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Abstract
This study is the ﬁrst to depict typhoon-induced continental shelf wave (CSW) propagation in
the eastern Taiwan Strait (TWS) during the passage of Typhoon Meranti in 2016 using tidal gauge data and
along-track satellite altimeter data. The strong amplitude response of sea level oscillations (within the range
of 0.30–0.54 m) as a free, barotropic CSW after Meranti, which impacted the TWS, was clearly detected in
time and frequency (in bands of 64–81 h) using wavelet and cross-wavelet analyses. The measured group
and phase speeds were consistent with the dispersion curves for CSW with the ﬁrst-mode derived from the
cross-shelf sections of the eastern TWS, with the mean speeds reaching 3 and 5.6±0.7 m/s, respectively.
Coincidentally, the typhoon-induced sea level anomaly (SLA) was also captured by the satellite altimeter
before this CSW entered into the TWS. Using the theoretical cross-shore CSW modes to ﬁt the SLA data,
the results indicated that the ﬁrst three wave modes can interpret this CSW event appeared in the southern
TWS very well, with the ﬁrst mode being the dominant one.
Keyword: continental shelf wave (CSW); tidal gauge data; satellite altimeter data; typhoon; Taiwan Strait

1 INTRODUCTION
The response characteristics of the upper ocean to
moving typhoons are dynamically intricate (Price,
1981; Sanford et al., 1987), and the physical processes
are highly complex in shallow waters (Schulz et al.,
2012). Simple-form Kelvin waves and barotropic
continental shelf waves (CSWs) can be generated
accordingly after large-scale typhoon events; these
waves can move along or cross continental shelf
within a mid-latitude (Han et al., 2012; Chen et al.,
2014). Several observational and modeling studies on
the responses of coastal shallow waters to passing
typhoons (Tang et al., 1998; Thiebaut and Vennell,
2010; Shen et al., 2017), showed that free CSWs
could be generated.
The Taiwan Strait (TWS) is located between the
South China Sea and the East China Sea (Fig.1),
which is about 180-km wide, 350-km long, and on
average 60-m deep (Chung et al., 2001). From April

to November, the area suﬀers from frequent typhoons
generated in the western Paciﬁc Ocean. Due to lack of
ﬁeld observations under passing typhoons, the ocean
response to typhoon forcing in the shallow water of
the TWS is not well understood. Based on our
knowledge, during a moving typhoon event, model
simulations mainly focus on the issue of the barotropic
waves propagating along the coast of the East China
Sea and the South China Sea (Ding et al., 2011, 2012).
In contrast, the TWS is treated as a transition area for
those CSW events. In fact, the terrain of the TWS is
very complex, especially the width of continental
shelf is gradually reduced from the southern end to
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Fig.1 Map of the study area of the TWS and its adjacent
seas
The track and locations of Typhoon Meranti at specifc times
are shown as blue line with solid circles, which are obtained
from the Regional Specialized Meteorological Center of Japan
(http://www.jma.go.jp/jma/index.html). The green line with
small crosses is the Jason-2 satellite ground track. Six tidegauge stations and three meteorological buoys are depicted by
green squares and red cycles, respectively. The red lines oﬀ the
coast of Taiwan, China, indicate the cross-shelf transects where
the dispersion relationship for the CSW is calculated. Since part
of the Jason-2 satellite ground track is nearly perpendicular to
the continental shelf; it was chosen to be one of the cross-shelf
transects and labeled as J2. Major geographic locations labeled
are Eluanbi Buoy (EB), Xunguanzui (XGZ), Jianjun (JJ),
Wengang (WG), Miaoli (ML), Wangpin (WP), and Xinzu (XZ).

