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Abstract

:

Using hourly sea level data from four tide gauges, the changes of the extreme sea level in the Bohai Sea were analyzed in this work. Three components (i.e., mean sea level, tide and surge) as well as the tide–surge interaction were studied to find which component was important in the changes of extreme sea levels. Significant increasing trends exist in the mean sea level at four tide gauges from 1980 to 2016, and the increase rate ranges from 0.2 to 0.5 cm/year. The mean high tide levels show positive trends at four tide gauges, and the increasing rate (0.1 to 0.3 cm/year) is not small compared with the long-term trends of the mean sea levels. However, the mean tidal ranges show negative trends at Longkou, Qinhuangdao and Tanggu, with the rate from about −0.7 to −0.2 cm/year. At Qinhuangdao and Tanggu, the annual surge intensity shows explicit long-term decreasing trend. At all four tide gauges, the storm surge intensity shows distinct inter-annual variability and decadal variability. All four tide gauges show significant tide–surge interaction, the characteristics of the tide–surge interaction differ due to their locations, and no clear long-term change was found. Convincing evidence implies that the extreme sea levels increase during the past decades from 1980 to 2016 at all tide gauges, with the increasing rate differing at different percentile levels. The extreme sea level changes in the Bohai Sea are highly affected by the changes of mean sea level and high tide level, especially the latter. The surge variation contributes to the changes of extreme sea level at locations where the tide–surge interaction is relatively weak.
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1. Introduction


Global frameworks, such as the Paris Agreement, have identified climate change adaption and disaster risk reduction as one of the prior issues worldwide [1]. It is important to provide reliable risk assessments for risk reduction and climate change adaptation, especially in coastal regions because of the high population density and developing economy [2,3,4]. China, where more than 40% of the population lives in coastal areas (National Bureau of Statistics of China, 1995), is seriously affected by extreme sea level disasters. Extreme sea levels have caused severe losses and will continually pose great threat to coastal lives and properties in China.



The Bohai Sea, a semienclosed sea that can exchange sea water with the Yellow Sea through the Bohai Strait, has three bays: Laizhou Bay to the south, Liaodong Bay to the north, and Bohai Bay to the west (Figure 1).



Unlike other seas, Bohai Sea is less susceptible to tropical cyclones as few typhoons can move north enough to affect this area. The cold air outbreaks and extratropical cyclones often lead to extreme sea levels in the Bohai Sea [5,6].



In recent years, many studies have been done on the extreme sea level changes both regionally and globally [7,8,9,10,11,12,13,14,15]. Most research indicates that the extreme sea level shows significant increase trend through the 20th century worldwide. However, no uniform conclusions were obtained about the reasons of the changes of extreme sea levels. Many cases show that the extreme sea level changes are caused by the mean sea level changes [7,10,11,12,16,17]. However, other studies indicate that many other factors can affect the extreme sea level changes [15,18,19,20,21,22,23,24], including the change of the astronomical tide, the wind driven components (surge) and the tide–surge interaction.



For the coastal areas in China, only limited studies have been done to analysis the extreme sea level changes [15,25,26], comparing with studies on the mean sea level [27,28,29,30,31] and storm surges [32,33,34,35]. Besides, nearly all these studies concentrated on the Yellow Sea, East China Sea and the South China Sea due to the data limitation. Whether the characteristics of the change of extreme sea level in the Bohai Sea are similar to the other seas around China is not clear. It is essential to promote the understanding of extreme sea levels along the coastline of Bohai Sea for the sake of the coastal protection, future planning and coastal ecosystem conservation.



In this work, hourly sea level data from four tide gauges along the coastline of the Bohai Sea were analyzed to study the changes of the extreme sea level in this area. The harmonic analysis on the tide was conducted for each calendar year [36], and the observed sea level were decomposed into separate components, i.e., the mean sea level (MSL), the astronomical tide and the surges. The inter-decadal variation and long-term changes of each component and the extreme sea levels were studied separately at four tide gauges. The characteristics of the tide–surge interaction were also analyzed. At last, the relationship between the extreme sea level and each component was studied.




