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Abstract Hourly tide-gauge data along the coast of China are used to evaluate changes in extreme water
levels in the past several decades. Mean sea level, astronomical tide, nontidal component and the tidesurge interaction was analyzed separately to assess their roles in the changes of extreme sea levels. Mean
sea level at ﬁve tide gauges, Kanmen, Keelung, Zhapo, Xiamen and Quarrybay, show signiﬁcant increasing
trends during the past decades (1954–2013) with a rate of about 1.4–3.5 mm/yr. At Keelung, Kaohsiung and
Quarrybay the mean high waters increased during 1954–2013 with a rate from 0.6 to 1.8 mm/yr, while the
annual mean tidal range rose at the same time by 0.9 to 3.8 mm/yr. In terms of storm surge intensities, there
is interannual variability and decadal variability but ﬁve tide gauges show signiﬁcant decreasing trends, and
three gauges, at Keelung, Xiamen and Quarrybay, exhibited signiﬁcant increases of extreme sea levels with
trends of 1.5–6.0 mm/yr during 1954–2013. Signiﬁcant tide-surge interactions were found at all 12 tide
gauges, but no obvious change was found during the past few decades. The changes in extreme sea levels
in this area are strongly related to the changes of mean sea levels (MSL). At gauges, where the tide-surge
interaction is large, the astronomic tides are also an important factor for the extreme sea levels, whereas
tide gauges with little tide-surge interaction, the changes of wind driven storm surge component adds to
the change of the extreme sea levels.

1. Introduction
China has the largest coastal population in the world, with more than 400 million people living along the
coast (National Bureau of Statistics of the People’s Republic of China). The rapid economic progress of China,
especially in the coastal zone, attracts more attention to the negative impacts of sea level extremes. The
China Marine Disaster Bulletin (http://www.soa.gov.cn/zwgk/hygb/) shows that between 1989 and 2014, on
average, extreme sea level disasters caused economic losses of 11.7 billion (RMB), 156 deaths, and affected
13.4 million people annually. As many of the Chinese coastal communities are in low-lying regions, big
storm surges due to typhoons, tropical storms and winter storms frequently causes severe losses. Hallegatte
et al. [2013] classify the China coast as one of the most vulnerable areas under climate change scenarios. It
is essential to improve the understanding of sea level extremes along China coasts for coastal protection,
future planning, and conservation of coastal ecosystems.
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Many studies have been done in the past years about the change of mean sea level and of extreme sea levels both regionally and globally using the data from tide gauges [Tsimplis and Woodworth, 1994; von Storch
and Reichardt, 1997; Woodworth and Blackman, 2003, 2004; Mendez et al., 2007; Woodworth et al., 2007;
Marcos et al., 2009; Menendez and Woodworth, 2010; Mudersbach et al., 2013; Weisse et al., 2014]. There is
indeed evidence for a general worldwide increase in extreme high-water levels and mean sea levels in the
past few decades. An interesting question is, whether the increase in the tails of the distributions is mostly
because of a shift or a broadening of the distribution [von Storch and Reichardt, 1997; Zhang et al., 2000;
Bromirski et al., 2003; Bernier and Thompson, 2006; Church and White, 2006; Marcos et al., 2009]. Results show
that there is no uniform rule worldwide: changes of extreme sea levels are sometimes mostly due to
increases in mean sea level, whereas in other cases, changes in extreme and mean sea levels seem to be
decoupled. It means that changes in mean sea levels may change the shape of the distribution and there
are also other reasons that can change the scale of the distribution of the extreme sea levels.
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Changes in the astronomical tide may also be important. Changes in the amplitudes of some diurnal and
semidiurnal tidal constituents have been identiﬁed and hypothesized as changes in the propagation of the
tidal due to the changes in bathymetry associated with mean sea level changing [Austin, 1991; Egbert et al.,
2004, Uehara et al., 2006; Von Storch and Woth, 2008; Jay, 2009; Bolle et al., 2010; Green, 2010; Shaw et al.,
2010; Woodworth, 2010; Pickering et al., 2012]. It should be noted that the nodal and perigean modulations
on high tidal levels are important as these modulations contribute to the vulnerability of coastal areas
when coupled with inter-annual sea level variation or extreme storm surges.
Another important element is the wind driven (surge) component. If the frequency, strength and tracks of
weather systems alter, the storm surges may change. For the change of storm surge statistics under climate
change, many works have been done in the past few years to study the past statistics of storm surges or
the envisaged changes of storm surges in the future [Pirazzoli et al., 2004; Woth, 2005; Woth et al., 2006;
Butler et al., 2007; Karim and Mimura, 2008; Pascual et al., 2008; Ratsimandresy et al., 2008; Marcos et al.,
2011; Weisse et al., 2014]. Results show that the changes of storm surges differ for different regions.
At certain locations, in particular, in shallow seas and estuaries, signiﬁcant interaction occurs between tides and
surges. This interaction produces changes in amplitude and phase of the surges [Johns and Ali, 1980; Bernier and
Thomspon, 2007; Zhang et al., 2010]. For the East China Sea, Zhang et al. [2010] indicated that the difference in
tidal residuals due to the interaction could reach up to 20 cm. For the Chinese coastal areas, few studies have
been done to determine its role in changing statistics of extreme sea levels. And whether the characteristics of
the changes of extreme sea levels in this area show same spatial pattern or not are still unclear.
In this work, hourly sea level data from 12 tide gauges and annual mean sea level data from 5 gauges at the
China coast are used. The observed sea level are separated into their components (mean sea level (MSL),
astronomical tide and surge parts), using means of a separate tidal analysis for each calendar year [Pugh,
1987]. Records from 4 gauges, at least 30 years long, are used to investigate how extreme sea levels, astronomical tide and mean sea level have changed over the period 1950–2012. Changes in the surge parts and
tide-surge interaction are studied at all 12 gauges. Most of the available time series are relatively short and
thus of limited use for studying long term changes in sea level statistics. The reason is that most of the tide
gauge data are kept conﬁdential, so that scholars have to rely on the available data to analyze long-term
changes. In our case, data from four tide gauges are available for up to 1950–2012, while for the other eight
stations only limited records (1975–1997) can be used.
The outline of this paper is as follows: A brief description and validation of the tide gauges data sets and
the methodologies used in this paper are described in section 2. Changes in extreme sea level and every
component are analyzed in section 3. Also the contribution of each part to the extreme sea level is discussed in this part. Finally, main conclusions are drawn in section 4.

