1980 to 1989 and from 2000 to 2009 at QHD. The results also show that the total
number of surges is smallest at TG, which means that the larger surge levels were more concentrated at TG than
the other tide gauges.

To study the long-term trends of the storm surges, the method described by Zhang et al.>2 was used in this
work. The storm surges were represented by three indices:

1. Storm surge count: annual number of storm surges above a given threshold
2. Storm surge duration: the annual number of hours for which the storm surges were above a given threshold
3. Storm surge intensity: the annual total integral of the surge level curve above a given threshold

In this work, the 99" percentile of the storm surge level was used as the threshold. The same temporal interval
(96 hours) was required for detecting independent storm surge events. The annual variations of the storm surge
indices are given in Fig. 5 at the four tide gauges. Table 1 lists their long-term trends.

Figure 5 shows that storm surges are the most frequent and strongest at TG when using the 99 percentile of
water levels as the storm surge threshold, which is different from the results shown in Fig. 4, which use the 99.9%
percentile as the surge threshold. The results also show that the interannual variability of the indices at all tide
gauges was quite large, whereas the interdecadal variability was relatively weak. At HLD, the storm surge count
ranges from 6 to 17, with the largest value in 2013 and the smallest values in 2000, 2007 and 2016. The storm surge
duration ranges from 21 hours to 172 hours, the storm surge intensity ranges from 1.01 hour-m to 23.45hour-m.
The largest value of the two indices occurred in 2010, and the smallest value of the two indices occurred in 2007.
At LK, the storm surge count ranges from 5 to 17, with the largest value in 1987 and the smallest value in 1991.
The storm surge duration ranges from 13 hours to 166 hours, the storm surge intensity ranges from 0.47 hour-m
to 30.15hour-m. The largest value of the two indices occurred in 2010, and the smallest value of the two indices
occurred in 1991. At QHD, the storm surge count ranges from 4 to 19, with the largest value in 1987 and the
smallest value in 1984. The storm surge duration ranges from 17hours to 166 hours, and the storm surge intensity
ranges from 0.51 hour-m to 17.69 hour-m. The largest value of the two indices occurred in 2010, and the smallest
value of the two indices occurred in 1984. At TG, the storm surge count ranges from 4 to 19, the largest value
occurred in 1987, and the smallest value occurred in 1984. The storm surge duration ranges from 36 hours to
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Figure 4. Number of storm surges (above the 99.9% level) during each ten-year band at HLD, LK, QHD and
TG.

180 hours, the storm surge intensity ranges from 4.44 hour-m to 42.12 hour-m. The largest value of the two indices
occurred in 1987, and the smallest value of the two indices occurred in 1995.

At HLD, the storm surge count, duration and intensity exhibit similar characteristics, with high values around
the 1980s and 2010s, and negative linear trends exist in all three indices. The linear trend of the duration was sig-
nificant at the 95% level. At LK, the storm surge indices feature quite similar variation patterns, with large values
from 2007 to 2013 and low values from 1985 to 1994. Positive linear trends were obtained for all 3 indices, and
the linear trend of the storm surge count was significant at the 95% confidence level. At QHD, the three indices
were relatively high from 1985 to 1994 and 2008 to 2012. The storm surge count and duration showed positive
linear trends, while a significant negative linear trend was found in the intensity. At TG, the storm surge count
and duration showed similar characteristics. These two indices were relatively high from 1995 to 2005. Negative
linear trends were obtained for the 3 indices, and all of them were significant at the 95% confidence level. At all
of the four tide gauges, the storm surge indices were high around 1980. The storm surge intensity at all stations
except LK showed decreasing trends, and the trends were significant at the 95% confidence level at QHD and TG.

