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Abstract In early 2008, cold water in the Taiwan Strait
(TWS) was moved sequentially by a cross-strait flow and a
southward flow to the Penghu Island, causing a cold-related
fish kill disaster. Except for the local wind forcing, the coastal-
trapped waves (CTWs), intermittently propagating toward the
TWS from north in winter, are an additional factor that could
impact the flow patterns by changing cross-strait sea-level
gradient during the disaster. In the first stage (January 28—
February 7), the reach of a large CTW trough induced an
additional northward flow, which formed a cyclone after turn-
ing around the Zhangyun Ridge. Then, the cyclone led to an
additional cross flow, which enhanced an eastward (offshore)
movement of cold water. In the second stage (February 7-14),
the arrival of a large CTW crest triggered an additional south-
ward flow, which intensified a southward movement of the
cold water. Due to the additional eastward and southward

Key points

* CTWs induced by remote wind can impact circulation in the Taiwan
Strait.

* A CTW trough enhanced cold water offshore transport in the first stage.
* A CTW crest intensified cold water southward intrusion in the second
stage.
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movements caused by the CTWs, the cold water could reach
Penghu Island inducing a cold disaster.

Keywords Coastal-trapped waves - Taiwan Strait -
Circulation - Cold disaster

1 Introduction

In the La Nifia winter (January and February) of 2008, ex-
tremely strong northeasterly winds (>6.7 m/s) lasted an excep-
tional long duration (>30 days) in the Taiwan Strait (TWS,
Chang et al. 2009). The strong winds strengthened the China
Coastal Current, carrying a large amount of extremely cold
water from north into the northwestern TWS (Zhu et al.
2013). An unusual offshore branch of the cold China
Coastal Current then moved the cold water to the Penghu
Island (PHI), southeastern strait (Liao et al. 2013a). The
PHI, well known for its coral reef ecosystem, is generally
surrounded by a warming water (>20 °C) in winter (Jan
et al. 2006). The unexpected cold water (<16 °C) intrusion
induced the temperature-sensitive coral reefs and fish to die
around the PHI, resulting in serious mortality to the entire
coral reef ecosystem (Hsieh et al. 2008). Similar cold disaster
at the PHI occurred four times before 2008 (three times
between 1930 and 1934 and once in 1976; Tang 1978).
Normally, the cold offshore branch of the China Coastal
Current moves the cold water offshore and turns northward
forming a U-turn in the northern TWS (Jan et al. 2002; Li et al.
2006a; Oey et al. 2014). However, Liao et al. (2013a) stated
the cold offshore branch, instead of a normally northward
turn, unusually flowed southward to the PHI, southern strait
in 2008. In detail, during January 28—February 7, a persistent
cross-strait flow controlled the TWS and moved the cold wa-
ter offshore to the central strait. Another strengthened along-
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strait flow next dominated the TWS and carried the separated
cold water southward to the Penghu Island in February 7—
February 14 (PHI, Liao et al. 2013a). The period between
January 28 and February 7 is defined as the first stage, and
the subsequent period in February 7-February 14 is called the
second stage hereafter. As a result, the unexpected cold water
intrusion is related to two strengthened flow patterns that fol-
low each other in a particular order. In a normal year, the
combination of offshore and southward flows may happen,
but the flows are weak and impersistent that cannot move
the cold water through the Zhangyun Ridge to the PHI, south-
emn strait (Jan et al. 2002; Li et al. 2006b). Liao et al. (2013a)
attributed the strengthened offshore and southward flows to a
particular strong local wind stress and a likely weakened
northward warm current. However, it is still wondering
whether there are any other factors involved in the two unusu-
ally strengthened processes besides local forcing.