2. Data Sets and Methodology
2.1. Sea Level Data
Two kinds of sea level data sets are used in this paper. The locations of the gauges are given in Figure 1.
1. Hourly sea level data from 12 tidal gauges (Figure 1) along the Chinese coast were obtained from the University of Hawaii Sea Level Center. The time series0 lengths of these tide gauges are shown in Figure 1.
2. Also annual mean sea level data of 5 gauges (2 are overlapped with the above 12), which are Yantai
(1954–1994), Qinhuangdao (1950–1994), Kanmen (1959–2013), Zhapo (1959–2013) and Macau (1925–
1982), from the Permanent Service for Mean Sea Level (PSMSL) were also used to study the change of
MSL. Although the annual mean sea level data can also be obtained from the hourly sea level data at
Kanmen and Zhapo, the data from PSMSL are used because of its longer time series.
The data have been rigorously checked for common errors such as data spikes and spurious records. Values
with spurious jumps, datum shifts and time shifts were removed. In addition, 2 years (2001 and 2002) at
Keelung when the data are less than 60% complete were excluded from the temporal analysis. At
Hongkong sea level was recorded at North Point between 1962 and 1986 and then moved to Quarrybay.
The offset between the two records is 1.02 cm. We combined these two data after shifting the earlier data
by 1.02 cm.
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Figure 1. (left) Location of tide gauges used in this work, the color values (m) indicate the 99.9% of nontide residual levels of each gauges. (right) When only annual mean sea levels are
available, the gauges are marked in purple; the time lengths of hourly data at 12 tide gauges, Shijiusuo (SJS), Lianyungang (LYG), Kanmen (KM), Keelung (KL), Xiamen (XM), Shanwei
(SW), Kaohsiung (KHS), Zhapo (ZP), Beihai (BH), Quarrybay (QB), Haikou (HK) and Dongfang (DF) are shown on the right.