Large-scale conditioning of storm surge genesis. Woodworth and Blackman'” indicated that it is impor-
tant to determine whether the variability of extreme storm surges is related to climate variations when analyzing the
changes in storminess. Many studies have indicated that the changes in the storm surge were related to the regional
climate variations, such as the North Atlantic Oscillation (NAO), Arctic Oscillation (AO), and El Nifio-Southern
Oscillation (ENSQ)>1%*54 The storm surges in the Bohai Sea were mainly caused by cold-air outbreaks and extrat-
ropical cyclones”~%. Studies show that one possible reason for the changes in cold-air outbreaks is the recent change
in the air circulation system, particularly the change in the behaviors of the winter monsoon system across eastern
Asia®>~%, The changes in the East Asian winter monsoon (EAWM) can affect the Siberian High through the upper
wave train and the lower cold temperature®>¢%2, However, the link between winter monsoons and temperature is
quite complex, and the link is dependent on not only the strength of the cold-air outbreak but also the tracking of
multi-modal changes. Park et al.*® and Li et al.% pointed out that in different AO phases, the tracks of the cold surges
as well as the persistent period and damage degree in two different AO phases differ, revealing that the changes in
the cold-air outbreaks and extratropical cyclones are highly related to the Arctic Oscillation (AO) and Siberian High
(SH)*+%5-68_ The changes in the AO and SH can affect the intensity and frequency changes of the cold-air outbreaks
and extratropical cyclones in North China. When the AO is positive, the surface pressure in the polar region is low,
which will lock the cold Arctic air in the polar area. In contrast, high pressure in the polar region can help frigid
polar air move to middle latitudes®®. Gong and Ho*’ found that the warmer winters throughout inland extratropical
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HLD —0.028 —0.506 —0.028
LK 0.049 0.006 0.068
QHD 0.069 0.040 —0.064
TG —0.076 —0.884 —0.122

Table 1. Long-term trend of the storm surge count, duration and intensity at 4 tide gauges. *Trends with
significant at the 95% confidence level are in bold.

HLD

Count

Intensity

Figure 5. Annual storm surge count (black dotted line) (up), annual storm surge duration (black dotted line)
(middle), and annual storm surge intensity (black dotted line) (bottom) at HLD, LK, QHD and TG. Red lines
indicate the linear trend (red line), and the blue lines represent the 5-year running mean.

Asia were driven by the weakening of the SH. Wang et al.”® found that the tracks of the cold-air outbreak were
affected by the AO and SH. The tracks from the west are mainly impacted by the negative phase changes of the AO,
the northwest tracks are typically engendered by cold air masses at high latitudes that move with the East Asian win-
ter monsoon, and the tracks from the north are largely affected by the warm high anomaly from the Ural Mountains.
Meanwhile, the Siberian High under northwest tracks is weaker than that under west and north tracks. The relation-
ship between the AO and SH and the storm surges in the Bohai Sea was analyzed to gain insights into the dynamical
mechanism of the storm surge changes in this area.

The 5-year running mean and linear trends of the AO and SH (annual mean from September to May) are
shown in Fig. 6. The results showed that clear decadal variations and positive linear trends existed in the AO
index from 1950 to 2016. The increase rate is approximately 0.01 per year. Meanwhile, a decreasing trend existed
in the SH from 1950 to 2016. The rate of decrease was approximately —0.006 per year. Previous studies®®¢”7!
showed that the synoptic-scale baroclinic waves will decrease when the AO increases. As a result, the cold waves
that affect North China will decrease. Wang and Ding’” indicated that the intensity of the cold-air outbreak
will decrease if the SH decreases. The changes in the AO and SH may explain the interdecadal variations and
long-term trends obtained in section 3.3. The cold waves that affected the Bohai Sea decreased during 1950 and
2016 because of the changes in the AO and SH. As a result, the intensity of the storm surge in the Bohai Sea also
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AO —0.08 (—0.09) —0.49 (—0.49) 0.16 (0.14) —0.41 (—0.51)
SH 0.42 (0.39) —0.05 (0.04) 0.43 (0.31) 0.38 (0.17)
R? 0.23 0.20 0.19 0.48

Table 2. Correlation between the storm surge intensity and SH, AO at HLD, LK, QHD and TG, the correlation
after detrending (in the brackets), the coefficient of determination (R2) in the linear regression analysis method.