2. Data and Methodology


2.1. Data


Since the mid-19th century, tide gauge measurement has been utilized around the world [37,38,39]. Hourly sea level data from four tide gauges (Huludao, Qinhuangdao, Tanggu and Longkou) along the coast of the Bohai Sea were used in this study. These data were obtained from the marine monitoring stations in China (Figure 1), dating from January 1980 to December 2016. All data series are more than 30 years long, which is essential to obtain accurate trends [15]. The data obtained had been quality controlled. In addition, the data were carefully checked for common errors, such as spurious records and data spikes. The missing values, lasting hours, were interpolated [40]. In addition, at Longkou Station, the data in 1990 were not used as data availability was less than 60%.



The Arctic Oscillation (AO) index, a climate index of the state of the atmospheric circulation over the Arctic, was obtained from the National Centers for Environmental Information (NOAA) (https://www.ncdc.noaa.gov/teleconnections/ao/). The Siberian High (SH) index, which represents the intensity of the SH, was calculated using data obtained from the National Center for Atmospheric Research (NCAR) (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surface.html). The SH index is defined as follows:


   I =     ∑  n = 1  N    P n   δ n  cos  Ψ n        ∑  n = 1  N    δ n  cos  Ψ n        



(1)




where Pn is the sea level pressure at n point and    Ψ n    is the latitude of n. If Pn ≥ 1028 hPa,    δ n  = 1  , else    δ n  = 0  . The selected area is located at 30° N–70° N and 60° E–120° E.




2.2. Characteristics of the Extreme Sea Level and Components


Following Woodworth and Blackman [7], percentile analysis method was used to assess the extreme sea level changes. Three percentile values (99.9%, 99% and 90%) of the observed sea level were calculated. Both the original datasets and ones with the annual median subtracted (50%) were analyzed.



Pugh [36] and Haigh et al. [11] divided the observed sea level into three components: the mean sea level, the astronomical tidal and the nontidal residual. The mean sea level is the mean value of the sea levels during a year. The tidal and surge components were separated using the harmonic analysis method [41].



Three indices, namely annual mean high water (MHW), annual mean low water (MLW) and annual mean tide range (MTW), were used to represent the tidal changes [11]. For the surge (non-tidal residual), the intensity, defined as the total integral of the surge level curve above the threshold, was used as proxy [42]. At all four tide gauges, the 99th percentile of hourly non-tidal sea level variations were used as the threshold and 96 h was used as a time threshold to ensure that the storm surges are independent of one another when count the storm surges.



The tide–surge interaction was also analyzed in this work. Following the work by Haigh et al. [11], the timing of the surge peaks, beyond the threshold, relative to the nearest high tide was calculated. With respect to the timing of high tide, the tide was divided into hour bands. If there were no tide–surge interaction at one tide gauge, the distribution of the surges at each band would be uniform. Otherwise, the number of surges per band would be different. The chi-square test [11,43,44] was calculated to compare the intensity of interaction at each tide gauge. The test statistic equation is computed as


    χ 2  =   ∑  i = 1  n        (   N i  − e  )   2   e      



(2)




where Ni is the observed number of surges in the i-th tidal band, n = 13 is the number of hour bands (or 25, according to the conditions of the tide), and e is the mean number of surges of total number of phase (n). At the 95% significance level, the test statistic is    χ  13 , 0.95  2  = 22.362   (critical chi-square value), where the degrees of freedom are thirteen.



The sequential Mann–Kendall test method [45] was used to observe the change of trend of the extreme sea level. This method estimated the series of progressive UF(t) and retrograde UB(t) values which are standardized with mean value of zero and unit standard deviation. The values of xj (j = 1,2,…,n) are compared with xi (i = 2,3,…,n−1). The nj denoted the cases which xj > xi. The test statistic t, the mean E(t), and the variance Var(t) are calculated as follows:


    t j  =   ∑ 1 j    n j      



(3)






   E  ( t )  =   n ( n − 1 )  4    



(4)






   V a r (  t j  ) =   j ( j − 1 ) ( 2 j + 5 )   72     



(5)




while the progressive UF(t) and the retrograde UB(t) are calculated using the mean and variance as


   U F ( t ) =    t j  − E ( t )     V a r (  t j  )       



(6)







The equation starts from the first and last data of the time series, respectively. A positive (negative) value of UF(t) or UB(t) indicates an upward (downward) trend in the time series. The intersection point of UF(t) and UB(t) represents the approximate turning point of trend. When UF(t) or UB(t) curve exceed the certain value before or after the intersection point, the trend turning point is considered significant at the corresponding level; for the 5% significant level, the value is 1.96.