In winter, the TWS current is driven by two forces in op-
posing directions, i.e., southward wind stress (northeasterly
monsoon) and northward pressure gradient force induced by
Kuroshio (Yang 2007). Both two forces interact with each
other forming three complex current patterns: the southward
(northward) current for northeasterly winds stronger (weaker)
than an upper (lower) bound and the cross-strait flow for
relaxing northeasterly winds between two bounds (Oey et al.
2014). In contrast with the two aforementioned local factors,
Ko et al. (2003) reported a huge influence of coastal-trapped
waves (CTWs), generated in the Yellow and East China Sea,
on the volume transport of the TWS. A positive (or negative)
sea surface height (SSH) anomaly, created by a wind stress
event in the Yellow and East China Sea, can propagate south-
ward along the China Coast as the CTWs (Jacobs et al. 1998a;
Jacobs et al. 1998b). When the CTWs pass through the East
China Sea into the TWS, the CTW crest induces a high sea
level and strengthens the southward geostrophic current by
changing the cross-strait sea-level gradient (Ko et al. 2003).

The CTWs are characterized by not only a high sea level
(wave crest) but also a low sea level (wave trough). Is it pos-
sible that the low sea level can strengthen the northward geo-
strophic current like the high sea level strengthens the south-
ward geostrophic current? The northward warm current, as a
counter-wind flow (the monsoon in winter is from northeast),
has received strong interests (Ma et al. 2010; Yang 2007). At
present, there have been few factors reported that can drive the
counter-wind flow except for the Kuroshio. Therefore, it is
worth studying the impact of CTWs on the concerned
counter-wind flow. If CTWs can impact both the northward
and southward current, what is the role of the CTWs played in
the cross-strait flow leading to the eastward (offshore) move-
ment of cold water? These questions are going to be studied in
this paper.

Yin et al. (2014) indicated that the CTWs, propagating in
the East China Sea, have three different modes: the free Kelvin
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wave mode and the forced first and second shelf wave modes.
Their amplitudes are O (10 cm), and periods vary from 2 to
11 days. The sea-level variation of the CTWs mainly results
from the Kelvin wave mode, whose phase speeds are about
15-18 m/s (Chen and Su 1987; Li 1989; Wang et al. 1988; Yin
et al. 2014). Although there are several studies, involving the
generations, mechanisms, and propagation properties, on the
CTWs along the China Coast, none of them elaborate the
impact of CTWs on the 2008 cold disaster in the TWS.

The objective of this study is to investigate the impacts of
CTWs on the circulation during the 2008 cold disaster in the
TWS. The paper is organized as follows. The data, method,
and model are described in Section 2. The impacts of CTWs
on the northward (southward) flow and transport in the TWS
are studied in Section 3. The relation between the CTWs and
the cold water intrusion is explored in Section 4. The discus-
sion and summary are given in Section 5.

2 Model, data, and method

The model used in the study is a one-way nested model which
is based on the Regional Ocean Modeling System (ROMS), a
free-surface, hydrostatic, primitive equation ocean circulation
model with nonlinear terrain-following coordinates
(Shchepetkin and Mcwilliams 2003, 2005). The coarse grid
is from the TWS Nowcast/Forecast System (TFOR), which
has been an operational forecasting system for the Fujian
Province Marine Forecasting Institute since 2003. The
TFOR has been extensively assessed and verified by Lin
et al. (2016), and the results have been used to study various
oceanic phenomena in the TWS (Chen et al. 2014; Liao et al.
2013b; Liao etal. 2015; Lu etal. 2015; Wang et al. 2013). The
model spans the northwestern Pacific from 99.0° E to 148° E
and 9.0° S to 44.0° N at 1/8° horizontal resolution with 25
vertical levels. The fine-grid model covers the TWS from
111.4°E to 125.2° E and 14.5° N to 28.4° N at 1/32° horizon-
tal resolution with 25 vertical levels. The model bathymetry is
a combination of survey data and ETOPO2v2 from National
Geophysical Data Center (http://www.ngdc.noaa.gov/mgg/
fliers/01mgg04.html). The air-sea flux data (heat and mass)
and wind forcing for both nested grids are from MERCATOR
PSY3V2R2 (http://www.mercator-ocean.fr, 2008). The initial
and lateral boundary conditions of the fine-grid model are
interpolated from the results of the coarse-grid model. In ad-
dition, the major rivers’ discharge along the coast and sea level
forced by 10 main tidal components are included in the lateral
boundary condition.