the interior of the strait, which will directly aﬀect the
propagation speed of the CSWs. Shen et al. (2017)
presented direct measurements of free, barotropic
CSWs propagating in the western TWS during the
passage of Typhoon Saomai which transited from the
north of the TWS. In another scenario, if the typhoon
transits from the south of the TWS, will the CSWs be
generated and propagate along the coast of the eastern
TWS? If this hypothesis proves true, to identify the
CSW events, the variation of the group and phase
speeds of the typhoon-induced CSWs in this sea area,
and the dominant spatial modal structure need further
investigation. However, so far, this kind of CSW
events has not been reported in this region. In addition,
among a few similar events ever documented, it is the
ﬁrst time to combine the satellite altimetry with tidegauge data to investigate CSW features in the TWS
that could represent a typical case in this regard.
Meranti, a classic typhoon in the western Paciﬁc,
made landfall on mainland China at 18:00 UTC 14
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September 2016 from the south of the TWS (Fig.1). It
was the most severe typhoon in 2016 to hit the
mainland and caused enormous damage to properties.
In this study we will focus on this typhoon, which
aﬀected the TWS on 13 September 2016 and generated
signiﬁcant sea level oscillations (SLOs) propagating
along the eastern coast of the TWS. Coincidently, the
Jason-2 satellite altimeter ﬂew over the Taiwan,
China, shortly before the landfall of Meranti. Here,
we combine this satellite altimetry with tide-gauge
data to investigate the features of CWS propagating
along the coast of the TWS.
The remainder of this study is organized as follows.
In Section 2, the data sets and methodology are
introduced. In Section 3, the alongshore and crossshore characteristics of the CSW derived from the
tidal gauge data and satellite altimeter along-track
data are presented. In Section 4, a summary is drawn,
and we further discuss the accuracy of the altimeter
data which account for quantitatively diagnosing of
the CSW event.

2 DATA AND METHOD
2.1 Overview of datasets
Tidal gauge data at six coastal stations on the east
side the TWS (Fig.1) are obtained from the website of
the Central Weather Bureau of Taiwan, Taiwan
(China) (http://www.cwb.gov.tw). The data cover a
period of September 5–25, 2016, with a temporal
resolution of 1 h. De-tiding software (Pawlowicz et
al., 2002) is used to remove the tidal component with
the tidal gauge data (corrected by atmospheric
pressure). Then, de-tided sea level anomaly (DSLA)
is derived by removing their mean sea level and
extracted the longwave records by low-pass ﬁltering
with a cutoﬀ frequency of 1.41 cpd.
The along-track sea level anomaly (SLA) data are
acquired and reprocessed by the Archiving, Validation
and Interpretation of Satellite Oceanographic Data
(AVISO), Center National d’Etudes Spatiales (CNES)
of France (www.aviso.altimetry.fr). The corrections
for ionosphere and tides, while multi-mission crosscalibration, have been applied to the data. In the study
region, the data is distinguished with a temporal
resolution of 1 s, and the spatial resolution of about
5.9 km. In addition, gridded monthly SLA data are
also used as the background ﬁeld in this study. The
resolution of the gridded SLA data is about
0.25°×0.25°, with global ocean coverage.
In-situ wind speed was observed by three
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meteorological buoys, of which the data with a time
interval of 1 h from September 10–15, 2016, were
used to depict the wind ﬁeld during the passage of
Meranti. As in situ meteorological data set is limited
for the study area, we resorted to the hourly ERA-5
reanalysis wind stress ﬁeld in a spatial resolution of
0.25°×0.25° (https://cds.climate.copernicus.eu). The
information of the typhoon Meranti is obtained from
the Regional Specialized Meteorological Center of
Japan (http://www.jma.go.jp/jma).
2.2 Methodology
2.2.1 Wavelet transform
Wavelet transform is used to analyze time series data
containing nonstationary power at diﬀerent frequencies
(Torrence and Compo, 1998). Because the time series
of DSLA is nonstationary, with a large range of
frequencies, especially during a typhoon event, a
wavelet analysis, useful for extracting both time and
frequency information from a time series is employed.
The continuous wavelet transform is deﬁned as the
convolution of the time series Xn with the scaled and
normalized wavelet
wnX  s    t / s  nN 1 xn x  n  n   t / s  ,
(1)
where s is the wavelet scale, δt is the uniform time
spacing, φ is the mother wavelet (or Morlet wavelet in
this case), and n=0, 1, ···, N (N is the number of the
points). In practice, the conﬁdence interval for true
wavelet power Wn2(s) is deﬁned as
v  v-2  p / 2  WnX  s   wnX
2

