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ABSTRACT
In winter, a branch of the China Coastal Current can turn in the Taiwan Strait to join the poleward-flowing
Taiwan Coastal Current. The associated cross-strait flows have been inferred from hydrographic and satellite
data, from observed abundances off northwestern Taiwan of cold-water copepod species Calanus sinicus and,
in late March of 2012, also from debris found along the northwestern shore of Taiwan of a ship that broke two
weeks earlier off the coast of China. The dynamics related to such cross flows have not been previously
explained and are the focus of this study using analytical and numerical models. It is shown that the strait’s
currents can be classified into three regimes depending on the strength of the winter monsoon: equatorward
(poleward) for northeasterly winds stronger (weaker) than an upper (lower) bound and cross-strait flows for
relaxing northeasterly winds between the two bounds. These regimes are related to the formation of the
stationary Rossby wave over the Changyun Ridge off midwestern Taiwan. In the weak (strong) northeasterly
wind regime, a weak (no) wave is produced. In the relaxing wind regime, cross-strait currents are triggered by
an imbalance between the pressure gradient and wind and are amplified by the finite-amplitude meander
downstream of the ridge where a strong cyclone develops.

1. Introduction
In winter, a narrow streak of cold coastal water is often seen in satellite imagery along the coast of China
(Ning et al. 1998; Hickox et al. 2000; Hwang and Wong
2005; Chang et al. 2006). The China Coastal Current1

1

The current has different local names, for example, Zhemin
Coastal Current in the Taiwan Strait (Hu et al. 2010).
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stretches from the Yellow and East China Seas through
the Taiwan Strait and, in some years of anomalously
strong winter monsoon, as far south as Hainan Island in
the South China Sea (Guan 1994; Guan and Fang 2006).
Lin et al. (2005) and Pan et al. (2013) describe in situ
observations for the portion of the current in the Taiwan
Strait. These show that the current is generally equatorward, with speeds of ;0.1–0.3 m s21, and has lower
sea surface temperatures (SSTs ’ 58–208C) and salinities S (’ 28–34 psu) than offshore.
The China Coastal Current contributes to fluxes of
biogeochemical tracers, hence also to the biodiversity, of
the China Seas (Liu et al. 2003; Liu 2013). The copepod
species Calanus sinicus, for example, is widespread and
peaks in spring–summer in the Yellow Sea (R. Wang
et al. 2003; Zhang et al. 2007). Preferring temperate (108–
208C) environments, C. sinicus drifts southward with the

DOI: 10.1175/JPO-D-13-0128.1
Ó 2014 American Meteorological Society

801
Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

802

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 44

information, as well as vorticity and empirical orthogonal function (EOF) analyses, are used. Section 2 reviews
the Taiwan Strait’s circulation. In section 3, we use the
currents from a numerical model of the North Pacific
Ocean (Oey et al. 2013b) to calculate Lagrangian tracks
of the shipwreck debris and use the information to validate the numerical model. We then derive an analytical
classification of circulation regimes that depend on the
strengths of the monsoon wind (section 4). We show that
cross-strait flow under the wind relaxation regime is
triggered by an imbalance between the along-strait
pressure gradient and wind and amplified by the standing cyclone formed downstream of a topographic ridge
off midwestern Taiwan. Section 5 examines timedependent dynamics using the EOF; section 6 is the
discussion and section 7 gives the conclusions.

2. Taiwan Strait circulation: An overview
FIG. 1. Taiwan Strait location names and model isobaths (m). The
domain is 228–278N and 1178–1228E.

China Coastal Current in winter, reaching as far south as
the coastal waters of Hong Kong (Chen 1992; Hwang
and Wong 2005). Interestingly, C. sinicus is also found
during winter and early spring off the northwestern and
northern coasts of Taiwan (Hwang and Wong 2005;
Hwang et al. 2006). As C. sinicus is not endemic to the
warm waters of Taiwan or the Kuroshio (Chen 1992)
and the China Coastal Current is quite narrow, only
about 30–50 km (Lin et al. 2005; Pan et al. 2013), the data
suggest a cross-strait drift of C. sinicus, by some means
or other, some 100 km across the Taiwan Strait. Because
under winter’s northeasterly winds the surface Ekman
currents are directed toward China, they cannot explain
the drift.
An incident that indicated cross-strait flow consistent
also with the drift of C. sinicus occurred in late March of
2012. On 15 March 2012, in heavy seas under a strong
northeasterly wind, a container ship went aground off
the coast of China near 25.258N, 119.678E (Fig. 1; see
http://www.mzwgk.gov.cn/show.aspx?id53845&cid537,
which is in Chinese but includes the latitude/longitude of
the shipwreck site), some 100 km northeast of the city of
Xiamen; fortunately, the wind subsequently relaxed and
the crews were rescued. Some 2 weeks later, on 31 March,
some of the ship’s debris was found on a beach in northwestern Taiwan near the city of Taoyuan. In this case, the
origin and final point of the trajectory of the debris are
known.
To understand dynamically how cross-strait flows
occur is the main goal of this study. Numerical and analytical models in conjunction with the ship debris

