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a b s t r a c t

The offshore branch of the China Coastal Current in the Taiwan Strait normally makes a U-turn north of
the Zhangyun Ridge. In early 2008, the current continued straight and carried water as cold as 14 �C
toward Penghu Island, causing damage to the local aquaculture and coral reef ecosystem. This study
investigates the mechanism behind this intrusion of cold water using available data and a three-dimen-
sional model.

The model results show that the 2008 intrusion can be divided into three stages. At the beginning of
February, the offshore branch of the China Coastal Current formed a U-shape in the Taiwan Strait; the
branch moved cold water from the western strait to the central strait when the offshore geostrophic cur-
rent, which is related to the southward sea level and density gradients, overcame the onshore Ekman
transport caused by the northeasterly monsoon. In the second stage, in mid-February, strong northeast-
erly winds intensified the southwest current in the Taiwan Strait and resulted in abnormal transport of
the cold water from the central strait to Penghu Island. Finally, at the end of February, the warm north-
east current was re-established due to weakened wind, and the cold water gradually retreated to the
north. The second processes occurred immediately after the first, resulting in the unique intrusion of cold
water.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Taiwan Strait (TWS) is an important channel that links the
South China Sea and the East China Sea. Penghu Island (PHI), which
is located in the southern part of the TWS (Fig. 1), is well known for
its coral reef ecosystem. In February 2008, many coral reef fish
froze to death on the beaches of PHI (Hsieh et al., 2008). Because
of the massive loss to local aquaculture and the serious impacts
on the local coral reef ecosystem, this event was called the cold
disaster.

The cold water that killed the fish at PHI came from the offshore
branch of the China Coastal Current (CCC), which was revealed by a
remote sensing sea surface temperature (SST) map (Chang et al.,
2009). Similar cold disasters occurred four times before 2008
(three times between 1930 and 1934 and once in 1976; Tang,
1978). Kuo and Ho (2004) noted that the wind in the TWS is stron-
ger during a La Nina winter than in a normal winter, and Chang
et al. (2009) suggested this same reason for the strong wind during
January and February of 2008. Qiu et al. (2012) indicated that the

lower SST in the winter of 2007–2008 was mainly associated with
strong northerly wind anomalies in the South China Sea. Notably, a
serious blizzard affected large portions of China when the cold
disaster occurred in the TWS. Therefore, the cold disaster was
not an isolated event but may have been related to global periodic
La Nina effects. However, the intrinsic dynamics of the cold disas-
ter, including the reason the offshore branch of the CCC intruded to
PHI instead of making a normal U-turn into the TWS, have? not
been thoroughly investigated.

As shown in Fig. 1, the coastline and seafloor topography in the
TWS are? complex. Off of Pingtan (PT), a cross-strait ridge extends
southward and then eastward to the eastern strait and separates
the strait into two sub-basins. The eastern part of the ridge is called
the Zhangyun Ridge (ZYR), and the rest of the ridge is called the
Pengbei Ridge (PBR) (Wang and Chen, 1989). The northern basin
is the Guanyin Depression (GYD), and the southern basin is the
Wuqiu Depression (WQD), which connects to the Penghu Channel
(PHC) in the south (Wu et al., 2007). The TWS is located in the sub-
tropical monsoon region. The prevailing southwesterly monsoon
during the summer (between June and August) has an average
wind speed of 5.1 m/s, whereas the prevailing northeasterly mon-
soon during the other seasons has an average wind speed of
10.6 m/s (Hu et al., 2010).
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Two major currents are present in the TWS during the winter
(Fig. 1). The first is the CCC, a cold southwest current that is driven
by the northeasterly monsoon and is characterized by low temper-
atures (<20 �C) and low salinity (<32 psu); it flows southwestward
along the western strait (Jan et al., 2002). The second current is the
warm northeast current in the central and eastern strait (Chuang,
1985, 1986; Fang et al., 1991). The sea level in the TWS is generally
higher in the south and lower in the north. Yang (2007) proposed
that this pressure gradient, which is the reason the warm northeast
current exists in the TWS throughout most of the entire year, is
generated by the Kuroshio. The warm current, which has high tem-
peratures (>24 �C) and high salinity (>34 psu), has two origins: the
extension of the South China Sea Warm Current (SCSWCe) and the
extension of the Kuroshio into the eastern Taiwan Strait (KETe).
The KETe and part of the SCSWCe flow into the strait from the east
side of the Taiwan Bank, while the rest of the SCSWCe flows into
the strait from the west side of the Taiwan Bank (Hu et al., 2010).