2.3. Testing for Significance of Trends and Correlations


The significance of the correlations and trends in this work has been carefully checked using t-test for correlations and Mann–Kendall for trends [45,46,47,48].



The significance of the correlation was test using the t-test in the work. If we want to determine whether the relationship between the X and Y is significant, the null hypothesis can be stated as “X and Y are unrelated”. The p-value (estimated from the t-test) is a number between 0 and 1, which represents the probability that these data would have arisen if the null hypothesis were true. A low p-value (such as 0.05) means that the null hypothesis can be rejected. The correlations can be expressed as the correlation is significant at the 0.05 level.



The Mann–Kendall test is a rank-based nonparametric test for assessing the significance of a trend. The Mann–Kendall test, first introduced by Mann [49], can be defined mostly generally as a test for whether the trend to increase (decrease) with time (monotonic change). The Mann–Kendall test examines whether to reject the null hypothesis (H0: no monotonic trend) and accept the alternative hypothesis (H1: the monotonic trend is present).



The Mann–Kendall trend test has the initial assumption that the H0 is true and the data are convincing beyond a reasonable doubt before H0 is rejected and H1 is accepted. The null hypothesis H0 is that the data {Xi, i = 1,2…,n} are independent and identically distributed. The other hypothesis H1 is that X has a monotonic trend. The statistic S is as follows:


   S =   ∑  i = 1   n − 1      ∑  j = i + 1  n   f (  X j  −  X i  )       



(7)




where Xj are the sequential data, n is the dataset length, and if Xj − Xi > 0 the f equals 1, if Xj − Xi = 0 the f equals to 0, else the f equals −1. If n ≥ 8. The statistic S can be regarded as normal distributed with the variance and mean as:


M(S) = 0



(8)






   V ( S ) =   n ( n − 1 ) ( 2 n + 5 ) −   ∑  m = 1  n    t m  m ( m − 1 ) ( 2 m + 5 )     18     



(9)




where tm is the number of ties of m. The standardized test statistic Z can be computed as:



If S > 0


   Z =   S − 1     V ( S )       



(10)







If S = 0; Z = 0.



If S < 0


   Z =   S + 1     V ( S )       



(11)







The statistic Z has the mean of zero and variance of one. The probability value of p of the Mann–Kendall statistic S can be calculated using the cumulative distribution function as


   P =  1    2 π        ∫  − ∞  ∞    e  −  t 2  / 2   d t      



(12)







For the data without trend, p equals 0.5. For the data with a larger positive trend, p value should be closer to 1.0. For the data with a larger negative trend, p value is nearly 0.0.





3. Results and Discussion


We analyzed the characteristics of change of each component (MSL, tide and surge) and the tide–surge interaction. Then, extreme sea levels and the relationship between extreme sea levels and each component were also analyzed.



3.1. Changes of the Mean Sea Level


Annual mean sea level of the four tide gauges (Huludao, Longkou, Qinhuangdao and Tanggu) were analyzed. Results (Figure 2) show that clearly decadal variations exist at HLD and TG, with low mean sea levels around 2000, while no clear decadal variability was found at LK and QHD. Mean sea level trends at four tide gauges are listed in Table 1. It shows that linear positive trends are significant at all tide gauges, with rates between 0.2 and 0.5 cm/year. The mean sea level trends we obtained fit well to other results in Bohai area [30,50]. According to the locations of tide gauges (Figure 1), it seems that the sea level rise shows clear spatial characteristics, with positive trend increasing from north to south in the Bohai Sea. It should be noted that uncertainties exist in the trend obtained from the tide gauges, as the rate can be affected by the land movements and data quality. Hu et al. [51,52] found that the land movements vary highly geographically in China.