2.2. Methodology
2.2.1. Sea Level and Extreme Sea Level Characteristics
Changes in extreme sea levels have been assessed using a percentile analysis. The hourly data are ordered
in terms of height and then used to compute percentile levels [Woodworth and Blackman, 2004]. Percentile
values for the observed sea level have been calculated at 3 levels (99.9%, 99%, 90%), one for the total, and
one after subtracting the annual medians. The trend in median supposedly represents the mean sea level
rise (as we used the annual mean sea level which just equal to 50% level).
The observed sea level variation can be considered as the sum of a mean level, an astronomical tidal component and a nontidal residual [Pugh, 1987]. The mean level is the average height of sea level deﬁned over
an extended period of time, usually a year. The tidal and nontidal residual components have been estimated using a harmonic analysis [Pawlowicz et al., 2002].
For the tidal component, annual mean high water (MHW) and annual mean low water (MLW) tidal elevations relative to MSL have been calculated along with annual mean tidal range (MTR) [Haigh et al., 2010].
Following Zhang et al. [2000], three indices have been used as proxies for the intensity of the storm surge
climate. There are
1. Storm surge count: the annual number of storm surges (the nontide residuals) above a given threshold;
2. Storm surge duration: the annual number of hours for which the storm surge levels were above a given
threshold;
3. Storm surge intensity: the annual total integral of the sea level curve above a given threshold.
As thresholds we use the hourly 99 percentile non tidal sea level variations at each of 12 tide gauges.
Several statistical methods are available to estimate tide-surge interaction. Here we follow Haigh et al. [2010],
which determine the dependency of the nontidal sea surge peaks beyond the threshold on the different
phases of tide. The timing of the surge peaks relative to the nearest high tide is noted. The tide is then divided
into hour bands with respect to timing of high tide. If the surge and tide are independent processes, each
surge above the threshold will have equal chance of falling in any of these bands. On the contrary, if interaction
is present, then the number of surges per band would be expected to differ from one to another. A chi-square
test [Haigh et al., 2010] is used to quantify the level of interaction taking place at each site. The test statistic is
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where Ni is the observed number of surges per tidal phase i, e is the expected number of surges per tidal
phase, which is equal to peaks above the 99% threshold, divided by total number of phases (n).
When the distribution is uniform, then the expected distribution of X is v2(n)-distributed.
Here we do not use the X-test statistic directly as other works [Horsburgh and Wilson, 2007; Haigh et al.,
2010; Antony and Unnikrishnan, 2013], as the X2 increases with the length of the time series. For being able
to compare the statistics, we normalized the test statistic by the number of years, so that we consider X2/T,
with T 5 number of years.
2.2.2. Significance of Trends and Correlations
Trends and correlations (between the extreme sea level and tide, surge and mean sea level) have been ﬁtted to the time-series. Testing for the ‘‘signiﬁcance’’ of correlations between two time series and of nonzero
trends in a time series incorporates the determination of how large sample correlations and sample trends
could be, when the stochastic processes, which generate the series, are not correlated or are stationary
(exhibit no trends). ‘‘Signiﬁcance’’ indicates that the actual sample correlation contradicts the assumption
that there are ‘‘no correlations’’ between the underlying processes, or, similarly, that the detected sample
trend would be unlikely to appear in limited segments of a stationary time series.
For testing these null hypotheses, that the processes X and Y share no correlation, or that segments of
length L has a zero trend, standard procedures are available in the literature, namely p-value for correlations
and Mann-Kendall for trends [e.g., Kulkarni and von Storch, 1995; von Storch and Zwiers, 1999].
The use of correlation depends on a normality assumption. These tests make some assumptions about the
underlying processes. In the case of correlations the assumption is that the underlying processes are stationary (free of systematic trends) and serially independent, i.e., Xt and Yt for any t are independent. In geophysical cases, not all of these assumptions are satisﬁed—the result is that the null hypotheses is too often
falsely rejected (i.e., in cases where there are no correlations or no trends [cf. Kulkarni and von Storch, 1995])
than stipulated by the signiﬁcance level (normally 5%).
Following Kulkarni and von Storch [1995], a practical remedy for avoiding such errors is to deal with normalized series (mean50, standard deviation51) X0 t (and Y0 t), and
1. ‘‘detrend’’ the time series before testing for correlations, i.e., determining the linear ﬁt ftX and ftY , and do
the hypothesis testing with X0 t 5 Xt - ftX and Y0 t 5 Yt - ftY ;
2. ‘‘prewhiten’’ the time series, by ﬁrst determining the sample autocorrelation a 5 1/L Rt Xt Xt11 of the time
series Xt of length L, and forming a series X0 t 5 Xt - a Xt, and then testing for the null hypothesis of no
trend.
To both cases, the standard routines are applied. If the null hypothesis is rejected at the stipulated signiﬁcance level of 5%, then the sample trend ftX , or the sample correlation 1/L Rt Xt Yt, is considered
‘‘signiﬁcant.’’
2.2.3. Time Series Length for Meaningful Trends for Total Sea Level Variations (Including Tides)
An important problem, before analyzing the extreme sea levels, is how many years are needed to estimate
the trend of the extremes accurately. When trend is ﬁtted to records that are not long enough, we cannot
get the correct trend. As the magnitude of the trend can vary signiﬁcantly depending on where the 18.6
year nodal cycle the sea level record begins and ends. Also if the sample size is too low, it may not have the
power to detect an effect, or because the trend due to the climate is nonlinear. In some work [Haigh et al.,
2010] 36 years was used. But along the China coast, only two gauges have records longer than 36 years.
Here we ﬁrst checked the stability of the trend when different lengths of segments L were used. Results for
the two gauges with long series (Quarrybay and Xiamen) are shown in Figure 2. When only half a period
(L518) of the nodal cycle is available, the trends vary considerably from segment to segment (Figure 2).
These variations ﬂatten out, when L530 year segments are used, the estimate of the segment trends
become similar. The standard deviations of the trends at Quarrybay of different lengths L are 6.5 (L518), 4.5
(L524), 1.6 (L530) and 1.7 (L536) (mm/yr). At Xiamen there are 3.2 (L518), 1.7 (L524), 1.4 (L530) and 1.3
(L536) (mm/yr). Therefore in this work the length L530 years is used for analyzing the trends of extremes.
This added another 2 gauges long enough for determining trends, namely, Keelung and Kaohsiung.
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Figure 2. The linear trend of the extreme sea levels using different data length (18, 24, 30, and 36 years) at (black line) Quarrybay and
(gray line) Xiamen, x axis stand for the time of the calculation for each length.