Because of the varying northeasterly monsoon and complex
seafloor topography, these two currents create a complicated flow
pattern during the winter (Hong et al., 2011). In general, the CCC
flows southwestward along the western coast and has an offshore
branch that leaves the main stream south of PT and flows into the
central strait. The offshore branch reaches the ZYR and then re-
turns northeastward, forming a U-shaped flow pattern that blocks

the warm northeast current (Jan et al., 2002; Liang et al., 2003; Wu
et al., 2007). The offshore branch of the CCC that extends from the
western strait to the ZYR was reported in 1989 (Huang, 1989;
Wang and Chen, 1989) and has been reconfirmed by measure-
ments (Hu et al., 1999), model results (Jan et al., 1998, 2002),
and satellite data (Li et al., 2006). A zonal oceanic front over the
ZYR is typically observed in winter (Chang et al., 2006; Jan et al.,
2002; Li et al., 2006) and may be caused by the confluence of the
CCC branch and the warm current from the south.

Current separation, in which a current leaves the coastline, can
be induced by wind forcing (Munk, 1950), inertial effects (Gan
et al., 1997), seafloor topography and shapes (Dengg, 1993; Gan
and Qu, 2008), vorticity variations (Kiss, 2002; Verron and Lepro-
vost, 1991), factors in the boundary layer (Haidvogel et al., 1992),
and interactions with an opposing current (Agra and Nof, 1993;
Signell and Geyer, 1991; Yuan and Hsueh, 2010). The offshore
branch of the CCC has been hypothesized to be caused by the bot-
tom Ekman effect (Jan et al., 2002; Lin et al., 2005) and vorticity
conservation (Wang and Chen, 1989). However, the mechanisms
involving the intrinsic dynamics of the offshore branch that caused
the offshore extension of the cold water and the abnormal cold
disaster in early 2008 are not well understood.

This study investigates the intrinsic dynamics of the offshore
branch of the CCC and the reasons that the branch abnormally ex-

Fig. 1. Seafloor topography and major currents in winter. A1, A2, B1, and B2 denote the China Coastal Current (CCC), the branch of the CCC, the extension of the South China
Sea Warm Current, and the Kuroshio’s extension (branch) into the eastern Taiwan Strait, respectively. D1 and D2 are the along-strait and cross-strait directions, respectively.
PHC, TWB, WQD, GYD, ZYR, PBR, MZ, PT, XZ, WG, and PHI denote the Penghu Channel, Taiwan Bank, Wuqiu Depression, Guanyin Depression, Zhangyun Ridge, Pengbei Ridge,
Mazu, Pingtan, Xinzhu, Wanggong, and Penghu Island, respectively. The black dot represents the buoy’s location, and the black and yellow stars represent Stations A and B,
respectively. The straight lines denoted S1 and S2 represent the Pingtan Section and the Penghu Channel Section, respectively.(For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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tended to PHI in 2008. The paper is organized as follows. The data
analysis and model configuration are outlined in Section 2, and the
processes and dynamic analysis of the cold water intrusion in 2008
are presented in Section 3. The conclusions are given in Section 4.