The default schemes in the ROMS are adopted to resolve
horizontal and vertical advection terms of momentum and
tracer equation in the fine-grid model (third-order upstream
bias and fourth order centered for horizontal and vertical ad-
vections of 3D momentum, respectively, fourth order centered


http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html
http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html
http://www.mercator-ocean.fr

Ocean Dynamics

for 2D momentum and traces’ equation). The Smagorinsky
diffusion is used for the harmonic horizontal mixing of tracers,
which occurs along the geopotential surface. The vertical vis-
cosity and diffusion rates are calculated by the MY2.5 turbu-
lence module. The Flather scheme is employed for the radia-
tion boundary condition (Flather 1987). The tidal processes
are added to the model by the Chapman boundary condition
(Chapman 1985). The other model configurations and
validations are detailed in Liao et al. (2013a) and Lin et al.
(2016).

The CTWs originated in the Yellow and East China Sea
and transported into the TWS through sea level and velocity
variability. The coarse-grid domain covers the whole area, and
the fine-grid domain only focuses on the TWS. The CTWs are
generated in the coarse-grid model and transport into the fine-
grid model through boundary conditions, i.e., sea level and
velocity. Therefore, the CTWs’ transport into the TWS can
be controlled by filtering the sea level and velocity variability
in the north lateral boundary of the fine-grid model. In order to
investigate the role of CTWs in the circulation during the cold
disaster, a sensitive numerical test (non-CTW case, here after)
was performed in the fine grid from 30 December 2007 to 20
March 2008. The only difference between control and non-
CTW case is the north lateral boundary condition. For the
control case, the north lateral boundary conditions were inter-
polated from coarse-grid model without any change. For the
non-CTW case, the north lateral boundary conditions, i.e., sea
level and velocity, were interpolated from the coarse-grid
model and then were filtered with a low-pass filter. The
CTW periods vary from 2 to 11 days in the East China Sea
(Yin et al. 2014), where the north boundary of the fine grid is
located. Therefore, in the north boundary of the non-CTW
case, the momentums (sea level and velocities in 2D and
3D), temperature, and salinity were filtered by a 15-day low-
pass filter to remove the CTW signals entering the model from
the north. The other three lateral boundary conditions and
surface forcing, e.g., wind stress, surface heat flux, and surface
mass flux, are the same in the control and non-CTW cases.
The control case includes two factors: local wind stress and
remote CTWs, while the non-CTW case only includes local
wind stress. Note that the wind stress in 2008 is much stronger
than the wind stress in a normal year. The non-CTW case is
not a normal case, but a special case with an extremely strong
local wind.

The hourly velocities, measured by an acoustic Doppler
current profile (ADCP) buoy (location is shown in Fig. 1),
were used to compute the wave frequency during the cold
disaster. The buoy was included in the Fujian Coastal
Monitored System Project and is used in the monitoring sys-
tem at the Fujian Marine Forecasts Institute (http://www.fjmf.
gov.cn/OceanObservation/BigBuoy.aspx, 2014). The
measured depth is from 5.5 to 50.5 m with a vertical
resolution of 5 m. The 36-h low-pass-filtered depth-mean
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Fig. 1 The seafloor in the Taiwan Strait. D/ and D2 are the along-strait
and cross-strait directions, respectively. PT, PHI, TWB, ZYR, PBR, WQOD,
and GYD denote the Pingtan, Penghu Island, Taiwan Bank, Zhangyun
Ridge, Pengbei Ridge, Wuqiu Depression, and Guanyin Depression,
respectively. The yellow dot represents the buoy’s location. The black
straight line is the cross-strait section used for volume transport
calculation

velocities are used and rotated to the cross-strait and along-
strait directions.