1550 1960 1970 1980 1990 2000 2010 2020

SH

Of%s0 10 1970 1980 1990 2000 2010 2020
Year

Figure 6. The 5-year running mean (black line) and linear trend (black dotted line) of the AO and SH from
1950 to 2016.

decreased during this period (results at HLD, QHD and TG). It should be noted that positive linear trends of the
storm indices were obtained at LK. These differences may be caused by the tracks of the cold-air outbreaks. The
cold-air outbreaks along the northwest track vary from north to northeast, the cold-air outbreaks from the west
track usually bring strong northwest winds, the cold-air outbreak from the north track commonly induce strong
northeast winds, and the cold-air outbreak from the east track mainly result in high easterly winds. The winds of
these cold-air outbreaks blow the water in the Bohai Sea to the west. Because the LK tide gauge is located in the
southeast of the Bohai Sea, the long-term changes of the storm surges at this tide gauge is different from those at
the other three tide gauges. When the storm surges at the other three tide gauges decrease, the storm surge at the
LK shows a positive trend.

The correlations between the storm surge intensity over the Bohai Sea and climate indices, such as the AO
and SH, were calculated. The results show that the storm surge intensity was correlated with the AO and SH
(Table 2). The storm surge intensities at LK and TG were significantly negatively correlated with the AO index.
No significant correlations were found at HLD and QHD. At the same time, significant positive correlations were
found between the storm surge intensity and SH at HLD, QHD and TG. Moreover, the correlation coeflicients
after detrending were also calculated. The results show that the correlation between the storm surge intensity and
SH became non-significant after detrending at only TG. The interdecadal variation of the AO and SH may explain
the interdecadal variation of the storm surge in the Bohai Sea.

Thus, a linear regression model can be used to construct the statistical relationship between the storm surge
intensity and AO and SH,

Si(x) = A, (x)AO; + A (x)SH, + &(x) (2

where §,(x) is the storm surge intensity in year ¢ at location x. The regression coefficients are the first order pro-
portional to the correlations C,(x) and C(x),

A (x) = Cx)S,/ Sy As(x) = C(x)S,/S(x) (3)

where S, S; and Sss(x) are the standard deviations of the AO, SH and storm surge intensity at the selected location.
The results of the linear regression analysis of the storm surge intensity at the 4 selected tide gauges are shown in
Fig. 7. The coeflicients of determination (R2) are listed in Table 2. The results show that the linear regression
model results are similar to the observations at all four tide gauges, especially the long-term trend. To some
extent, the results of the linear regression analysis can also reproduce the interdecadal variations. However, it
seems that the results from the linear regression model were gentler than the observations at all 4 tide gauges. The
R2 values show that the changes in the AO and SH can explain 19-48% of the changes in the storm surge intensity
at the 4 tide gauges. Thus, the storm surge intensity from 1950 to 2016 was calculated using a linear regression
model. The results showed that the storm surge intensity displayed a clear decreasing trend in the period from
1950 to 2016 at all 4 tide gauges.
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Figure 7. Linear regression analysis results of the storm surge intensity at HLD, LK, QHD and TG, the results
from the regression model (solid line), the results of the observations (dotted line), and corresponding linear
trends from 1980 to 2016 (red line).

Conclusions

The growing concerns about climate change have motivated numerous researchers to study the effects of climate
change in coastal areas. As one of the major geophysical risks in coastal areas, the changes in storm surge related
to climate change have drawn more concern in recent years. In this work, hourly sea level data from four tide
gauges, which are Huludao, Qinhuangdao, Tanggu and Longkou, were used to analyze the temporal and spatial
characteristics of the storm surges in the Bohai Sea.

Clear seasonal variations exist in the storm surges in the Bohai Sea. The storm surges are more serious in the
winter (from October to March) than those in the summer at all four tide gauges. The seasonal variability of the
storm surges features few changes over the past few decades. A tide-surge interaction exists at all four tide gauges,
and the distribution of the surge above the threshold values exhibited peaks during rising and falling tides. The
decadal variations at the four tide gauges showed similar features. The frequency of the storm surge above the
99.9% level intensified after 2010. The four tide gauges showed some differences in the long-term trends of the
storm surge count, duration and intensity. There were also some characteristics in common. The storm surge
intensity showed a decreasing trend at QHD, HLD and TG, and the trends were significant at the 95% confidence
level at QHD and TG.