2. Model and data

This study used the Regional Ocean Modeling System (ROMS),
which is a free-surface, hydrostatic, primitive equation ocean cir-
culation model that is based on nonlinear terrain-following coordi-
nates (S-coordinates; Shchepetkin and McWilliams, 2003, 2005).
The coarse grid domain of this nested model spans the northwest-
ern Pacific from 99.0�E to 148�E and 9.0�S to 44.0�N with a horizon-
tal resolution of 1/8�. The fine-grid domain covers the area from
111.4�E to 125.2�E and 14.5�N to 28.4�N with a horizontal resolu-
tion of 1/32�. Both domains have 25 vertical levels with higher res-
olution layers near the surface. The model bathymetry combines
the survey data and ETOPO2v2 from the National Geophysical Data
Center. A weak filter (i.e., the depth difference between two adjoin-
ing grids is less than 0.35 times the total depth) has been applied to
smooth the bathymetry and reduce any unexpected truncation er-
rors (Mellor et al., 1998). The air-sea flux data (e.g., wind stress, net
heat flux, and freshwater flux) for both the coarse and fine grids are
available on the website of MERCATOR PSY3V2R2 (http://
www.mercator-ocean.fr, 2008); these forcing parameters are
added as the sources in the vertical viscosity/diffusion terms of
the momentum and tracer equations and are implemented in the
model’s top layer as the surface boundary conditions. In addition,
the surface net heat flux is corrected by the net heat flux sensitivity
to the climatological SST (dQdT). This data set also provides the ini-
tial and lateral open boundary conditions for the coarse-grid model
(e.g., velocity components, surface elevation, salinity, and temper-
ature). The open boundary and initial conditions for the fine-grid
domain are interpolated from the coarse-grid model. In addition
to the surface elevation derived from the coarse-grid model, the
lateral boundary condition includes contributions from 10 main ti-
dal components (i.e., M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm),
which are available from TPXO7.0 (Egbert and Erofeeva, 2002).
Additionally, the discharges of the major rivers along the coasts
of the TWS are also included in the model.

Quadratic bottom drag is used for the bottom stress; the third-
order upstream bias is for 3D momentum, and the fourth-order
centered bias is for 2D momentum. In addition, the fourth-order
centered difference is for the tracers’ horizontal and vertical advec-
tions. The horizontal mixing of momentum and tracers occurs

along the S-coordinate and the geopotential surfaces, respectively.
Smagorinsky-like diffusion is used for the harmonic horizontal
mixing of the tracers, while the explicit horizontal viscosity is set
to zero. The turbulence module of Mellor and Yamada (1982) is
adopted for the vertical viscosity/diffusion rates in the model.
The radiation condition proposed by Flather (1987), which com-
bines the Sommerfeld and continuity equations, is considered for
the normal 2-D velocity and elevation. The Chapman condition
(Chapman, 1985) is added to the fine-grid model to include tidal
processes. This model was used in the Fujian Coastal Monitored
System Project (FJCMSP; 863 Program) from January 2003 through
October 2009 (Jiang et al., 2010) and serves as an operational fore-
casting system at the Fujian Marine Forecasting Institute (Jiang
et al., 2007; http://www.fjmf.gov.cn/NumPrediction/Numerical-
Prediction, 2011).

Fig. 2 shows the model surface temperature on 14 February
2008 and the monthly mean satellite SST map for February 2008
(adopted from Chang et al. (2009)). Similar to the satellite data,
the distribution of cold water in the model shows that the CCC
was so strong that cold water (14 �C) covered nearly the entire
strait, and an offshore branch left the western boundary of the
strait and intruded southward toward PHI.

Fig. 3 shows the time series of observed temperatures at four
stations: Mazu (MZ), PHI, Wanggong (WG), and Xinzhu (XZ). The
locations of the stations are shown in Fig. 1. MZ is located north
of PT and represents the original temperature of the CCC. PHI,
WG, and XZ are located in the southern, central, and northern re-
gions of the eastern strait, respectively. The observed surface tem-
peratures were downloaded from the Taiwan Central Weather
Bureau (http://www.cwb.gov.tw/; 2008). The observed data
(Fig. 3) showed that the temperature at MZ began to fall from
14 �C at the beginning of February and reached 10 �C in mid-Febru-
ary, after which it remained at approximately 10 �C with slight
fluctuations. This suggests that the temperature of the CCC itself
decreased during the period of the cold disaster in February. At
the same time, the temperatures at the other three stations varied
differently. At the beginning of February, the temperature was
highest at the southern station and lowest at the northern station;
e.g., PHI had the highest temperature, which was the normal win-
ter pattern of the TWS. Over the next ten days, the temperatures at
PHI and WG decreased sharply; the temperature at PHI dropped
below 14 �C between 9 and 14 February, whereas the temperature
at XZ remained at approximately 16 �C. In the second half of Feb-
ruary, the temperature at XZ dropped below 16 �C and reached
13 �C on 25 February. On the contrary, the temperatures at PHI
and WG increased and became higher than that at XZ, indicating

Fig. 2. SST (units: �C) on 15 Feb. 2008 calculated by the model (a: black contours represent isobaths; units: m) and monthly mean satellite SST maps from Feb. 2008 (b:
adapted from Chang et al. (2009)).
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that a normal temperature pattern was re-established after 17 Feb-
ruary. There are some differences in temperature between the
model and the observations, which may be related to the forcing
data (e.g., wind stress and net heat flux) or to model inaccuracy.