2

v  v-2 1  p / 2  WnX  s  ,
2

s 
(2)

where p is the desired signiﬁcance, v is equal to 1 for
real and 2 for complex wavelet, and χν2(p/2) represents
the value of χν2 at p/2.
2.2.2 Cross-wavelet transform
The cross-wavelet transform (XWT) of two signals
reveals the regions in both time and frequency space
with high common power and exposes information of
phase relationship (Grinsted et al., 2004). The CSW
phase speed is estimated by calculating the XWT of
pairs of stations. The XWT of two-time series Xn and
Yn is described as WXY=WXWY*, where WX is the
continuous wavelet transform of Xn, and their complex
conjugate denoted with asterisk. The cross-wavelet
power is further deﬁned as |WXY|. The phase
relationship between X and Y in a time-frequency
space is illustrated as the complex argument of WXY.
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To calculate the mean phase between two-time
series, the circular mean of the phase over regions is
used, which is higher than 5% statistical signiﬁcance
and within the given range of period. Lastly, a set of
angles with the circular mean (ai, i=1, ···, n) is
proposed by Zar (1999),
am=arg(X, Y),

(3)

with X   cos  ai  and Y   sin  ai  . To estimate
the conﬁdence interval of the phase diﬀerence, we use
the circular standard deviation deﬁned as
S  -2 In  R / n  , where R  X 2  Y 2 (Grinsted et al.,
2004).
n
i 1

n
i 1

2.2.3 CSW mode analysis
The dispersion relation for CSW in an idealized
depth proﬁle is given in Pedlosky (1987):
 1   1
 
J 0  2 2  1   F 2  F   

  
 k 
 F    12 
- 1 
(4)
 J  2  ,
 k  2


where J0 and J2 are the zero and second orders of the
ﬁrst kind of Bessel function, k is the wavenumber, ω
is the wave frequency, γ is the ratio of the maximum
shelf depth to the deep ocean depth. Herein,
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F



and F =

f 2l 2
, where l is the continental
gD

shelf width, f is the Coriolis parameter, D is the deep
ocean depth, and g is the gravitational acceleration.
As it is well known, in a CSW event, the CSW
signal should be a prominent component. And the
other signals are thought to be the background signals.
Then, sea level signal observed by the satellite
altimeter can be decomposed into an inﬁnite number
of CSW modes and the background signal ε(ξ). We
use J0(2μ1/2ξ1/2) to analyze the cross-shore
characteristics of CSW on the shelf of the TWS, with
the ﬁrst three CSW modes in the form of
 3
 1 1
 i 1 Ai J 0  2  2 2      1