The ensemble empirical mode decomposition (EEMD)
method is applied to analyze the frequency (Hilbert spectrum)
of buoy velocities. This is an adaptive method which decom-
poses a time series into a set of intrinsic mode functions and a
residual monotonic function through a sifting process. The
EEMD can overcome the mode mixing problem in the empir-
ical mode decomposition (Huang et al. 1998). The EEMD
scheme can extract physically meaningful modes from a non-
stationary and nonlinear time series and thus has been widely
used in oceanography (Ezer et al. 2013; Li et al. 2012; Yin
et al. 2014). The Hilbert spectrum can be calculated by apply-
ing Hilbert transform after obtaining the intrinsic mode
functions.

3 The impact of CTWs on the northward
and southward flow

The major characteristics of SSH anomaly (tide-filtered SSH
minus monthly mean SSH) were notably low and high sea
levels in the TWS during the first and second stage, respec-
tively (Fig. 2). Eight panels of SSH anomaly at different times
demonstrate an excitation and transportation of the low and
high sea levels from the Yellow Sea to the TWS along the
China Coast. For the low SSH anomaly event, sea level fell
with a weak wind stress in the Yellow Sea on February 3 and
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Fig. 2 The simulated 12-hourly sea-level anomaly (tidal-filtered sea
level minus the monthly mean sea level) along the China Coast. The
low and high sea level propagated southward on February 3 (upper
panel) and February 11 (lower panel), respectively. The MERCATOR

then propagated southward through the East China Sea to the
TWS in 1 day. For the high SSH anomaly event, sea level rose
with a strong wind stress in the Yellow Sea on February 11 and
then transported southward. The high sea level also took al-
most 1 day to transport from the Yellow Sea to the TWS. Note
that the coast is located to the right of the propagation
direction.

The time series of the SSH anomaly along the 30-m
isobath (the isobath is shown in Fig. 2b) is plotted in
Fig. 3a. The figure illustrates propagations of low and
high sea levels from north to south, which coincided well
with Fig. 2. According to the propagation distance and
period (Fig. 3a), the propagation speed is estimated to
be 16.8 m/s, which almost equals the phase speed of long
surface gravity wave in 30-m depth. The speed approxi-
mates to the phase speed of the first mode of CTWs
(Kelvin wave) reported in CTW studies along the China
Coast as well (Chen and Su 1987; Yin et al. 2014).
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wind stress vectors (unit: N/m?) are superimposed. In a, the YS, ECS,
and TWS represent Yellow Sea, East China Sea, and Taiwan Strait,
respectively. In b, the red line is the isobaths of 30 m along the China
Coast

Figure 3b displays Hilbert spectrum (calculated by
EEMD) of the velocities monitored by the buoy in the
TWS. The lines represent the high spectra with time.
The variation suggests a fluctuation of frequency for non-
linear effect. The spectrum indicated two primary frequen-
cies of about 0.4 and 0.1 cycles per day (cpd) between
February 3 and 5 (the arrival of the CTW trough) and
three primary frequencies of about 0.3, 0.2, and 0.1 cpd
between February 11 and 12 (the arrival of the CTW
crest). These frequencies are similar to the frequencies
of previous CTW studies (Li 1989; Yin et al. 2014),
e.g., the frequencies range from 0.09 to 0.5 cpd. The
transport direction, estimated phase speed, and wave fre-
quencies are consistent with previous CTW studies along
the China Coast. This indicates the waves can be consid-
ered as barotropic coastal-trapped Kelvin waves.

Time series of cross-strait sea-level difference between the
control and non-CTW cases are illustrated in Fig. 4a. The sea-
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Fig.3 The time-distance plot of the alongshore sea-level anomaly (tidal-
filtered sea level minus the monthly mean sea level, a) and Hilbert
spectrum of vertical averaged velocity of the buoy (b). In a, the distance

level difference can be treated as the sea level caused by the
CTWs. The negative and positive values appeared alternative-
ly with time. This means wave trough and crest propagated
from the north toward the TWS continually (Fig. 4a). The
Rossby deformation radius (280 km) in this region is larger
than the strait width (about 200 km) in the TWS. This suggests
the sea level, generated by the CTWSs, can modify the cross-
strait sea-level gradient. The strongest negative (positive)
values emerged on February 4 (February 12), which matched
the arrival time of the wave trough (crest) shown in Figs. 2 and
3.