Nevertheless, the model temperatures at these four stations show
the same trends as the observations; in the western strait, the tem-
perature at MZ fell continuously until mid-February, and the tem-
perature at PHI was lowest among the other three stations in mid-
February and increased afterwards, which indicates that the cold
water is sourced from the western coast of the TWS.

Fig. 4 compares the model results with the hourly velocities at
an Acoustic Doppler Current Profiler (ADCP) buoy, which was in-
cluded in the FJCMSP and is used in the monitoring system at
the Fujian Marine Forecasts Institute (http://www.fjmf.gov.cn/
OceanObservation/BigBuoy.aspx). The water depth at the buoy site
is 70 m. The 36-h low-pass-filtered velocities at depths of 5.5, 25.5,
and 50.5 m are used and are rotated to the cross-strait and along-
strait directions (see Fig. 1).

As shown by the observed data, the along-strait velocity was po-
sitive (northward) over the entire water column in early January,
which indicates that a strong warm current was present from the
southern part of the TWS. A negative velocity appeared from mid-
January to mid-February, which may be related to the strong north-
easterly monsoon in this period (see Fig. 6 for wind variability). The
upper and lower layers of the water column showed opposite along-
strait velocities on 2 February; the warm bottom current flowed
northeastward, and the upper-layer current flowed southwestward.
The cross-strait velocities were generally negative at the surface and
the bottom, but a positive velocity appeared in the lower layer on 2
February, indicating that the cold water had flowed across the strait
and had traveled to the central strait by that time.

The model results show the same temporal tendency as the
observations. The root-mean-square (RMS) errors of the model re-
sults with respect to the observations are 0.09 and 0.11 m/s in the
cross-strait and along-strait directions, respectively. The correlation
coefficients of the cross-strait and along-strait velocities between
the observations and the model outputs are 0.61 and 0.74, respec-
tively. The upper layer has a higher correlation than the lower layer;

Fig. 3. Time series of temperature at four stations. The upper and bottom panels
show the observations and the model results, respectively. The locations of the
stations are given in Fig. 1 (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Fig. 4. Comparison of cross-strait (D1 in Fig. 1) and along-strait (D2 in Fig. 1) velocities at depths of 5.5, 25.5, and 50.5 m at the buoy site (marked by a circle in Fig. 1). Positive
values represent northward and eastward directions of the along-strait and cross-strait flows, respectively.
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the correlation coefficients of the along-strait velocity are 0.84 and
0.58 for the surface layer and the bottom layer, respectively. Fig. 4
also shows that the model results have more positive values in both
velocity components than the observations, which indicates that the
warm current in the model is stronger than that in the observation
and that the stratification has been poorly simulated to some degree.
In general, the same spatial and temporal tendency has been repro-
duced by the model; more positive values are found at the bottom
than at the surface for both velocity components because a warm
saline current is present in the lower layer of the WQD.

3. Analysis of the great cold water intrusion in 2008

3.1. Variation of the 14.5 �C isotherm

The 14.5 �C isotherm from the model, which is used to
represent the cold water, is plotted in the left panels of Fig. 5

to illustrate the processes of cold water intrusion. These pro-
cesses can be divided into three stages: offshore extension,
southwestward intrusion, and northeastward retreat. During
the first (offshore extension) stage, part of the isotherm ex-
tended and formed a small loop at the head of the PBR on 28
January 2008. The corner of the isotherm continued to expand
southeastward into the central strait along the PBR for the next
ten days. The southern edge of the 14.5 �C isotherm reached the
ZYR on 7 February. As mentioned above, this offshore extension
of the isotherm is a pattern that is observed during a normal
winter.

In the second (southwestward intrusion) stage, the 14.5 �C iso-
therm, which was located at the ZYR on 7 February, abnormally in-
truded southwestward without turning northward along the
eastern strait as in a normal winter. This pattern suggests that
the isotherm was primarily influenced by the southwestward
along-strait current from 8 to 14 February.