Previous results show that the monsoon in the northwest Pacific Ocean can affect the sea level in the China Sea [53,54,55]. The variations of the East Asian winter monsoon were related to the Pacific decadal oscillation (PDO) [56,57,58]. Studies have found that the sea levels in the northwest Pacific are correlated with the PDO [59,60]. Using the altimetric data, Han and Huang [30] thought that the interannual and long-term sea level variability in the Bohai Sea was negatively correlated with the Pacific decadal oscillation (PDO). The correlations between the sea level at four tide gauges and the PDO were calculated and shown in Figure 3. Results show that the sea level was significant correlated with the PDO at QHD and LK (with p < 0.05). At HLD and TG, the sea level was negatively correlated with the PDO but the correlation was not significant. Han and Huang [30] thought that this correlation represents various regional connections and manifestations, including the ocean temperature and salinity change, and possibly the Kuroshio transport variability.




3.2. Changes of the Tides


Following Haigh et al. [11], the MHW, MLW and MTR were analyzed to study the characteristics of the tide change at four tide gauges. The results are shown in Figure 4. Annual values show that the tide ranges at HLD and TG are between 2.3 and 2.6 m, which are larger than the other two tide gauges (between 0.7 and 1.1 m).



There is a considerable variability in the MHW and MTR at four tide gauges in the decadal time scales, which may be related to the 18.6-year nodal cycle. The variability of the decadal time scales at MLW was relative weak. The 18.6-year nodal cycle is more significant at the MTR, especially at QHD. The long-term trend rates were calculated (Table 2). The trends show various characteristic at different tide gauges. The trends of the MHW are positive at all four tide gauges, but significant only at HLD. The trends of the MLW are positive at LK, QHD and TG, and are all statistically significant. The increase rate at LK is the largest, about 0.8 cm/year. The MLW does not show clear long-term trend at HLD. The trends of the MTR are negative at LK, QHD and TG, and are statistically significant at LK and TG. However, at HLD, the trend of MTR is significantly positive, about 0.2 cm/year. The increase rate of 0.1–0.3 cm/year in MHW was comparable with the long-term trends in mean sea level (0.2–0.5 cm/year). Thus, relative to extreme sea levels, the increase in MHW also cannot be ignored.



Recent studies found that the regional tidal dynamics may be affected by the sea level changes [61,62]. The correlation between the sea level rise and the tide are listed in Table 2. Results show that the MHW and MLW were significantly correlated with the mean sea level at all four tide gauges. The correlation coefficients range from 0.45 to 0.95. The correlation differs due to the locations, which was caused by the land reclamation along the coast [63,64,65].



To make the difference between the MSL and the tide clear, k factor method [59] was used. The k factor is a dimensionless reference whose value stands for the difference between MSL and MTR. The value of k can be calculated as below:


  k ( t ) =    (  MHW ( t ) − MSL ( t )  )    MTR ( t )    



(13)







A symmetric tide has the k factor of 0.5 [30]. The larger deviation exists between k and 0.5, the larger deviation exists between the changes of tide and mean sea level. Using the tide gauges, the k values at four tide gauges were calculated (Figure 5). Results show that that the tide gauges can be divided into two types according to the values of k: one type includes HLD and LK, and the other includes QHD and TG. The deviation between k and 0.5 was largest at HLD, with mean k value of about 0.59. The deviation was smallest at QHD, with k value of about 0.46. There are two k peaks in QHD, which were caused by the peak values of the MHW. These results were consistent with conclusions obtained by Pelling et al. [65]. They thought that the changes of the tide in the Bohai Sea were both affected by the rapid coastline changes and sea level rise.




3.3. Changes of the Surge


The storm surge intensity described above had been calculated annually at four tide gauges (Figure 6). The 99% surge level was used as the threshold. Results show that the mean value of the surge intensity was largest at TG, about 17.5 h·m. The mean values at HLD and QHD are smallest, about 8.0 h·m. The interannual variations of the storm surge intensities were strong while the decadal variations were relatively weak. The decadal variation at HLD was relatively smaller among the four tide gauges. The intensity tended to be larger around 2010 at HLD. Around 1980, 1995 and 2010, the intensity was relatively high at LK. The decadal variations were similar at QHD and TG, with generally larger values around 1990, 2000 and 2010. The long-term trends at QHD and TG were significantly negative. The long-term trend at HLD was also negative, while a positive trend existed at LK; however, they did not pass the significance test at 95% level.