3. Results and Discussion
In this section, sea level has been spilt into three component parts (MSL, tide and surge). Trends in the tide
and surge component, and the interaction between surge and tide, have been separately analyzed before
total extreme sea levels are analyzed.
3.1. Change of the MSL
Annual MSL of the four gauges with at least 30 years of annual mean data (Keelung, Xiamen, Kaohsiung
and Quarrybay) together with another ﬁve gauges (only with annual MSL data) Yantai, Qinhuangdao, Kanmen, Zhapo and Macau, were analyzed in this part. Results are shown in Figure 3, and the linear trends are
listed in Table 1.
Results clearly show decadal variability at all gauges. The MSL rise rates along the China coast have a highly
nonuniform distribution in space. At Macau and Quarrybay the changes are quite different even if their
locations are close. Linear increasing trends are signiﬁcant at 5 tide gauges: Kanmen, Keelung, Zhapo, Xiamen and Quarrybay. Rates are between about 1.4 and 3.5 mm/yr. At the other four gauges, both positive
and negative trends exist, but they are all nonsigniﬁcant.
Uncertainties exist for the above results, the uncertainties may come from the land movements and the
quality of tidal data. Such as in Yantai and Qinhuangdao, the annual MSL have obvious inhomogeneities in
some years. Also the vertical land movements in China vary highly geographically [Hu et al., 1992, 1993].
Huang et al. [1991] summarized the rates of land movement of some tide gauges along the China
coast using data from 1966 to 1988. Their results concern 5 tide gauges which we studied here: Yantai
(2.1 mm/yr), Qinhuangdao (3.9 mm/yr), Kanmen (22.2 mm/yr), Zhapo (2.5 mm/yr) and Xiamen (1.5 mm/yr).
3.2. Changes of the Tide
In this part, the annual mean high water (MHW), annual mean low water (MLW) and annual mean tidal
range (MTR) were used to analyze the changes of tides at four gauges, where time series were long enough.
The annual results and trends are shown in Figure 4. There is considerable variability from year to year in
the time series in which a signiﬁcant part is related to the 18.6 year nodal cycle. This variability distorts the
ﬁtted trends, particularly over short records.
Annual values show that the tidal ranges at Xiamen are largest among the four gauges, ranging from 3.80
to 4.10 m. The tidal ranges at Kaohsiung and Keelung are very close, ranging from 0.65 to 0.85 m. At Quarrybay, the ranges are smaller than those at Xiamen while much larger than at the other two gauges, which is
from 1.50 to 1.65 m.
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Figure 3. Time series of annual mean sea level (stars) with ﬁtted linear trends at nine gauges along the Chinese coast (red straight line). Unit: m.