Ko etal. (2003) showed the dominant dynamics, governing
the volume transport through the TWS in the winter, is in
geostrophic balance when the water is well mixed. Although
the phase speed of CTWs is very fast (16.8 m/s), the wave
length of CTWs is very long (~1000 km). Therefore, the pas-
sage time is about 20 h, which is larger than the geostrophic
adjustment time (~f', ~4.5 h) in the TWS. This suggests the
high and low sea levels can remain in the TWS for enough
time to induce geostrophic flow. Therefore, the volume trans-
port caused by the CTWs can be estimated by the cross-strait
sea-level difference. The along-strait geostrophic current can
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is from Taiwan Strait toward the Yellow Sea along the 30 m isobaths
(plotted in Fig. 2). The low and high sea level originated in the Yellow
Sea and propagated southward along the isobaths

be calculated by v = }5, %, and the volume transport can

be estimated by
107%ghA
sv=—221 (1)
A

where f'is Coriolis coefficient (6.048 x 107 s ), g is gravity
acceleration constant, / is averaged depth along the cross-
strait section (50 m), An is cross-strait sea-level differences
(can be estimated from Fig. 4a), Ax is width of the cross-
strait section (175 km), and v is along-strait velocity.

Figure 4b shows time series of the volume transport
through the TWS. The red dot line (non-CTWs + CTWs) is
the sum of the transport in the non-CTW case (green dashed
line) and the transport estimated by Eq. 1 (generated by the
CTWs). The sum transport (non-CTWs + CTWs) is almost
similar to the transport of the control case (black dashed line).
This suggests the transport differences between these two
cases were caused by the CTWs. Specifically, the wave crest
(trough) could induce a negative (positive) cross-strait sea-
level gradient through increasing (decreasing) the sea level
in the western strait. The negative (positive) cross-strait sea-
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level gradient can strengthen a southward (northward) geo-
strophic current leading to an increased southward
(northward) volume transport.

The large transport differences between the control and
non-CTW cases emerged on February 4 and 12, which are
consistent with the arrival times of the wave trough and crest,
respectively (Fig. 4b). On February 4, the CTW trough de-
creased the southward transport from —0.40 to —0.14 Sv
through weakening the mean southward current by 0.03 m/s.
In other words, the wave trough increased the northward
transport by 0.26 Sv through strengthening the northward
flow by 0.03 m/s. On February 12, the wave crest changed
the volume transport from —1.61 to —1.99 Sv through intensi-
fying southward geostrophic current from 0.18 to 0.23 m/s.
This means the CTW crest could increase the southward trans-
port by 0.38 Sv on February 12.

In summary, a large CTW trough (crest), occurred in the
first (second) stage, strengthened the northward (southward)
geostrophic current and northward (southward) volume trans-
port through changing the cross-strait sea-level gradient. Note
that there was a huge impact of the CTWs on the volume
transport in 2008, and similar impact can be found in other
years as well (Ko et al. 2003). This indicates the CTWs may
play an important role in short-term variation of volume trans-
port in the TWS.