The Arctic Oscillation (AO) and Siberian High (SH) greatly affect the cold-air outbreaks and extratropical
cyclones over East Asia, which are the two main factors that generate storm surges in the Bohai Sea. It was found
that a linear upward trend existed in the AO index from 1950 to 2016; meanwhile, the SH showed a decreasing
trend. The storm surge intensity at LK and TG were significantly negatively correlated with the AO index, while
significant positive correlations were found between the storm surge intensity and SH at HLD, QHD and TG. The
results of the linear regression analysis strongly correspond to the storm surge intensity at the four tide gauges,
especially at the long-term timescale. The changes in AO and SH can explain 19-48% of the changes in the storm
surge intensity. The storm surge intensity from 1950 to 2016 was calculated using a linear regression model. The
storm surge intensity showed a clear decreasing trend from 1950 to 2016 at all four tide gauges.

It should be noted that because of the data quality, in terms of both time period and spatial coverage, the
results may be insufficient. It would be favorable if more data were made accessible for scientific analysis.

Data availability. The data that support the findings of this study are available from the authors upon rea-
sonable request.

References
1. Feng, S. Introduction to storm surge, 241pp, in Chinese (Science Press, Beijing, 1982).
2. Yang, G. Historical change and future trends of storm surge disaster in China’s coast area. Journal of Natural Disasters 28, 23-30
(2000).
. Gonnert, G., Dube, S. K., Murty, T. & Siefert, W. Global storm surge: theory, observation and modeling. Die kiiste 63, 623 (2001).
4. Zhao, P. & Jiang, W. A numerical study of storm surges caused by cold-air outbreaks in the Bohai Sea. Nat. Hazards 59, 1-15, https://
doi.org/10.1007/s11069-010-9690-7 (2011).
5. Feng, J., von Storch, H., Weisse, H. & Jiang, W. Changes of storm surge in the Bohai Sea derived from a numerical model simulation,
1961-2006. Ocean Dynamic 66, 1301-1315 (2016).

w

SCIENTIFICREPORTS| (2018) 8:11309 | DOI:10.1038/s41598-018-29712-z 8


http://dx.doi.org/10.1007/s11069-010-9690-7
http://dx.doi.org/10.1007/s11069-010-9690-7

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

. Gao, Y. et al. Risk assessment of tropical storm surges for coastal regions of China. . Geophys. Res. Atmospheres 119, 5364-5374,

https://doi.org/10.1002/2013]D021268 (2014).

. Tsimplis, M. N. & Woodworth, P. L. The global distribution of the season sea level cycle calculated from coastal tide gauge data. J.

Geophys. Res. Oceans 99, 16031-16039, https://doi.org/10.1029/94JC01115 (1994).

. von Storch, H. & Reichardt, H. A scenario of storm surge statistics for the German bight at the expected time of doubled atmospheric

carbon dioxide concentration. J. Clim. 10, 2653-2662, d0i:10.1175/1520-0442(1997)010<2653:ASOSSS>2.0.CO:2 (1997).

. Cayan, D. R. et al. Climate change projections of sea level extremes along the California coast. Climatic Change 87(1), 57-73 (2008).
. Woodworth, P. L. & Blackman, D. L. Evidence for systematic changes in extreme high water since the mid-1970s. J. Clim. 17,

1190-1197, doi:10.1175/1520-0442(2004)017<1190:EFSCIE>2.0.CO;2 (2004).

Marcos, M., Tsimplis, M. N. & Shaw, A. G. P. Sea level extremes in southernEurope. J. Geophys Res. Oceans. 114, C01007, https://doi.
0rg/10.1029/2008jc004912. (2009).

Haigh, I, Rober, N. & Neil, W. Assessing changes in extreme sea levels: Application to the English Channel, 1900-2006. Cont. Shelf
Res. 30, 1042-1055, https://doi.org/10.1016/j.csr.2010.02.002 (2010).

Weisse, R. et al. Changing extreme sea levels along European coasts. Coastal Engineering. 87, 4-14, https://doi.org/10.1016/j.
coastaleng.2013.10.017 (2014).

Bromirski, P. D., Flick, R. E. & Cayan, D. R. Storminess variability along the California coast: 1985-2000. J. Clim. 16, 982-993.
doi:10.1175/1520-0442(2003)016<0982:SVATCC>2.0.CO.2 (2003).

Ullmann, A., Pirazzoli, P. A. & Tomasin, A. Sea surges in Camargue: trends over the 20th century. Cont. Shelf Res. 27, 922-934,
https://doi.org/10.1016/j.csr.2006.12.001 (2007).