The long time trend rates are listed in Table 2.
They are all statistically signiﬁcant. At Xiamen, Kaohsiung and Keelung there are increases in MHW and
decreases in MLW resulting in increases in MTR. Especially at Xiamen, the rate of the MHW-trend is 3 times
of that at Kaohsiung and Keelung. At Quarrybay, there is a small decrease in MHW and an increase in MLW
resulting in an overall decrease in MTR.
The increase of 20.2 to 1.8 mm/yr in MHW is small when compared with the MSL (mean sea level) trends
experienced in these four gauges (20.5 to 3.5 mm/yr; see Table 1). In relation to extreme sea levels, the
increase in MHW is also important.
3.3. Changes of the Surge
As mentioned before, the surge is determined by subtracting the tidal harmonics from the time series of hourly
sea level variations at the tide gauges. The three indices described above (frequency, duration and intensity) of
storm surges at all tide gauges have been calculated and they showed quite similar characteristics. Here we
only show the results of the intensity (the annual total integral (hour) of the nontidal components above the
99% (hour•m)) as it reﬂects more directly
in the changes of the extreme sea levels.
Table 1. List of MSL Trends at Nine Tide Gaugesa
Tide gauges
Yantai
Qinhuangdao
Kanmen
Keelung
Zhapo
Macau
Xiamen
Kaohsiung
Quarrybay
a

FENG ET AL.

Period

Length (year)

Trend (mm/yr)

1954–1994
1950–1994
1959–2013
1980–2013
1959–2013
1925–1982
1954–1997
1980–2012
1962–2012

41
45
54
34
54
58
44
33
51

20.2
0.1
2.0
3.5
2.3
0.3
1.4
20.5
2.4

Trends with signiﬁcance at the 95% conﬁdence level are italicized.
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The annual average intensities at Shijiusuo, Lianyungang, Kanmen, Xiamen and
Zhapo are higher and at Keelung, Kaohsiung and Dongfang the intensities are
smallest of all gauges (in Figure 5). Time
series of annual intensity of surges at all
12 gauges are shown in Figure 5. The
interannual variability and decadal variability are obvious at most of the tide
gauges, and the interannual variability
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Figure 4. (top) Annual mean high water (MHW), (middle) annual mean low water (MLW), and (bottom) annual mean tidal range (MTR) at
Keelung, Xiamen, Kaohsiung and Quarrybay. The dotted lines show the linear trends. Units: m.