Researchers found that the surge variability is mostly related to variations of the regional climate [7,10,34]. The storm surges in the Bohai Sea are mostly caused by the cold air outbreaks and extratropical cyclones [5,6,34]. The Arctic Oscillation (AO) and Siberian High (SH) can significant affect the frequency and intensities of cold air outbreaks and extratropical cyclones [66,67,68,69,70,71,72]. When the AO is positive, the surface pressure in the polar region is low, which locks 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 [73] thought that the warmer winter in almost all of inland extratropical Asia is driven by the weakening of SH.



The correlation coefficients between surge intensity and the AO and SH were calculated in this work. Results (Figure 7) show that correlation varies among different tide gauges. The AO and storm surge intensity have significantly negative correlations at LK and TG (with p < 0.05). No significant correlation exists between the AO and storm surge intensity at HLD and QHD. Significant positive correlations between the SH and storm surge intensity can be found at HLD, QHD and TG (with p < 0.05). No significant correlation exists between the SH and storm surge intensity at LK. It seems that the correlations are different due to the location of the tide gauges. The AO index affects the storm surge in the southwest of the Bohai Sea, and the SH affects the storm surge in the northwest of the Bohai Sea.




3.4. The Tide–Surge Interaction


The distribution of peak surges (above 99.9% of sea level) relative to the timing of high tide at four tide gauges were calculated (Section 2.2). The characteristics of the tide–surge interaction are shown in Figure 8. Results show that tide–surge interaction exists at all four tide gauges. The characteristics differ due to their locations. At HLD and TG, the surge often happen at the ebb tide (3–4 h after the high tide). At LK, the distribution has peaks at both rising and falling tide. At QHD, the surges occur mostly at two bands, 5 h before the high tide and 2 h after the high tide. The test statistic    χ 2  / T   was used to quantify the strength of the tide–surge interaction at four tide gauges (values are listed in Figure 7), where T is the length of the data set (year). Results show that the tide–surge interaction is the most significant at TG, and the value of the test statistic is the smallest at LK.



To find whether the tide–surge interaction at four tide gauges have changed or not over the past decades, we plot the phases for all 10-year periods in Figure 9. Results show that the tide–surge interaction at HLD, QHD and TG is quite stable, with only small changes occurring during the past years. At LK, some changes occurred in the tide–surge interaction. We conclude that the tide–surge interaction becomes more stable with the increase of the value of    χ 2  / T  .




3.5. Changes of Extreme Sea Levels


The changes of the extreme sea level at four tide gauges are analyzed in this section. Three percentiles (99.9%, 99% and 90%) of total and reduced (subtracting the annual mean sea level) annual sea level were calculated, as plotted in Figure 10. Clearly, decadal variations exist in the extreme sea levels at all four tide gauges. Results show that the three percentiles all show positive trend at HLD, LK and TG, and most of them are significant. At QHD, these is no obvious trend at the 99.9%, while there are positive trends at 99% and 90% levels. Results also show that the increase rates decrease when the percentile level increase at all four tide gauges. At HLD, the rates of the extreme sea levels are all larger than the rate of the mean sea level (Section 3.1). At LK and QHD, the rates of 99% and 90% are larger than the rates of mean sea level, while the rate of 99.9% is smaller than the rate of the mean sea level. At TG, the rates of 99% and 90% are larger than the rates of mean sea level. Compared with the extreme sea level in other seas in China, the extreme sea level increase rates were smaller [15].



When the percentile time series are subtracted from the annual mean sea level, most of the trends changed to be not significant. Positive trends were still found at HLD. At LK and TG, the trends change to negative. No clear trends exist at QHD. However, marked decadal variability still exist at all four tide gauges.