Wahl, T. & Chambers, D. P. Evidence for multidecadal variability in US extreme sea level records. J. Geophys Res. Oceans 120(3),
1527-1544, https://doi.org/10.1002/2014]C010443 (2015).

Sestini, G. Implications of climate change for the Nile delta. In: Jeftic, L., Milliman, J. D. & Sestini, G. (eds) Climate change and the
Mediterranean. Environmental and societal impacts of climate and sea-level rise in the Mediterranean Sea. 533-601 (Edward Arnold,
London, 1992).

El Sayed, MKh. Rising sea level and subsidence of the Northern Nile delta: a case study. In: Milliman, J. D. & Hag, B. U. (eds) Sea-
level rise and coastal subsidence: causes, consequences and strategies. (Kluwer, 1996; 215-233).

Nicholls, R. S. et al. Ranking port cities with high exposure and vulnerability to climate extremes. OECD Environment Working
Papers No. 1,10 (OECD Publication, Paris, 2008).

Frihy, O. E. & El-Sayed, M. K. Vulnerability risk assessment and adaptation to climate change induced sea level rise along the
Mediterranean coast of Egypt. Mitig Adapt Strateg Glob Change 18, 1215-1237 (2013).

Pezza, D. A. A risk assessment of the impact of coastal flooding and sea level rise on the existing and new pump stations 113,
Norfolk, VA. Civil & Environmental Engineering Theses & Dissertations (2015).

Hunter, J. A simple technique for estimating an allowance for uncertain sea-level rise. Climate Change 113, 239-252 (2012).

Kopp, R. E. et al. Probabilistic 21% and 22" century sea-level projections at a global network of tide gauge sites. Earths Future 2,
383-406 (2014).

Lin, N., Emanuel, K., Oppenheimer, M. & Vanmarcke, E. Physically based assessment of hurricane surge threat under climate
change. Nat. Clim. Change 2, 462-467 (2012).

Emanuel, K. A. Downscaling CMIP5 climate models shows increased tropical cyclone activity over the 21* century. Proc. Natl Acad.
Sci. 110, 12219-12224 (2013).

Little, C. M. et al. Joint projections of US East coast sea level and storm surge. Nat. Clim. Change 5(12), 1114, https://doi.org/10.1038/
NCLIMATE2801 (2015).

Qin, Z. & Feng, S. Preliminary study on dynamic mechanism of shallow water storm surge (in Chinese). Sci. Chin. 1, 64-78 (1975).
Sun, W,, Feng, S. & Qin, Z. Numerical modeling of an ultra-shallow water storm surge (I) - the zero-order model of the Bohai Sea
wind-surges (in Chinese). Acta Oceanol. Sin. 1(2), 193-211 (1979).

Sun, W,, Qin, Z. & Feng, S. Numerical modeling of an ultra-shallow water storm surge (II) - the first-order model of the Bohai Sea
wind-surges (in Chinese). J. Shandong Coll. Oceanol. 10(2), 7-19 (1980).

Wang, X., Zhou, W., Wang, D. & Wang, C. The impacts of the summer Asian Jet Stream biases on surface air temperature in mid-
eastern China in IPCC AR4 models. Int. J. Climatol 33, 265-276 (2013).

Wang, W.,, Zhou, W., Wang, X., Fong, S. K. & Leong, K. C. Summer high temperature extremes in Southeast China associated with
the East Asian jet stream and circumglobal teleconnection. J. Geophys Res. Atmospheres 118, 8306-8319, https://doi.org/10.1002/
jgrd.50633 (2013).

Wang, W.,, Zhou, W., Li, X., Wang, X. & Wang, D. Synoptic-scale characteristics and atmospheric controls of summer heat waves in
China. Climate Dynamics 46, 2923-2941 (2016).

Sun, Y. A combined model for the storm surge in ultra-shallow sea and its preliminary application to the Bohai Sea storm surge (in
Chinese). J. Shandong Coll. Oceanol. 14(1), 54-67 (1984).

Yin, B. et al. Numerical study of the influence of waves and tide-surge interaction on tide-surges in the Bohai Sea. China ] Oceanol
Limnol 19(2), 97-102 (2001).