FENG ET AL.

EXTREME SEA LEVEL IN CHINA

8045

Journal of Geophysical Research: Oceans

10.1002/2015JC011336

Table 2. The Linear Trends (mm/yr) of the MHW, MLW, and MTR at Four Tide Gaugesa
Trends at Gauge
Quarrybay
Xiamen
Kaohsiung
Keelung
a

Data Available

Number of Years

MHW-Trend (mm/yr)

MLW-Trend (mm/yr)

MTR-Trend (mm/yr)

1962–2012
1954–1997
1980–2012
1980–2013

51
44
33
34

20.2
1.8
0.6
0.6

0.2
22.0
20.3
20.9

20.4
3.8
0.9
1.5

They are all signiﬁcant at 95% conﬁdence level (italicized).

is larger than the decadal variability. The intensity of surges appears to be larger in the middle of 1960s and
around the 1990. There are also gauges, Zhapo and Haikou, where the decadal variability is very small. The
total intensity of different gauges has maxima in different years. The long-time trends at ﬁve tide gauges,
Shanwei, Kaohsiung, Zhapo, Quarrybay and Haikou, are signiﬁcantly decreasing (Table 3). At other gauges
both positive and negative trends exist, but they are not signiﬁcant at the 95% conﬁdence level.
3.4. Changes to Tide-Surge Interaction
The frequencies of surge above 99% level with respect to the timings of high tide for each of the 12 stations, i.e., the characteristics of tide-surge interaction (see section 2.2), show four kinds of pattern (Figure 6).
The distribution is signiﬁcantly different from uniform distributions.
At Shijiusuo, Lianyungang, Kanmen, Xiamen and Haikou, the peak often occurs at a rising tide (about 4–5 h
before the high tide). At Kaohsiung and Zhapo, the surge happens mostly at a falling tide (about 4–5 h after
the high tide). At Shanwei, Beihai, Quarrybay and Dongfang the distribution has peaks at both, i.e., rising and
falling tides. Finally, at Kanmen, Shanwei, Beihai and Dongfang storm surges tend to occur together with the
high tide.
We use the test statistic X2/T to quantify the strength of the nonuniformity of the distribution. i.e., of the tide-surge
interaction at all gauges (included in Figure 6). It shows that the tide-surge interactions differ among the gauges

Figure 5. Annual surge total intensity (dashed line), and long-time trend (straight line) and the mean value of the intensity (number) at all 12 tide gauges. Unit: m3hour.
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Table 3. Long-Time Trend of the Surge Intensity at All Gaugesa
Tide gauge
Shijiusuo
Lianyungang
Kanmen
Keelung
Xiamen
Shanwei
Kaohsiung
Zhapo
Beihai
Quarrybay
Haikou
Dongfang

Time

Length (years)

Trend (m3h/yr)

1975–1997
1975–1997
1975–1997
1980–2013
1954–1997
1975–1997
1980–2012
1975–1997
1975–1997
1962–2012
1976–1997
1975–1997

23
23
23
34
44
23
33
23
23
51
22
23

20.09
0.17
0.32
20.03
20.02
20.39
20.10
20.26
0.06
20.10
20.36
20.12

10.1002/2015JC011336

stations, also among neighbouring
gauges. At Lianyungang and Xiamen the interactions are much
more pronounced than at other
gauges. Interaction is weakest at
Keelung and Kanmen, with X2/
T < 2.