The progressive UF(t) and the retrograde UB(t) series of the sequential Mann–Kendall test against time for 99.9% extreme sea level were calculated (Figure 11). At HLD, significant positive trend in the extreme sea level were observed within the period 1987–1992 and after 2007. Positive trend started from 2003. At LK, significant positive trend in the extreme sea level were observed within the period 1982–1994 and after 2015. At QHD, significant positive trend in the extreme sea level were observed within the period 1982–1994. The positive trend started in 1980 but after 1996 it reduced to approximately a zero trend. At TG, significant positive trend in the extreme sea level were observed within the period 2012–2014. Positive trend started from 2003.




3.6. Relationship between Extreme Sea Level and Components


The relationship between the annual variations of the extreme sea level (the 99.9% level) and the variations of three components (MSL, tide and surge) of sea level were analyzed separately. The surge par is represented by the annual surge intensity. The tide component is represented by the annual mean high level. The correlations were calculated, as listed in Table 3.



Many studies, both at regional [11,15,74,75] and global scales [7], show that the extreme sea level is highly correlated with the mean sea level. In the Bohai area, the results show general consistency. The extreme sea levels were significantly positively correlated to the MSL at HLD, QHD and TG. The correlation is largest at TG, about 0.59. The correlation at LK is also positive but not statistically significant.



The extreme sea levels were significant positive correlated to the tide at all four tide gauges. All correlations are larger than 0.5, especially at HLD (>0.8). It seems that the tide plays more important roles in the changes of extreme sea level in the Bohai area; this conclusion is quite different from other areas along the Chinese coast [15]. As for the surge part, results are different in different locations. The surge shows significant positive correlation to the extreme sea level at LK. However, at the other three tide gauges, no significant correlations exist between the surge and the extreme sea levels. A possible reason is that the distributions of the surge at LK are more uniform than other tide gauges (the tide–surge interaction is smallest at this tide gauge) (Figure 8).



In conclusion, both the mean sea level and tide play important roles in the changes of the extreme sea levels. In the Bohai area, it seems that the changes of the tide play more important roles than the MSLs. At some locations, if the tide–surge interaction is small, the surge may also be important in the changes of extreme sea levels.





4. Conclusions


Using the hourly sea level data from four tide gauges along the coast, the extreme sea levels in the Bohai Sea were analyzed. The variability of the changes of mean sea level, tide and surge were studied separately, and the tide–surge interactions were also analyzed. We then assessed the contributions of the changes of these three components and the tide–surge interaction on the extreme sea level changes.



The mean sea level, tide and surge components were separately analyzed to obtain decadal variability features and long-term trends. Significant increase trends exist at all four tide gauges, with rates ranging from 0.2 to 0.5 cm/year. The rate of sea level rises shows obvious spatial characteristics. The positive trends increase from north to south in the Bohai Sea. Considerable yearly variability of the tide component exists, which is significantly related to the 18.6-year nodal cycle. The MHW increase by 0.1–0.3 cm/year is not small compared to the long-term trends of the mean sea level (0.2–0.5 cm/year). Distinct inter-annual variability and decadal variability exist in the surge component at all four tide gauges. At QHD and TG, the annual surge intensity shows clear long-term decrease trend. The tide–surge interaction was significant but spatially non-uniform at all four tide gauges. No obvious changes were found in the tide–surge interaction at these tide gauges.



The increase of the extreme sea levels during the past decades at all tide gauges is evident, suggesting the clear decadal variability. The extreme sea level and the MSL are significantly positively correlated at HLD, QHD and TG according to the analysis results. Besides, the tide is significantly positively correlated to the extreme sea level at all tide gauges, and all correlation coefficients are larger than 0.5. These indicate that the MSL changes and the tide play important roles in the decadal and long-term changes of the extreme sea level. Moreover, significant positive correlation exists between the surge and extreme sea level at LK, where the tide–surge interaction is smallest among all four tide gauges.