Fig. 5. Positions of the 14.5 �C isotherm (left) and depth-averaged currents (right; units: m/s) in the three stages. In the left panels, the black, green, and red contours are the
14.5 �C isotherms on different days, and the background shadings show the bottom topography. In the right panels, the red contours represent isobaths (units: m).(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

E. Liao et al. / Ocean Modelling 62 (2013) 1–10 5
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The third (northeastward retreating) stage shows that the
14.5 �C isotherm retreated northeastward during the second half
of February. The eastward extension of the isotherm reappeared
in this period. The southern edge of the isotherm moved back to
the northern station (ZYR), and its eastern edge arrived at the east
coast of the TWS on 24 February. The isotherm continued to retreat
to the northern strait until 2 March, implying that the southwest-
ward cold current weakened and that the northeastward warm
current was re-established. This is consistent with the change in
along-strait velocities at WQD from negative/southward to posi-
tive/northward in both the model and the observations (Fig. 4).

The variation of the 14.5 �C isotherm also coincided with the
temperature time series at the four stations (Fig. 3). The cold disas-
ter was first characterized by the cold water leaving the main
stream of the CCC along the PBR and arriving at the ZYR. The cold
water then flowed southward to PHI from the ZYR. Finally, the cold
water retreated and traveled to the northeastern coast (e.g., station
XZ) of the TWS.

3.2. Current pattern in each stage

The three stages of the isotherm variation represent the prefor-
mation, occurrence, and retreat of the cold disaster. Therefore, the
modeled temporal mean currents in these stages (right panels of
Fig. 5) are analyzed to identify the factors behind the variations
in the 14.5 �C isotherm.

In the first (offshore extension) stage, the CCC along the west
coast carried the cold fresher water from the north. Meanwhile,
the offshore branch of the CCC was initiated at the head of the
PBR and intensified along the PBR; it transported the cold water
from PT to the ZYR along the PBR. While the branch of the CCC flo-
wed along the PBR, a small portion of the branch turned northward
and formed a gentle U-shaped pattern, which is indicative of the
blocked circulation pattern found during a normal winter (Jan
et al., 2002). It is worth noting that an anti-cyclonic eddy appeared
between the WQD and the PBR, which was modeled by Wu et al.
(2007). The flow pattern suggests that the offshore branch of the
CCC caused the 14.5 �C isotherm to extend along the PBR.

In the second (southwestward intrusion) stage, the southwest-
ward current dominated nearly the entire strait, and especially the
region north of PHI. The southwestward current was strong, which

indicates that the cold water could reach PHI quickly after passing
the PBR. The U-shaped flow pattern was no longer present, and the
location where the branch separated from the main stream was
slightly further to the south than in the first stage. All of these
changes suggest that the southwestward current was much stron-
ger than in the first stage; the strong current induced the south-
westward intrusion of the 14.5 �C isotherm shown in Fig. 5.

In the third (northeastward retreating) stage, the warm north-
east current dominated the strait except for the weakened CCC in
the western part of the TWS along the 40-m isobath. The warm
current flowed into the strait from the PHC and turned anti-cyclon-
ically around the ZYR, which explains why the 14.5 �C isotherm re-
treated to the northern strait. This flow pattern was very different
from those in the first two stages and was similar to the typical
spring circulation pattern (Jan et al., 2002).

Based on the comparisons between the data and the model, we
conclude that the branch of the CCC caused the offshore extension
of the isotherm during the first stage and that the southwestward
intrusion of cold water in the second stage was caused by a pow-
erful southwest current. The flow pattern also shows that both
the weakened CCC and the strengthened warm currents resulted
in the retreat of the isotherm in the third stage. The second process
occurred immediately after the first, resulting in the unique intru-
sion of cold water to PHI.