Zhao, P. & Jiang, W. A numerical study of the effects of coastal geometry in the Bohai Sea on storm surges induced by cold-air
outbreaks. ] Ocean Univ China 10(1), 9-15, https://doi.org/10.1007/s11802-011-1746-0 (2011).

Feng, X., Yin, B. & Yang, D. Effect of hurricane paths on storm surge response at Tianjin, China. Estuar Coast Shelf Sci 106, 58-68,
https://doi.org/10.1016/j.ecss.2012.04.032 (2012).

Shi, E, Sun, W. & Wei, G. A WDM method on a generalized curvilinear grid for calculation of storm surge flooding. Applied Ocean
Research 19, 275-282 (1997).

Li, X., Zhang, W. S., Zhang, J. S. & Kong, J. Study on a tropical storm surge process caused by cold air (in Chinese). Adv. Mar. Sci. 28,
8-16 (2010).

Mo, D., Hou, Y,, Li, J. & Liu, Y. Study on the storm surges induced by cold waves in the Northern East China Sea. Journal of Marine
Science 160, 26-39 (2016).

Ding, Y. & Wei, H. Modeling the impact of land reclamation on storm surges in Bohai Sea, China. Nat. Hazards 85, 559-573, https://
doi.org/10.1007/s11069-016-2586-4 (2016).

Zhang, H. & Sheng, J. Examination of extreme sea levels due to storm surges and tide over the Northwest Pacific Ocean. Cont. Shelf
Res. 93, 81-97, https://doi.org/10.1016/j.csr.2014.12.001 (2015).

Wang, H., Liu, K., Fan, W. & Fan, Z. Data uniformity revision and variations of the sea level of the western Bohai Sea (in Chinese).
Marine Science Bulletin 32(3), 256-264 (2013).

Pawlowicz, R., Beardsley, B. & Lentz, S. Classical tidal harmonic analysis including error estimates in MATLAB using T-TIDE.
Comput. Geosci. 28, 929-937, https://doi.org/10.1016/s0098-3004(02)00013-4hhhhy (2002).

Gong, D. & Wang, S. Long-term variability of the Siberian High and the possible connection to global warming. Acta Geographica
Sinica. 54, 125-133 (1999).

Wei, K., Chen, W. & Zhou, W. Changes in the East Asian cold season since 2000. Advances in Atmospheric Seience 28, 69-79 (2011).
Ding, Y. & Krishnamurti, T. N. Heat budget of the Siberian high and the winter monsoon. Mon. Weather Rev. 115, 2428-2449,
doi:10.1175/1520-0493(1987)115<2428:HBOTSH>2.0.CO;2 (1987).

Zhu, Q, Jin, J., Shou, S. & Tang, D. Principles and methodology of synoptic meteorology, 34 edn. (China Meteorological Press, Beijing, 2000).

SCIENTIFICREPORTS| (2018) 8:11309 | DOI:10.1038/s41598-018-29712-z 9


http://dx.doi.org/10.1002/2013JD021268
http://dx.doi.org/10.1029/94JC01115
http://dx.doi.org/10.1029/2008jc004912.
http://dx.doi.org/10.1029/2008jc004912.
http://dx.doi.org/10.1016/j.csr.2010.02.002
http://dx.doi.org/10.1016/j.coastaleng.2013.10.017
http://dx.doi.org/10.1016/j.coastaleng.2013.10.017
http://dx.doi.org/10.1016/j.csr.2006.12.001
http://dx.doi.org/10.1002/2014JC010443
http://dx.doi.org/10.1038/NCLIMATE2801
http://dx.doi.org/10.1038/NCLIMATE2801
http://dx.doi.org/10.1002/jgrd.50633
http://dx.doi.org/10.1002/jgrd.50633
http://dx.doi.org/10.1007/s11802-011-1746-0
http://dx.doi.org/10.1016/j.ecss.2012.04.032
http://dx.doi.org/10.1007/s11069-016-2586-4
http://dx.doi.org/10.1007/s11069-016-2586-4
http://dx.doi.org/10.1016/j.csr.2014.12.001
http://dx.doi.org/10.1016/s0098-3004(02)00013-4hhhhy

www.nature.com/scientificreports/

48. Proudman, J. The propagation of tide and surge in an estuary. Proc. R. Soc. Lond. A 231, 8-24, https://doi.org/10.1098/rspa.1955.0153
(1955).