, (5)
1 1
 2 2
 12

 3
 i 1 Ai J 0  2    exp  - F   1      1






where ξ=χ/l is normalized cross-shore coordinate, and
η is the sea level, Ai is the amplitude of each CSW
mode, ε′ is the remainder of ε after removing the signal
with periods longer than a speciﬁed period, and in our
case it is set to be one month. Such evaluations have
been used for studies of the winter storm-induced
CSWs in the northern South China Sea (Li et al., 2016).
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3 RESULT
3.1 SLOs propagating along the coast
As shown in Fig.2a, large ﬂuctuations of the SLOs
within the range of 0.30–0.54 m can be observed at
the coast after the passage of Meranti, suggesting that
the response was mainly barotropic (Thiebaut and
Vennell, 2010). Figure 2b shows the power density
spectra of the DSLA derived from the fast Fourier
transform using a Hanning window. One can see that
the spectra at the six stations have a common period
band of peaks, and all peaked at the center of 80.3 h
(above the 95% statistical signiﬁcance level) which
represented the dominant period of the SLOs.
Interestingly, the SLOs propagate along the eastern
coast of the TWS with obviously northward time lags
(Fig.2a). Since the typhoon transits from the south,
the observed northward time lags might indicate local
responses that reﬂect the typhoon’s northwest path.
Note that, Meranti is the most intense typhoon of the
western paciﬁc in 2016, characterized by a minimum
central pressure of 890 hPa and a maximum wind
speed of 60 m/s. However, owing to the small radius
(a maximum radius of 380 km), it cannot directly
aﬀect the entire TWS. Furthermore, we analyzed the
in-situ wind speed data from three meteorological
buoys during the passage of Meranti. As shown in
Fig.2c, the further north station XZ reach the peak
wind ﬁrst, followed by the station EB (in the southern
region), while JJ (in the middle of the strait) was the
last station to reach the peak wind. Hence, it is
believed that the SLOs do not mainly arise from local
forcing. If so, they would not appear as gradual time
lags from south to north among those stations since
the synchronous wind ﬁeld is not changing
progressively from south to north. The observed
propagating SLOs are therefore speculated to be the
free CSW, which will be conﬁrmed in Section 3.2.
Gordon and Huthnance (1987) and Tang et al.
(1998) both pointed out that the ocean responses are
closely related to the duration of atmospheric forcing.
Power density spectra of the amplitude of sea surface
wind stress (with the same period of DSLA), as shown
in Fig.2d, contain peaks at periods of 24, 41, and 75 h,
all above the 95% statistical signiﬁcance level. Note
that the period of 75 h is the only common peak for all
stations, indicating the duration of the typhoon
impacting the TWS. Next, we will ﬁnd out that after
Meranti passed over XGZ, the predominant period of
CSW was limited in the resonant propagating regime
(i.e., 64–81 h) for the other ﬁve stations (Fig.3a) and
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the center frequency (0.33 cpd) of this propagating
CSW would be associated with the duration for the
Meranti passing over the shelf, which is agreed with
the CSW theory. The passing time of strong typhoon
like Meranti is the key element that determines the
propagation and the frequency band preferentially
excited for the free CSW.
Because the above time series of the DSLA have a
large range of period band during the passage of
Meranti (Fig.2b), a wavelet analysis is employed to
extract the information of common periods from the
time series of DSLA. With the measurement of the
distance between each pair of stations, the group speed
of barotropic CSW is calculated by approximating the
time of the maximum wavelet energy at each station.
Such an evaluation method has been used previously
for exploring the Yanai waves in the Atlantic Ocean
(Meyers, 1993) and the dispersive waves in solid
systems (Kishimoto et al., 1995; Park and Kim, 2001).
As shown in Fig.3a, the signiﬁcant regions on
wavelet power spectrum become narrower in period as
one goes farther away from XGZ where the response
includes periods from 28 to 94 h, which is due to the
weakly dispersive eﬀect of the lower-frequency waves
with high group velocity and smaller wavenumber. In
particular, the six wavelet power spectrums show a
poleward propagation of a (64–81)-h period wave
along the coast, after Meranti hit the TWS (Fig.3a).
The maximum of each scale-averaged wavelet power
(Fig.3b) gives a good approximation of the maximum
amplitude of the barotropic CSW envelope. Table 1
shows the values used to calculate the barotropic CSW
group speed along the coast after the passage of
Meranti. Obviously, the group speed was large at the
south entrance of the TWS, which could reach a speed
of 8.5 m/s, but reduced to only 2–3 m/s in the TWS. It
was related to the fact that the shelf width is reduced
remarkably from the southern to the northern part of
the TWS. This is consisting with the work of Jordi et
al.(2005) which indicated that the fast-propagating
wave could only exist over a wide continental shelf.
The mean group speed was about 3.0 m/s during this
CSW event, according to Table 1.
Furthermore, we calculate the XWT for pairs of the
DSLA time series at diﬀerent sites to obtain the phase
speed of the CSW induced by Meranti. For instance,
the results of these computations for adjacent station
pairs are shown in Fig.4. One can easily see that in
most cases, the former would lead the latter; however,
the station pair of WG and ML in Fig.4c appears to be
the opposite. Noteworthy, for the XWT (Table 2) of
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Fig.2 Time series of the atmospheric pressure-corrected DSLA (low-pass ﬁltered with a cutoﬀ frequency of 1.41 cpd) at
the six tidal gauge stations (a) and in-situ observed wind speed at the three meteorological buoys (c); power density
spectra of the DSLA (b) and amplitude of the wind stress at sea surface (d) at each station
Dotted vertical lines indicate the time when Meranti (front and back of the storm) hit the east coast of Taiwan, China. DSLA at each station is plotted
with a shift of 0.5 m from 0 m in the Y-axis. The colored dashed lines represent the 95% conﬁdence level.