The Taiwan Strait lies between mainland China (west)
and Taiwan (east) (see Fig. 1); the averaged width is
approximately 175 km and the length is about 350 km.
The averaged depth between 238 and 258N is about 50 m;
the topography is generally shallower on the Chinese
side of the strait, but is rather complicated. The strait
was a low-lying plain some 17 000 years ago during the
late Pleistocene when sea level was 100–140 m below the
present (Fairbanks 1989; Voris 2000). A deep submarine
valley southwest of Taiwan (the Penghu Channel) juts
northward onto a ridge [the southern face of Changyun
Ridge (henceforth CYR), approximately outlined by
the 50-m isobath]; it then turns westward just north of
Penghu Island to merge in the middle of the strait with
another submarine valley (the Minjiang Trough)—believed
to be the relict of an ancient river streaming down from
the present day’s Minjiang River, China (Boggs et al.
1979). The strait connects to the broad shelves of the
East China Sea and South China Sea in the northeast
and southwest, respectively. Across the shelf break in
the south, the topography slopes steeply to a depth of
2000–3000 m into the South China Sea (Yu and Chou
2001).
Currents in the Taiwan Strait are influenced by the East
Asian monsoon, which is northeasterly from September
to April and southwesterly from May to August, as well
as by open-ocean forcing (e.g., the Kuroshio); see
Y. H. Wang et al. (2003) for a succinct summary and Hu
et al. (2010) for a review of the circulation in the strait.
Y. H. Wang et al. (2003; see also Liang et al. 2003)
estimated a mean poleward transport of approximately
1.8 Sverdrups (Sv; 1 Sv [ 106 m3 s21), stronger in summer, about 2.7 Sv, and weaker in winter, about 0.9 Sv;
a poleward transport exists in the absence of wind, which
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the authors suggested was induced by sea surface sloping
down toward the north. Yang (2007) showed how such a
slope may originate from the Kuroshio. Using a numerical model of the western North Pacific, Wu and Hsin
(2005) estimated a transport ’ 2 Sv driven by the surface
slope, and their result suggests a transport reversal for
northeasterly wind stronger than about 0.2 N m22. Transport reversals were observed by Ko et al. (2003) who show
that both local and remote winds (from farther north)
contribute. Measurements by Lin et al. (2005) in October–
December 1999 yielded a mean ’ 0.12 6 0.33 Sv, that is,
poleward though not significantly different from zero,
and a persistent northward flow was observed in the
Penghu Channel southwest of Taiwan. In contrast, near
the Chinese coast, the mean current was equatorward,
approximately 20.15 m s21 near the surface at mooring
C1 (258N, 119.58E). Off the Chinese coast near 25.68N,
119.78E, the measurements of Pan et al. (2013) also show
a mean (February–March 2007) equatorward velocity of
around 20.2 m s21 near the surface (15 m).
Besides the along-strait currents described above,
wintertime cross-strait flows are seen in some hydrographic and satellite observations. Jan et al. (2002)
mentioned hydrographic observations in various seasons during 1985–92 on Taiwan’s side of the strait. No
composites were shown; instead a 5-day survey from 12
to 16 November 1988 was reported as being typical of
the winter monsoon season. On the northern face of
CYR, the data show temperature T and salinity fronts:
cooler and less saline waters of China Coastal Current
origin on the northern side of the front and warmer and
salty waters of mixed South China Sea–Kuroshio origin
on the southern side. The T and S are vertically homogeneous, and they nearly compensate in density with the
salinity being slightly more dominant, which agrees with
the surveys of Li et al. (2006) and Pan et al. (2013). As
the density is slightly lighter north than south of the
front, a flow driven by the density gradient alone would
be westward, opposite to the cyclonic sense required for
C. sinicus or debris to drift from China to Taiwan; this
suggests that frontogenesis is produced by other means.
Li et al. (2006) showed similar cross-strait fronts from
hydrographic and satellite SST data in winters, as did
Chang et al. (2006, 2009), and noted that the fronts were
highly variable. Numerical models by Wu et al. (2007),
Yu et al. (2012), and Liao et al. (2013) show various
patterns of cross-strait currents.2

2
The earlier model by Jan et al. (2002), while instructive, is
limited to the Taiwan Strait only; the numerical solution was
strongly constrained by the open boundary conditions specified
north and south of the strait.