In order to test whether changes
in tide-surge interaction have
taken place over the past decades at these 4 gauges, the
phases of the surge peaks have
a
Trends with signiﬁcance at the 95% conﬁdence level are italicized.
been plotted for all 10 year overlapping periods at the four gauges with time series of at least 30 years(Figure 7). At Xiamen, Kaohsiung and
Quarrybay the phases of the peaks are quite stable. Especially at Xiamen station nearly no change happened during the past decades in the distribution of the tide surge interaction. At Keelung some differences
exist in the past few decades, especially for the peaks which happened on the falling tide. It seems that the
tide-surge interaction become more stable as the strength of interaction increases.
In summary, results show that tide-surge interaction is important along the China coast and needs to be taken
into account in the extreme sea level assessment. But as the interaction at Xiamen, Kaohsiung and Quarrybay
are stable and the tide-surge interaction at Keelung is quite small, the tide-surge interaction seem to play a
minor direct role in the decadal and long-time changes of extreme sea levels at those stations.
3.5. Changes to Extreme Sea Levels
In this section, we study the changes of extreme sea level (including the tidal components) for separating
the change due to mean sea level rise and due to changing dynamical factors (tides, storms). Results are
shown in Figure 8. In terms of total sea level variations, the three percentiles have statistically signiﬁcant
positive trends at Keelung and Xiamen. The trends are larger than that of the mean sea levels (section 3.1)
especially for the 99.9% trend. Especially at Xiamen the rate of extreme sea level is about 4 times of the
mean sea level. At Kaohsiung, positive trends are also found at all percentile levels but they are not signiﬁcant. At Quarrybay, the 99% and 90% have statistically signiﬁcant positive trends, with magnitude greater
than the mean sea levels. At the
99.9% level, the trend is also positive
but not statistically signiﬁcant.
Once the percentile time series are
reduced by subtracting the annual
medians mean sea levels, none of the
trends is statistically signiﬁcant. Positive trends remain at Keelung, Xiamen
and Kaohsiung. At Quarrybay, the
99.9% percentile level has a negative
trend but the 90% and 99% percentiles have positive trends.
The time series also exhibit marked
decadal variability at all four tide
gauges, but their characteristics of
decadal variability differ due to their
locations.

Figure 6. Number of surge peaks above the 99% plotted with respect to timing of
the high tide (in hours) for all stations, y axes is the percentage, the tide-surge
interaction at all tide gauges are signiﬁcant at 95% conﬁdence levels.
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the annual variations of the extreme
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Figure 7. The frequencies of surge peaks plot for all 10 year overlapping periods at Keelung, Xiamen, Kaohsiung, and Quarrybay, y axes is the percentage.

sea levels (in terms of 99.9 percentiles of total sea level) and of the variations components of sea level separately. Here the annual surge intensity is considered to represent the surge part, whereas the annual mean
high level can be regarded as the representative for the tide component. The correlations are shown in
Table 4.
Results show that there are some characteristics in common among these four tide gauges. The extreme sea
level and the MSL show signiﬁcant positive correlation at all four tide gauges, especially at Keelung, Xiamen

Figure 8. Time series of percentiles of (top) total and (bottom) reduced sea level for Keelung, Xiamen, Kaohsiung, and Quarrybay. The straight lines are the linear trends, their change
rates (mm/yr) are listed at right of the ﬁgures, (in bold if signiﬁcant at 95%).
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Table 4. The Correlations Between the 99.9% Total Sea Level
Variations and the Sea Level Components, MSL, Surge and Tidea

Keelung
Xiamen
Kaohsiung
Quarrybay

MSL

Surge

Tide

0.58
0.52
0.65
0.37

0.52
20.05
0.65
0.51

20.01
0.54
0.52
0.19

10.1002/2015JC011336

and Kaohsiung (of above 0.50). This ﬁnding is generally consistent with studies in other regional studies, e.g., English Channel [Pirazzoli et al., 2006; Haigh
et al., 2010]; Liverpool, UK [Woodworth and Blackman, 2002]; San Francisco, USA [Bromirski et al.,
2003], also in a global assessment [Woodworth and
Blackman, 2004].

a
Correlations with signiﬁcance at the 95% conﬁdence level
are italicized.