In conclusion, the changes of the mean sea level and tide have significant effects on the changes of the extreme sea levels in the Bohai Sea. Unlike other areas along the Chinese coast, the effects of tide may be more important in this region. At some specific locations where the tide–surge interaction is relatively small, the surge also plays important roles in the changes of extreme sea level.
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Figure 1. Four tide gauges, Huludao (HLD), Qinhuangdao (QHD), Tanggu (TG) and Longkou (LK), along the coast of the Bohai Sea; and three bays in the Bohai Sea, Liaodong Bay, Bohai Bay and Laizhoy Bay. 
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Figure 2. Mean sea level (curve line) and fitted linear trends (straight line) at four tide gauges: HLD (Huludao), LK (Longkou), QHD (Qinhuangdao) and TG (Tanggu). 
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Figure 3. Correlation between the sea level and the PDO at four tide gauges. 
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Figure 4. Three indices at four tide gauges: annual mean high water (MHW) (a); annual mean low water (MLW) (b); and annual mean tide range (MTR) (c). The dotted lines show the linear trends. 






Figure 4. Three indices at four tide gauges: annual mean high water (MHW) (a); annual mean low water (MLW) (b); and annual mean tide range (MTR) (c). The dotted lines show the linear trends.



[image: Atmosphere 09 00324 g004]







[image: Atmosphere 09 00324 g005 550] 





Figure 5. The annual k factor values (y-axis) and the mean value (in the legend) at all four tide gauges. 
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Figure 6. Storm surge intensity (m·h) at HLD, LK, QHD and TG: linear trend (blue line) and five-year running mean (red line). The numbers in the figure are the long-term change rate (m·h/year). 
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Figure 7. Correlations between storm surge intensity and the AO (left); and correlations between storm surge intensity and SH (right). 
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Figure 8. The tide–surge interaction at all four tide gauges, numbers listed in the figure is the value of    χ 2  / T  ; y axes are the numbers, and x axes are the hours before and after the high tide. 
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Figure 9. Distributions of surge peaks for all 10-year periods at four tide gauges; y axes are the percentage, and x axes are the hours before and after the high tide. 
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Figure 10. Time series of percentiles of total (top) and reduced (bottom) sea level for HLD, LK, QHD and TG; the straight lines are the linear trends, and their change rates (cm/year) are listed at right of the figure (in bold if significant at 95%). 






Figure 10. Time series of percentiles of total (top) and reduced (bottom) sea level for HLD, LK, QHD and TG; the straight lines are the linear trends, and their change rates (cm/year) are listed at right of the figure (in bold if significant at 95%).



[image: Atmosphere 09 00324 g010]







[image: Atmosphere 09 00324 g011 550] 





Figure 11. The MK-values (y axes) for sequential Mann–Kendall test against time (year, x axes) for 99.9% extreme sea level at four tide gauges; the blue line represents the progressive series UF(t), the red line represent retrograde series UB(t), and the dotted lines are the confidence limits (  α = 0.05  ). 
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Table 1. Mean sea level trends at four tide gauges a.
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	Tide Gauge
	Period
	Trend (cm/year)





	Huludao
	1980–2016
	0.27



	Longkou
	1980–2016
	0.5



	Qinhuangdao
	1980–2016
	0.2



	Tanggu
	1980–2016
	0.4







a Trends with significance at the 95% confidence level are italicized.
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Table 2. The linear trends of the MHW, MLW and MTR (cm/year), and correlations between the tide and mean sea level (C).
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HLD

	
LK

	
QHD

	
TG




	

	
Trend

	
C

	
Trend

	
C

	
Trend

	
C

	
Trend

	
C






	
MHW

	
0.2

	
0.47

	
0.1

	
0.45

	
0.2

	
0.77

	
0.3

	
0.92




	
MLW

	
0

	
0.64

	
0.8

	
0.95

	
0.4

	
0.61

	
0.5

	
0.64




	
MTR

	
0.2

	
0.13

	
−0.7

	
−0.81

	
−0.3

	
0.11

	
−0.2

	
0.55
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Table 3. Correlations between the extreme sea level and components.
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	Tide Gauge
	MSL
	Tide
	Surge





	HLD
	0.34
	0.82
	0.05



	LK
	0.28
	0.53
	0.38



	QHD
	0.46
	0.66
	0.10



	TG
	0.59
	0.60
	0.27











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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