WG with other stations, the magnitude of the CSW
phase speed appears signiﬁcantly larger (i.e., WGML\WP\XZ) or smaller (i.e., JJ-WG) than the other
station pairs, and at the same time the former case
would lead to a large variability. In addition, among
those stations locate in TWS, the largest DSLA is also
found at WG when the CSW transit the TWS. Given
these, we speculate that the wave at station WG was
forced wave directly aﬀected by the local typhoon
forcing. However, limited to the observation data, the
explanation is not conclusive; the speciﬁc mechanism
may be conﬁrmed by further model work. We
conclude that all station pairs, excluding WG, can be
used to calculate the mean phase speed of the free
CSW, and the mean phase speed of the CSW is then
estimated to about 5.6 m/s with a mean error of
0.7 m/s.
3.2 Dispersion relation
The dispersion relation of shelf waves was
determined by the given topographic shelf proﬁle. In
this study, we use the codes (with 2007 version)

Table 1 The concern values used for calculating the group
speed (cg) of CSW after the transit of typhoon
Meranti
Station pair

Separation (km)

Lag (h)

Group speed (m/s)

XGZ-JJ

153.8

5

8.5

XGZ-WG

189.5

10

5.3

XGZ-ML

219.3

17

3.6

XGZ-WP

333.4

29

3.2

XGZ-XZ

360.0

32

3.1

JJ-WG

35.7

5

2.0

JJ-ML

65.5

12

1.5

JJ-WP

179.6

24

2.1

JJ-XZ

206.2

27

2.1
1.2

WG-ML

29.7

7

WG-WP

143.9

19

2.1

WG-XZ

170.4

22

2.2

ML-WP

114.2

12

2.6

ML-XZ

140.7

15

2.6

WP-XZ

26.5

3

2.5

The lag with a positive value indicates the second station of the pair would
lead the ﬁrst one. The positive component of cg indicates that the energy
propagating with the coastline on its right side.
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written by Brink and Chapman (1985) to derive the
dispersion curves of barotropic CSW using four
cross-shelf sections deployed along the eastern coast
of the TWS (Fig.1). For a long shelf wave within the
frequency band of around 0.33±0.03 cpd, the group
speed estimated from the dispersion curves (Fig.5a) is
within the range of 1.2–8.4 m/s, and the phase speed
is estimated between 1.4 and 8.9 m/s (Fig.5b) given
the shelf proﬁles at the four selected sections. The
mean group and phase speeds calculated using
wavelet and cross-wavelet analyses are up to 3 and
5.6±0.7 m/s, respectively, which are consistent with
the theoretical estimates. The calculated results
illustrate that the data points of SLOs distribute near
the corresponding theoretical curves (Fig.5b),

indicating they were mainly the barotropic CSWs
propagating freely as the ﬁrst mode.
3.3 Cross-shore sea level structure
The Jason-2 satellite altimetry ﬂew over Taiwan,
China, shortly before the landfall of Typhoon Meranti,
and captured the storm surge oﬀ Taiwan, China. As a
complement to tide-gauge observation, Jason-2
altimetry provides reliable information of storm surge
magnitude and cross-shelf surge structure. As shown
in Fig.6, the SLA increased sharply from the shelf
edge at around 500-m isobath toward the coast,
resulting in a large cross-shelf slope. The storm surge
magnitude at the location close to the coast (about
11 km) was around 0.23–0.27 m (Fig.6b). At the time
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The relative phase relationship is also depicted in each panel with in-phase pointing to the right, anti-phase pointing to the left, and if the former would lead
the latter by 90°, it will point straight downward. Red dash lines in each panel denote the period band of 64–81 h.