As for the surge and tide, results differ due to their
locations. The surge shows signiﬁcant positive correlation (larger than 0.50) to the extreme sea level at Keelung, Kaohsiung and Quarrybay. It means that the
storm surges also play important roles in the change of extreme sea levels at these three gauges. However,
in Xiamen there is no obvious correlation between the extreme sea level variations and surge variations. A
possible reason is that the tide surge interaction in Xiamen station is much larger than those at the other
three. Nearly all surge maxima occur on the rising tide and falling tide (section 3.4), and the tide amplitude
in Xiamen is much larger than the others, which may be also an important reason (section 3.2). Thus the sea
level reaches its peak not at the time when the wind effect reached its maxima. Thus the changes of the
surges were less important to the change of extreme sea levels.
The tide shows signiﬁcant positive correlations, of 0.50 and more, with the variations of annual extreme
sea level at Kaohsiung and Xiamen. But at Keelung and Quarrybay, no signiﬁcant correlations were found.
This difference may also be caused by the tide surge interaction. Figures 6 and 7, demonstrate that at
Keelung and Quarrybay, the timing of many surges was close to that of the high tide time, compared to
Xiamen and Kaohsiung. Thus the tide plays a more important role in Xiamen and Kaohsiung than in Keelung and Quarrybay. It seems that Kaohsiung differs from the other three gauges, as both the surge and
tide show signiﬁcant positive correlation to the extreme sea levels. From Figures 6 and 7, the storm surges
most happen during 0 to 6 (h) after the high tide. Thus, both the surge and tide play important roles in
generating the extremes. Summing up, the tide surge interaction affects the extreme sea levels through
the surge part and the tide part rather than itself.

4. Conclusions
Hourly sea level data from tide gauges along the Chinese coast are used for analyzing changes of the
extreme sea level in this area and to assess to what extent changes in extreme sea level over the past several decades were driven by, changes in mean sea level, tide, surge, or in tide-surge interaction. The mean
sea level (MSL), tide, surge and tide surge interaction have been separately examined for trends.
Unfortunately, the data are of limited quality, both in terms of time period, spatial coverage and, possibly
homogeneity. It would be favorable, if more data would be made accessible for scientiﬁc analysis.
Clearly, decadal variability exists in the MSL at the selected tide gauges, while the mean sea level trends
exhibit, spatially, a highly nonuniform distribution. Five of 9 tide gauges (Kanmen, Keelung, Zhapo, Xiamen
and Quarrybay) show signiﬁcant positive trends. The tide component was analyzed at tide gauges with
data more than 30 years. Signiﬁcant but spatially nonuniform trends in tide characteristics were found at all
four gauges. The surge component was studied at all 12 tide gauges, obvious interannual variability and
decadal variability exists at all tide gauges. As for the long term trend, annual tide intensity at 5 tide gauges
shows signiﬁcant decreasing trends. Signiﬁcant but spatially nonuniform tide-surge interactions were found
at all 12 tide gauges. No obvious change, in particular where the tide surge interactions were strong, was
found in the tide surge interaction during the past few decades.
There is evidence for an increase in extreme sea levels during the past few decades at Keelung, Xiamen and
Quarrybay. Also clear decadal variability is present at these tide gauges. The variations in annual extreme
sea level and in the annual MSL show signiﬁcant positive correlation at all four tide gauges, which means
that the change in mean sea level play an important role in the change in extreme sea levels in this area.
The surge shows signiﬁcant positive correlation to the extreme sea level at Keelung, Kaohsiung and Quarrybay, thus the storm surges play important roles in the changes of extreme sea levels. The tide shows signiﬁcant positive correlation to the extreme sea level at Kaohsiung and Xiamen, thus the tide play important
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roles in the changes of extreme sea levels at these two gauges. Tide surge interaction play an important role in
determining which component, the surge or the tide, is more important for the change of extreme sea levels.
In conclusion, the changes in extreme sea levels along the China coast are highly affected by the changes
in mean sea levels. But the changes are not totally due to the change of mean sea levels. Changes in surges
and astronomic tide contribute––in a spatially nonuniform manner. The tide surge interactions are important in the changes of extreme sea levels, but not in a direct way. Thus, if we want to envisage possible
changes of the extreme sea levels in one area in the future along the China coast, we need taking the characteristic of this area into consideration.
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