4 Coastal-trapped waves and intensified cold water
intrusion

The PHI, located in the southeastern TWS, is surrounded by
a warm water from the south almost all through the year (Jan
et al. 2006; Liao et al. 2013a). The huge temperature decrease
around the PHI in 2008 was induced by the unique dynamic
processes (Liao et al. 2013a), which are affected not only by
the local wind stress but also by the CTWs. Figure 5 illustrates
the time series of temperature (Zhangyun Ridge and PHI) and
the CTW propagation. The temperature at the Zhangyun
Ridge decreased largely from January 28 to February 7 (the
first stage) and increased on February 7—14 (the second stage).
The temperature at PHI remained constant around February 4
and decreased significantly after February 7. In the first stage,
the decreased temperature at Zhangyun Ridge and constant
temperature at PHI coincided with eastward movement of
cold water that the separated cold water was moved to the
Zhangyun Ridge and did not affect the PHI. In the second
stage, the increased temperature at Zhangyun Ridge and de-
creased temperature at PHI matched the southward movement
of cold water that the separated cold water left Zhangyun
Ridge and transported to PHI. Comparison between the con-
trol and non-CTW cases displays the temperature in the first
case decreased more than that in the second case. The temper-
ature difference at the Zhangyun Ridge (PHI) happened in
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Fig.5 The time series of temperature at the Zhangyun Ridge and Penghu
Island from model results. The black (red) line is the control (non-CTW)
case. The solid (dashed) line is the temperature at the Zhangyun Ridge
(Penghu Island). The gray dashed line is the volume difference between
the control case and non-CTW cases. The volume difference is positive
(negative) when the wave trough (crest) arrives

February 4-6 (February 12—14) which was the arrival time
of the CTW trough (crest). This indicates the temperature
differences at Zhangyun Ridge and PHI are related to the
CTWs.

In order to show a detailed relation between the CTWs and
the temperature differences, the time series of the CTW prop-
agation and the boundaries of separated cold water are
displayed in Fig. 6. The boundary of separated cold water is
determined by 14.5 °C isotherm. The movement of ecast
(south) boundary can indicate the strength of cross flow
(southward flow) which can be affected by the CTW trough
(crest). Before the arrival of the CTWs, the east (south) bound-
aries between the control and non-CTW cases were almost
located at the same longitude (latitude, Fig. 6). Around
February 4, the transport difference (the control case minus
the non-CTW case) increased from —0.01 to 0.25 Sv, suggest-
ing the arrival of the CTW trough. Meanwhile, the east bound-
ary of cold water was moved eastward (120.3° E) in the con-
trol case, while it nearly remained at the same place (120.22°
E) in the non-CTW case. This indicates the further eastward
movement (~8.0 km) in the control case is related to the CTW
trough. In February 11-14, the volume difference decreased
from —0.01 to —0.39 Sv suggesting the arrival of the CTW
crest. The south boundary only reached as south as 23.78° N
in the non-CTW case, while it arrived at 23.61° N in the
control case. This suggests the further southward movement
(~18.9 km) of the cold water was caused by the CTW crest.

Figure 7a, b reveals the positions of 14.5 °C isotherm on
February 7 (the end of the first stage) and 14 (the end of the
second stage) after the arrival of the CTW trough and crest,
respectively. In Fig. 7a, the black line (control case) is ~8.0 km
east of the red line (non-CTW case) meaning an enhanced
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Fig. 6 The time series of east (a) and south (b) boundary of the separated
cold water (indicated by 14.5 °C) in the Taiwan Strait. The gray line is the
volume difference between the control case and non-CTW cases. The

eastward movement of cold water induced by the CTW
trough. In Fig. 7b, the black line is ~18.9 km south of the
red line, indicating an intensified southward movement of
the cold water caused by the CTW crest.

In order to study the dynamic mechanism of the additional
movement, the sea level and current patterns induced by the
CTWs (control case minus non-CTW case) are plotted in
Fig. 7c, d. During the first stage, the dominant flow was a
cross-strait flow under moderate northeasterly winds (Liao
etal. 2013a). The arrival of the CTW trough caused a positive
cross-strait sea-level gradient by decreasing the sea level in the
western strait (Fig. 7c). The positive cross-strait sea-level gra-
dient induced an additional northward flow which turned
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volume difference is positive (negative) when the wave trough (crest)
arrives. The black line is the boundary position in the control case, and
the red line is the boundary position in the non-CTW case

around Zhangyun Ridge forming a cyclone in the north of
Zhangyun Ridge (Fig. 7c). Oey et al. (2014) shown that a
cyclone here contributes to a strongly negative vorticity which
results in a cross flow. Therefore, it is the additional cross flow
induced by the CTW trough and related cyclone that intensi-
fied the eastward (offshore) movement of the cold water. Note
that the condition for the additional cross flow caused by the
CTW trough is a moderate wind (0.068-0.12 N/m?, referred
to Oey et al. 2014). The impact of the CTW trough on the
eastward (offshore) movement of the cold water may be not so
significant if the northeasterly wind is beyond the bounds of
moderate wind (the corresponding flow pattern is a strong
northward/southward flow).