of satellite passing (15:22 UTC), the surge at JJ
(which was about 25 km north of the inshore extent of
Jason-2’s ground track) was 0.30 m (Fig.2a). Without
consideration of the above-mentioned large crossshore sea surface slope near the coast, the small
quantitative diﬀerence between altimetric estimate
and tide-gauge data indicates the altimetry-observed
storm surge magnitude was reliable.
In order to extract the CSW structure from the
along-track SLA data acquired by satellite altimeter,
the following assumptions are made:
(1) according to the result of Section 3.1, the scale
of CSW along the coast was more than 1 500 km
(λ=c×T), which was obviously larger than the
continental shelf width (~50 km) of Taiwan, China;
hence, the satellite track is considered to be
perpendicular to the coastline.
(2) the background ﬁeld is derived from the gridded
monthly mean SLA, and is used to remove trend of
the along-track SLA (Fig.6b).
(3) set the origin of the coordinate system on the
coastline, and the cross-shore axis positive seaward.
In the study area, we have the deep ocean depth

Table 2 Results of the XWT of the DSLA time series for
diﬀerent pairs of station
Station
pair

Separation Phase angle and circular
(km)
standard deviation (rad)

Lag (h)

Phase
speed (m/s)

8.8±1.0

4.9±0.6

XGZ-JJ

153.8

0.76±0.09

XGZ-WG

189.5

1.15±0.12

13.2±1.4

4.0±0.4

XGZ-ML

219.3

1.11±0.09

12.8±1.1

4.8±0.4

XGZ-WP

333.4

1.45±0.10

16.6±1.1

5.6±0.4

XGZ-XZ

360.0

1.60±0.10

18.4±1.1

5.4±0.3

JJ-WG

35.7

0.39±0.02

4.5±0.2

2.2±0.1

JJ-ML

65.5

0.33±0.02

3.8±0.2

4.7±0.3

JJ-WP

179.6

0.69±0.06

7.9±0.7

6.3±0.6

JJ-XZ

206.2

0.85±0.10

9.8±1.1

5.9±0.7

WG-ML

29.7

-0.06±0.03

-0.7±0.3

-12.6±5.8

WG-WP

143.9

0.29±0.07

3.3±0.8

12.1±2.8

WG-XZ

170.4

0.45±0.12

5.2±1.3

9.2±2.4

ML-WP

114.2

0.35±0.05

4.0±0.6

7.9±1.2

ML-XZ

140.7

0.51±0.10

5.8±1.2

6.7±1.3

WP-XZ

26.5

0.15±0.05

1.8±0.6

4.2±1.3

The lag with a positive value indicates that the second station of the pair
leads the ﬁrst one. Phase speed (c) with a positive value indicates that the
wave phase propagates alongshore with the coastline on its right side.
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Fig.5 Dispersion relations for the ﬁrst mode of the CSW for the sections depicted in Fig.1a. The black lines are the center
frequency (0.33 cpd) with the period band of 64–81 h (denoted by the shaded region); the phase speed c (solid lines,
c=w/k where w is frequency and k is wavenumber) and group speed cg (dashed lines, cg=dw/dk) are derived from the
dispersion curves (b)
Squares in panel a and squares with error-bars in panel b are the data calculated from XWT; further, for a more direct comparison with theoretical
expectations and the observational results, the observed relations between frequency and phase speeds are shown in panel b.

D=3 000 m, the continental shelf width l=47 km, the
maximum shelf depth γ×D=516 m, the Coriolis
parameter f=5.6×10-5 s-1 and the gravitational
acceleration g=9.8 m/s2. Using these parameters,
there will be an inﬁnite number of roots μi speciﬁed
for Eq.4. Hence, to solve the Eq.4, the zero-ﬁnding
function in Matlab is applied, and the ﬁrst three modes
are listed in Table 3.
From Eq.5, the cross-shore structures of the ﬁrst
three CSW modes are derived, and the result is shown
in Fig.7a. One can easily learn that Mode 1 decays
exponentially across the shelf with the maximum
amplitude locating at the shore, and reaches zero
beyond the shelf. Moreover, Modes 2 and 3 show
mostly the same maxima at the shore and near zero
beyond the shelf; nevertheless, more complex
structures on the shelf than that of Mode 1 are
presented, which have two and three nodes on the
shelf.
As shown in Fig.7b, the cross-shore SLA observed
by satellite altimeter and the ﬁtting result by using the
ﬁrst three theoretical CSW modes is depicted, while
the corresponding ﬁtting parameters are listed in
Table 3. Obviously, the theoretical modes explain the