49. Wolf, J. Surge-tide interaction in the North Sea and River Thames, In Floods due to high winds and tides, edited by D. H. Peregrine.
75-94 (Academic, London, 1981).

50. Bernier, N. B. & Thompson, K. R. Tide-surge interaction off the east coast of Canada and northeastern United States. J. Geophys. Res.
112, C06008, https://doi.org/10.1029/2006]C003793 (2007).

51. Horsburgh, K. J. & Wilson, C. Tide-surge interaction and its roles in the distribution of surge residuals in the North Sea. J. Geophys.
Res. 112, C08003, https://doi.org/10.1029/2006]C004033 (2007).

52. Zhang, K., Douglas, B. C. & Leatherman, S. P. Twentieth-century storm activity along the U.S. east coast. J. Clim 13, 1748-1761,
doi:10.1175/1520-0442(2000)013<1748:TCSAAT>2.0.CO;2 (2000).

53. Tsimplis, M. N. et al. Towards a vulnerability assessment of the UK and northern European coasts: the role of regional climate
variability. Proceedings of the Royal Society of London 363, 1329-58 (2005).

54. Woodworth, P. L., Flather, R. A., Williams, J. A., Wakelin, S. L. & Jevrejeva, S. The dependence of extreme UK and NW European sea
levels on the NAO. Continental Shelf Research 27, 935-46 (2006).

55. Ding, Y. & Krishnamurti, T. N. Heat budget of the Siberian high and the winter monsoon. Mon. Weather Rev. 115, 2428-2449 (1987).

56. Zhang, Y. & Wang, W. C. Model-simulated northern winter cyclone and anticyclone activity under a greenhouse warming scenario.
J. Clim. 10, 1616-1634 (1997).

57. Gong, D. Y. & Ho, C. H. The Siberian High and climate change over middle to high latitude Asia. Theor. Appl. Climatol. 72, 1-9,
https://doi.org/10.1007/s007040200008 (2002).

58. Gong, D. Y. & Ho, C. H. Intra-seasonal variability of wintertime temperature over East Asia. Int. J. Climatol. 24, 131-144 (2004).

59. Zhou, W., Wang, X., Zhou, T. ., Li, C. & Chan, J. C. L. Interdecadal variability of the relationship between the East Asian winter
monsoon and ENSO. Meteorol Atmos Phys 98, 282-293 (2007).

60. Zhou, W, Li, C. & Wang, X. Possible connection between Pacific Oceanic interdecadal pathway and East Asian winter monsoon.
Geophys. Res. Lett. 34, 101701, https://doi.org/10.1029/2006GL027809 (2007).

61. Lau, N. C. & Lau, K. M. The structure and energetics of midlatitude disturbances accompanying cold-air outbreaks over East Asia.
Mon. Weather Rev. 112, 1309-1327 (1984).

62. Takaya, K. & Nakamura, H. Geographical Dependence of Upper-Level Blocking Formation Associated with Intraseasonal
Amplification of the Siberian High. J. Atmos. Sci. 62, 4441-4449 (2004).

63. Park, T. W,, Ho, C. H. & Yang, S. Relationship between the Arctic Oscillation and Cold Surges over East Asia. J. Clim. 2011 24, 68-83
(2011).

64. Li, E, Jiao, M. Y,, Ding, Y. H. & Jin, R. H. Climate change of arctic atmospheric circulation in last 30 years and its effect on strong cold
events in China. Plateau Meteor. 25, 209-219 (2006).

65. Li, X. A study of cold waves in East Asia, Offprints of scientific works in Modern China-Meteorology (1919-1949). In Chinese
(Science Press, Beijing, 1995).

66. Zhang, X., Walsh, J. E., Zhang, J., Bhatt, U. S. & Ikeda, M. Climatology and interannual variability of Arctic Cyclone activity:
1948-2002. J. Clim. 17, 2300-2317 (2004).

67. Zou, X., Alexander, L. V., Parker, D. & Caesar, J. Variations in severe storms over China. Geophys. Res. Lett. 33, L17701, https://doi.
0rg/10.1029/2006GL026131 (2006).