3.3. Time series of area-averaged wind and volume transport

The intensity of the northeasterly monsoon affects the flow pat-
tern in the TWS during the winter. Jan and Chao (2003) suggested
that northward transport decreases as the northeasterly monsoon
intensifies. Zhang et al. (2005) showed that the area containing
CCC water was highly correlated with wind stress; the correlation
coefficient can reach 0.90. The area-averaged wind stress from
MERCATOR in the TWS (117.2�E � 121.1�E and 22.4�N-28.3�N)
and the Yellow and East China Seas (YECS, 120.8�E � 122.7�E and
33.0�N � 34.6�N) are plotted in Fig. 6. The area-averaged wind
stress curl in the TWS is presented to show its impact on the flow
pattern. The volume transports in the PT and PHC sections repre-
sent the volume transports of the CCC and the northeastward
warm current from the PHC, respectively. The vertically averaged
cross-strait velocity at Station A, where the offshore branch oc-

Fig. 6. Time series of area-averaged wind stress in the TWS and Yellow and East China Seas (YECS), area-averaged wind stress curl in the TWS, transport volume (units: Sv,
where 1 Sv = 106 m3/s) across the Pingtan (PT) and Penghu Channel (PHC) sections, and vertically averaged cross-strait velocity at Station A in early 2008. The locations of the
PT and PHC sections and Station A are indicated in Fig. 1. Positive volume represents northward transport, and positive velocity indicates offshore flow.

6 E. Liao et al. / Ocean Modelling 62 (2013) 1–10
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curred in the first stage (Fig. 5), is plotted to show the intensity of
the offshore branch.

The correlation coefficients between the parameters described
above in early 2008 are listed in Table 1 along with their signifi-
cance levels. The highest coefficient, 0.93, was between the trans-
port volumes at PT and PHC; this was required by mass
conservation in the TWS. The correlation coefficients of wind
stress, which operates in the along-strait direction for nearly the
entire year, with transport across the sections along the lines PT
and PHC were �0.77 and �0.72 (greater than 95% significance le-
vel), respectively. These results show that the variation of the
northeasterly monsoon affects the flow pattern in the TWS during
the winter; the intensified wind can strengthen the southwest CCC
and weaken the warm northeast current. The correlation coeffi-
cients between the volume transports at PT and PHC and the
area-averaged wind stress curl in the TWS were 0.24 and 0.37,
respectively. The correlation coefficient between the cross-strait
velocity at Station A and the wind stress curl was as low as 0.07
at the 39% significance level, showing that the wind curl was
poorly correlated with the flow pattern in the TWS in early 2008.

The wind in the TWS (Fig. 6) was strong in the first stage (the
average wind stress was 0.33 Pa), slightly stronger in the second
stage (average wind stress of 0.40 Pa), and weak in the third stage

(average wind stress of 0.25 Pa). These wind variations suggest
that branching of the CCC and the corresponding offshore exten-
sion of the 14.5 �C isotherm occurred when the wind stress in
the TWS was approximately 0.33 Pa; the warm current could dom-
inate the TWS, and the cold water would retreat northeastward un-
der a weaker wind stress of 0.25 Pa.

The southwest current was stronger in the second stage than in
the first stage, and the transports of the PT section reached �1.30
and �1.31 Sv on 12 and 13 February, respectively. The peak-to-
peak comparison in Fig. 6 shows that the volume transports at
PT and PHC are consistent with the wind in the TWS, implying that
the large southwestward volume transport at the PT section on 12
and 13 February could be related to the strong wind in the TWS. In
the second stage of the cold disaster, the corresponding intensified
southwest currents quickly carried the cold water to PHI after
arriving at the ZYR.

3.4. Momentum balance

The model velocities at Stations A and B (locations shown in
Fig. 1) were decomposed to identify the forcing mechanisms of
the offshore branch (Fig. 7) in the first stage and the intensified
southwest current (Fig. 9) in the second stage, respectively. Station
A is located at the head of the offshore branch, while Station B is at
the location of the intensified southwest current.

The momentum equations in the along-strait and cross-strait
directions can be described by Eqs. (1) and (2).
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where u, v, and w are the velocities in the horizontal and vertical
directions, respectively, P is pressure, q0 is density, Dy is the hori-
zontal viscosity term, KM is the vertical viscosity coefficient, and f
is the Coriolis parameter. The acceleration term (the first term on
the left-hand side of the equation) can be neglected after filtering
out the tidal processes because it is one order of magnitude smaller
than the other terms at the quasi-equilibrium state. The velocity
component in the u-direction (cross-strait), given in Eq. (3), can
be obtained by leaving fu on the left-hand side and moving the

Table 1
Correlation coefficient (R, first value before the slash) and corresponding significance
(P, 2nd value) between wind stresses, wind stress curl, transport volume, and cross-
strait velocity. If P is less than 0.05, the correlation R is significant.