cross-shore structure of CSW very well when we use
the ﬁtting goodness R2 (up to 0.99) to describe how
well the theoretical modes ﬁt the observation.
Moreover, the amplitude of the ﬁrst mode is 0.20 m,
and the amplitudes of the other two modes are 0.02
and 0.06 m, respectively, implying that the lowest
(ﬁrst) mode is the most dominant one.
Last but not least, one may doubt about the
accuracy of altimeter data used in the study region. As
noted by Roblou et al. (2011) due to land
contamination, the application of satellite altimeter
data over the continental shelf is still a challenging
problem. The SLA accuracy in the open ocean is
about 0.03 m for Jason-2, and decreases to 0.05 m in
the coastal water (Birkett et al., 2011). Using the echo
type of the return signal, Yang et al. (2011) evaluated
land contamination on SLA accuracy, and he suggests
that the distance of land eﬀect on altimetry waveform
is around 10 km. To minimize the land eﬀect on the
observation error of SLA in Fig.6b, the data beyond
10 km (about 11 km) from the coastline has been
singled out for this study, where the accuracy of the
altimeter data should be better than 0.05 m. The
altimetry-observed storm surge and the CSW mode
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Fig.6 Mean cross-shore bathymetric proﬁle (blue dotted line), and an idealized depth proﬁle (red line) (a); SLA relative to
the CLS01 mean topography along a track across Taiwan, China, observed by Jason-2 (b)
The satellite passing time during the impact of Meranti was around 15:22 UTC 14 September 2016. Raw data: black line; after removing background
ﬁeld with the period of 30 d: blue line; and 5-point moving average: red dotted line.

decomposition results in this study are statistically
sound as the storm surge magnitude at the location
close to the coast and the amplitude of the ﬁrst
(lowest) mode CSW are much larger than 0.05 m.

4 SUMMARY AND DISCUSSION
In this paper, we present the ﬁrst study of the free
barotropic CSW propagating in the eastern TWS
using tidal gauge data and the along-track satellite
altimeter data. This CSW event was characterized
with strong barotropic response of coastal sea level
within the range of 0.30–0.54 m during the passage of
Typhoon Meranti in 2016. Particularly, through
wavelet and cross-wavelet analyses on tidal gauge
data, the CSW (with the period bands of 64–81 h) is
shown to propagate along the east side of the TWS
with the group and phase speeds up to 3 and 5.6±
0.7 m/s, respectively. Further, the group speed and
phase speed were consistent with the dispersion
curves for CSW with the ﬁrst-mode derived from the
four cross-shelf sections of the eastern TWS.
Moreover, the Jason-2 satellite altimeter captured an
along-track SLA before this CSW entered into the
TWS. And a large cross-shelf slope was observed
with the peak of storm surge magnitude of around

Table 3 The ﬁrst three modes for μ and the amplitude (Ai)
for the ﬁrst three CSW modes
Parameter

Mode 1

Mode 3

Mode 3

μ (s/m)

1.64

7.82

18.93

Ai (m)

0.20

0.02

0.06

0.23–0.27 m locating at the coast area. Also, the
theoretical cross-shore CSW modes are used to ﬁt the
along-track SLA data, and the results suggest that the
ﬁrst three wave modes can interpret this CSW event
appeared in the southern TWS very well and the ﬁrstmode CSW (with an amplitude of 0.20 m) plays a
dominant role.
However, the modes of this CSW event are not
invariable. Indeed, the continuous change of the
continental shelf will directly cause the transfer of
energy between diﬀerent modes. When the shelf
width increases upward in the direction of wave
propagation, the energy will change from low mode
to high mode (Wilkin and Chapman, 1990), and the
energy may be lost when passing through the
headland, submarine canyon or the narrow shelf
(Platov, 2016). In our case, this CSW event is still
evident when it travels through the Penghu channel
and enters into the TWS, the variable bathymetry will
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inevitably aﬀect the CSW model. However, this
statement is not conclusive, and numerical modeling
studies are needed to understand eﬀect of topography
of TWS on changing the properties of CSW.
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