68. Francis, J. A. & Vavrus, S. J. Evidence linking Arctic amplification to extreme weather in mid-latitudes. Geophys. Res. Lett. 39, L6801,
https://doi.org/10.1029/2012GL051000 (2012).

69. Hansen, J., Ruedy, R., Sato, M. & Lo, K. Global surface temperature change. Rev Geophys 48, RG4004, https://doi.org/
10.1029/2010RG000345 (2010).

70. Wang, Z., Sun, Z. & Zeng, G. Characteristics of strong cold air outbreaks in China’s central and eastern Mongolian region between
1970 and 2013. Atmosphere 8, 98, https://doi.org/10.3390/atmos8060098 (2017).

71. Zhang, Y., Ding, Y. & Li, Q. Cyclogenesis frequency changes of extratropical cyclones in the North Hemisphere and East Asia
revealed by ERA40 reanalysis data (in Chinese). Meteorological Monthly 38(6), 646-656 (2012).

72. Wang, Z. & Ding, Y. Climate change of the cold wave frequency of China in the last 53 years and the possible reasons (in Chinese).
Chinese Journal of Atmospheric Science 30, 1068-1076 (2006).

Acknowledgements

This work is supported by the National Key Research and Development Program of China (2017YFC1404200,
2017YFA0604101), and the National Natural Science Foundation of China (41706020 and 41706019), the
Open Fund of the Key Laboratory of Research on Marine Hazards Forecasting, the General Financial Grant
(2017M612357) and Special Financial Grant (2017T100520) from the China Postdoctoral Science Foundation.

Author Contributions

J.E. and D.L. conceptualized the research and contributed to the discussions and interpretation of the results. J.E
wrote the manuscript and prepared the figures and tables. Y.L., Q.L. and A.W. prepared and conducted some of
the data analysis in this work. All authors contributed to the revision and approved the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11309 | DOI:10.1038/s41598-018-29712-z 10


http://dx.doi.org/10.1098/rspa.1955.0153
http://dx.doi.org/10.1029/2006JC003793
http://dx.doi.org/10.1029/2006JC004033
http://dx.doi.org/10.1007/s007040200008
http://dx.doi.org/10.1029/2006GL027809
http://dx.doi.org/10.1029/2006GL026131
http://dx.doi.org/10.1029/2006GL026131
http://dx.doi.org/10.1029/2012GL051000
http://dx.doi.org/10.1029/2010RG000345
http://dx.doi.org/10.1029/2010RG000345
http://dx.doi.org/10.3390/atmos8060098
http://creativecommons.org/licenses/by/4.0/

	Storm surge variation along the coast of the Bohai Sea

	Datasets

	Results and Discussion

	Seasonal variability. 
	Tide-surge interaction. 
	Storm surge variations. 
	Large-scale conditioning of storm surge genesis. 

	Conclusions

	Data availability. 

	Acknowledgements

	Figure 1 The locations of the Bohai Sea and the four tide gauges (Huludao (HLD), Qinhuangdao (QHD), Tanggu (TG) and Longkou (LK)).
	Figure 2 Monthly maximum storm surge levels (in cm) at the four tide gauges, white areas indicate missing values.
	Figure 3 Distribution of the surge peaks above the 99.
	Figure 4 Number of storm surges (above the 99.
	Figure 5 Annual storm surge count (black dotted line) (up), annual storm surge duration (black dotted line) (middle), and annual storm surge intensity (black dotted line) (bottom) at HLD, LK, QHD and TG.
	Figure 6 The 5-year running mean (black line) and linear trend (black dotted line) of the AO and SH from 1950 to 2016.
	Figure 7 Linear regression analysis results of the storm surge intensity at HLD, LK, QHD and TG, the results from the regression model (solid line), the results of the observations (dotted line), and corresponding linear trends from 1980 to 2016 (red line
	Table 1 Long-term trend of the storm surge count, duration and intensity at 4 tide gauges.
	Table 2 Correlation between the storm surge intensity and SH, AO at HLD, LK, QHD and TG, the correlation after detrending (in the brackets), the coefficient of determination (R2) in the linear regression analysis method.