Fig. 7 The position of 14.5 °C
isotherm (a, b) and the sea level
and flow differences (c, d) after
the arrival of the CTW trough (a,
¢) and crest (b, d). The difference
is the result in the control case
minus the result in the non-CTW
case. The black and red lines in ¢
and d are the control case and
non-CTW case, respectively. The
background shadings (a, b) and
green lines (¢, d) show the bottom
topography (unit: m). The anti-
clockwise arrow denotes the
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Fig. 8 The schematic diagrams
illustrating the processes of cold
disaster. a The offshore
movement caused by the
intermediate wind and CTW
trough. b The southward
movement caused by the strong
wind and CTW crest. The wind is
referred to as the local forcing,
and the CTWs are remote forcing

a The first stage

Local forcing:
Intermediate wind

Remote forcing:
CTWs trough

b The second stage Nﬁg 3
et

it

Local forcing:

S ‘g
. /s

strong wind l é F /, [ /
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Remote forcing: d‘z‘ 7 ) / |
CTWs crest /

During the second stage, the flow was southward with
strong northeasterly winds (Liao et al. 2013a). The arrival of
the CTW crest on February 12 generated a negative cross-
strait sea-level gradient through increasing the sea level in
the western strait (Fig. 7d). The negative cross-strait sea-level
gradient induced an additional southward flow through geo-
strophic balance (Fig. 7d). Therefore, it is the additional south-
ward current caused by the CTW crest that intensified the
southward movement of cold water.

In a word, the CTW trough made contribution to the cross
flow, and the CTW crest could enhance the southward flow
during the first and second stage, respectively. The additional
cross flow and southward flow intensified the eastward and
southward movements of cold water, respectively. A schemat-
ic figure of the dynamic processes is shown in Fig. 8. From the
model results in Fig. 7, if the CTWs were removed, the cold
water (14.5 °C) cannot reach the PHI and the cold disaster
may be avoided. This suggests the additional movements
caused by the proceeding CTW trough and crest are critical
for the occurrence of cold disaster.

5 Conclusion

In winter, the CTWs, as the third factor, constantly propagat-
ing toward the TWS from north, can impact flow patterns in
the TWS. The arrival of a CTW trough (crest) in the western
coast can strengthen a northward (southward) geostrophic cur-
rent through changing the cross-strait sea-level gradient. The
strengthened northward (southward) current can amplify a
northward (southward) volume transport.

During the first stage, the northeasterly wind was moderate
resulting in a cross-strait flow pattern. Around February 4, the
arrival of a CTW trough induced an additional northward
flow. When the northward flow turned around the Zhangyun
Ridge, a cyclone was formed in the north of Zhangyun Ridge.

@ Springer

This cyclone led to an additional cross flow, which intensified
the eastward (offshore) movement of cold water. In the second
stage, the northeasterly wind was very strong leading to a
southward flow pattern. The reach of a CTW crest generated
an additional southward current which increased the south-
ward movement of cold water. The additional eastward and
southward flow caused by the CTWs played an important role
in transporting the cold water toward PHI killing the tropical
fishes there.

The impact of volume transport variations caused by
CTWs in the TWS on other ocean phenomena is also worthy
to investigate. For example, the volume transport in the TWS
is southward (northward) in winter (summer) for northeasterly
(southwesterly) monsoon. Moon and Hirose (2014) showed
that the seasonal transport variation in the TWS can impact the
Kuroshio water intrusion in the East China Sea. Therefore, it is
worth to study if the short-term transport variation caused by
CTWs can impact the Kuroshio water intrusion in the East
China Sea.
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