Wind
stress curl
(TWS)

Wind
stress
(TWS)

Wind
stress
(YECS)

Transport
volume
(PT)

Transport
volume
(PHC)

Wind stress
curl (TWS)

– – – – –

Wind stress
(TWS)

�0.42/
0.00

– – – –

Wind stress
(YECS)

�0.26/
0.05

0.27/0.04 – – –

Transport
volume (PT)

0.24/0.06 �0.77/
0.00

�0.51/
0.00

– –

Transport
volume
(PHC)

0.37/0.00 �0.72/
0.00

�0.49/
0.00

0.93/0.00 –

Cross-strait
velocity

0.07/0.61 �0.52/
0.00

�0.46/
0.00

0.63/0.00 0.67/0.00

Fig. 7. Time series of cross-strait velocity (units: m/s) profiles of overall velocity (a), the sum of the two components (b), geostrophic current (c), and Ekman current (d) at
Station A. The numbers 1, 2, and 3 represent the three stages. The location of Station A is shown in Fig. 1. Positive values represent eastward cross-strait flows.
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other terms to the right-hand side of Eq. (2). The velocity compo-
nent in the v-direction (along-strait) can be obtained in a similar
manner and is given in Eq. (4). The first two terms in the square
brackets in Eqs. (3) and (4) are the velocities caused by advection
and are referred to as the inertial current. The third term is caused
by the pressure gradient and is referred to as the geostrophic cur-
rent, and the fourth term is caused by the vertical viscosity and
can be viewed as the Ekman current. Because the geostrophic and
Ekman currents have larger values here than the other current
terms, they are analyzed next.

u ¼ �1
f

u
@v
@x
þ v @v

@y

� �
þw

@v
@z
þ 1

q0

@P
@y
� @

@z
KM

@v
@z

� �
� DyÞ

� �

ð3Þ

v ¼ 1
f

u
@u
@x
þ v @u

@y

� �
þw

@u
@z
þ 1

q0

@P
@x
� @

@z
KM

@u
@z

� �
� DxÞ

� �
ð4Þ

At Station A, the cross-strait geostrophic current (Fig. 7c) was
positive (eastward across the strait) throughout almost the entire
water column, whereas the cross-strait surface Ekman current
(Fig. 7d) was negative (westward across the strait) under the
northeasterly monsoon conditions. The sum of these two currents
(Fig. 7b) had essentially the same pattern as that of the overall

velocity (Fig. 7a), which indicates that the Coriolis term can be bal-
anced by the pressure gradient term and the vertical viscosity term
in Eq. (2).

In the first stage, especially between 31 January and 7 February,
the cross-strait geostrophic current (Fig. 7c) increased with depth;
its maximum values were 0.20 and 0.34 m/s at the surface and the
bottom, respectively. The vertical distribution of the geostrophic
current indicates that the along-strait pressure gradient force
was not only affected by sea level but also by the density. Fig. 7
also shows that the offshore (positive, eastward across the strait)
velocity was intensified in the first stage, when the offshore geo-
strophic current overcame the onshore Ekman current.

Fig. 8 shows the model sea level and density profiles along a
section parallel to the coast in which Station A was located on 3
February (in the first stage). Station A had a southward sea-level
gradient that coincided with the background pressure difference
in the TWS (Yang, 2007), which implies an offshore barotropic geo-
strophic current. The seafloor topography in Fig. 1 shows that the
WQD extends to the south off the PT cape. Figs. 1 and 8 indicate
that the warm saline water traveled from the PHC and was present
in the lower layer of the WQD, while the cold fresher water carried
by the CCC occupied the area off of PT. Therefore, the extraordinary
topography generated a point at the head of the PBR where the
confluence of the warm saline water and the cold fresher water oc-

Fig. 9. Time series of along-strait velocity (units: m/s) profiles of overall velocity (a), the sum of the two components (b), geostrophic current (c), and Ekman current (d) at
Station B. The numbers 1, 2, and 3 represent the three stages. The location of Station B is shown in Fig. 1. Positive values represent northward along-strait flows.

Fig. 8. Sea level (left; units: m) along the dotted line and density profile (right; units: kg/m3) along the red solid line on 3 Feb. 2008. The black star is the location of Station
A.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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curred. Fig. 8 shows that a southward horizontal density gradient
was present throughout the water column at this location. Accord-
ing to the thermal wind relationship, the horizontal density distri-
bution can affect the vertical gradient of the geostrophic current.
When the density gradient is southward (i.e., g @q

@y < 0), the east-
ward geostrophic current increases from surface to bottom in the
vertical direction(q0f @u

@z < 0). This mechanism leads to the increase
in the cross-strait geostrophic current with depth in the first stage
(Fig. 7c). Above all, in the first stage the southward sea level and
density gradients result in an offshore geostrophic current
throughout the entire water column, which is strengthened in
the deeper layer. The sea level and mass distributions in the first
stage are similar to those patterns in the cold season presented
by Wang and Chen (1989); this indicates that the offshore exten-
sion of cold water in the first stage is a normal winter pattern.

In the second stage, the onshore Ekman current became stron-
ger at the surface (Fig. 7d) because of the intensified strong wind
(Fig. 6). This weakened the offshore separation (Fig. 7b).

At Station B, the overall along-strait velocity (Fig. 9a) was char-
acterized by large negative (southward along the strait) values in
the second stage. The along-strait geostrophic current (Fig. 9c)
had a nearly identical pattern as the overall velocity (Fig. 9a) be-
cause the along-strait Ekman current (Fig. 9d) was relatively small,
except for in the surface and bottom layers. In the first stage, the
along-strait geostrophic current was positive (northward along
the strait), while the along-strait surface Ekman current was
slightly negative. The sum of these two components indicates a
weak along-strait current at Station B. In the second stage, the
along-strait geostrophic current became negative (southward
along the strait) and was enhanced on 12–13 February, which coin-
cided with the stronger wind in the TWS (Fig. 6). Therefore, the
intensified southward velocity at Station B was related to the west-
ward sea level gradient induced by the stronger wind.

In the first stage, the southward gradients of both sea level and
the density field generated an offshore current throughout the
water column that had a maximum velocity in the bottom layer
at Station A. The offshore current overcame the onshore Ekman
current at the surface and in the bottom layer (Fig. 7) and led to
the relatively strong offshore extension of cold water. In the second
stage, the westward sea level gradient induced by the strong wind
generated the intensified southwest current.

4. Conclusions

The cold disaster of 2008 can be divided into three stages: off-
shore extension, southwestward intrusion, and northeastward re-
treat. In the first stage, an offshore branch of the CCC occurred
under the northeasterly monsoon. The branch flowed along the
PBR to the eastern part of the TWS and resulted in an offshore cold
water extension as in normal winter winds. Stronger winds ap-
peared in the TWS in the second stage, which led to an abnormally
intensified southwest current. Consequently, the cold water in-
truded to PHI, and the cold disaster occurred. The second process
occurred immediately after the first, resulting in a unique intrusion
of cold water.

According to the momentum balance analysis, the offshore
branch occurred in the first stage when the offshore geostrophic
current related to the southward sea level and density gradients
overcame the onshore Ekman current caused by the northeasterly
monsoon. The sea level is generally higher in the south and lower
in the north, while a southward density gradient caused by the
confluence of warm saline water from the south and cold fresher
water from the CCC is simultaneously present; these patterns re-
sult in an offshore geostrophic current throughout the entire water
column that is strengthened in the deeper layers. The intensified

southwest current, which is the major characteristic of the second
stage, is related to the westward sea level gradient caused by the
stronger northeasterly wind.

In summary, the powerful cold water separated first from the
western boundary (related to the sea level and the density gradi-
ents along the strait) and was then transported to PHI by the
abnormally intensified southwestward current (related to the
stronger wind). These factors resulted in the cold disaster. The
transport volume along the TWS was analyzed; however, the role
of the warm current from the southern TWS, such as how the Kuro-
shio may have affected the flow pattern of the cold disaster, re-
quires further research. For example, Chen et al. (2010)
mentioned that the Kuroshio did not intrude into the TWS in the
spring of 2008. In addition, Ko et al. (2003) showed that coastally
trapped waves can greatly intensify the southward transport vol-
ume in the TWS. The peak-to-peak comparison (Fig. 6) indicated
that the transport volumes lagged behind the wind in the YECS
by 1–2 days in the second stage, possibly suggesting that coastally
trapped waves contributed to the large southwestward transport
volume on 12 and 13 February. Further work is needed to study
the impact of this event.
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