3. Numerical simulation and validation of currents
from winter to spring of 2012
Despite the above efforts of both observations and
modeling, a dynamical explanation of how cross-strait
flows can occur has so far not been presented in the literature. This study provides an explanation based in part on
the analyses of simulated currents obtained from a North
Pacific Ocean model. This section validates the model
through particle trajectory simulation of the shipwreck
debris, knowing the beginning and end dates and locations
of the debris. The model is extensively described in
Oey et al. (2013b); additional details are given in appendix
1 of the supplemental material. Briefly, the model is based
on the Princeton Ocean Model (POM) covering the North
Pacific Ocean from 168S to 708N and from 988E to 738W
at 0.18 3 0.18 horizontal resolution and with 41 terrainfollowing (sigma) levels. Satellite data are assimilated in
the open ocean where depths exceed 1000 m to estimate T
and S due to mesoscale features. No assimilation is done on
shallow shelves including the Taiwan Strait, the dynamics
of which then evolve according to the model physics and
forcing across the shelf break by, for example, the
Kuroshio and eddies (e.g. Chang and Oey 2011). Across
the sea surface, 6-hourly National Centers for Environmental Prediction (NCEP) surface fluxes (wind, heat, and
mass) are specified. A 24-yr unassimilated run from 1988
to 2011 forced also by NCEP surface fluxes provides the
initial conditions for the more realistic assimilated run
from 1 January 2012 to present. The model results from
February to May 2012 (which includes the shipwreck period) are used for analyses and to derive analytical parameters for classification of current patterns in the strait.

Tracking shipwreck debris: 15 ; 31 March 2012
Figure 2 shows modeled sea surface height (SSH) h and
currents (u, y) (Fig. 2a) and the time series of the alongstrait component of the wind stress t oy (kinematic, i.e.,
stress divided by the water density ro) (Fig. 2b). Here,
(x, y) is rotated 308 clockwise from true north with positive
x and u (y and y) pointing cross strait (along strait) approximately southeastward (northeastward). The two
dotted lines in the t oy plot delineate three circulation
classes derived below: strong rot oy , 20.12 N m22,
moderate (or relaxation) 20.12 , rot oy , 20.068 N m22,
and weak rot oy . 20.068 N m22. Winds were generally
strong prior to the accident (before 15 March) when the
strait’s currents were predominantly southwestward (e.g.,
Fig. 2; 11 March), moderate during the drift of debris
when a cross-strait cyclonic circulation developed north
of the CYR (Fig. 2; 15 and 22 March), and weak
thereafter when currents became generally northeastward (Fig. 2; 31 March).
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FIG. 2. (a) Model SSH (color; m) and currents at the indicated dates. Winds are shown as purple vectors. A 40-h
Lanczos low-pass filter has been applied. Gray contour 5 200-m isobath. For reference, red and blue dots mark
Xiamen (China) and Taoyuan (Taiwan), respectively. The domain is 218–298N and 1168–1228E. (b) Along-strait
wind stress (N m22; strait area averaged; mean and std dev are shown) from 15 Feb to 15 May: daily (gray) and 5 day
averaged (black). Dotted lines are rotoy 5 20.12 and rot oy 5 20.068 N m22 (see text).
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FIG. 3. Examples of trajectories of particles (different colors)
released near Taoyuan (blue dot) on 31 Mar 2012, and tracked
backward through 15 Mar. Trajectories are marked every 2 days by
a cross. A red dot marks the city of Xiamen. The domain is 238–
278N and 1188–1228E.

To assess the realism of the model currents, Lagrangian particles are tracked knowing the beginning
and end locations and times of shipwreck debris. The
position of a marked particle is tracked from its position
xo at time to to a new position x 5 xo 1 Dx at time t
(Awaji et al. 1980; Lin et al. 2007; Chang et al. 2011):
ð
x(xo , t) 5 xo 1

to

u(xo , t0 ) dt0

ð (ð

)
00

1
to

to

00

0

u(xo , t ) dt  $u(xo , t ) dt0 ,

(3.1)

where the outer integral is from to to t, and the inner
integral is from to to t0 . The first integral is the Eulerian
part, while the curly brackets within the second integral
is theÐ correction to u as the particle moves across
Dx 5 to u(xo , t00 ) dt00 , integrating from to to t0 . Figure 3
shows particles tracked backward (integrating with
a negative time step) starting from locations near
Taoyuan on 31 March 2012 when debris was found.
Particles’ positions on 15 March coincide well with the
shipwreck site near 25.258N, 119.678E. As a check, we
also verified that forward integration gave indistinguishable tracks. After the shipwreck, the simulated debris first
drift southwestward and some make loops in the southwest–northeast direction nearly parallel to the Chinese
coast before drifting southward to the center of the
Taiwan Strait. There they turn rapidly eastward, then
northeastward toward Taoyuan near the end of March.

FIG. 4. (a) Positions of particles from 15 to 31 Mar 2012, all released at locations near the shipwreck site (25.258N, 119.678E); see
text for details. (b) VF (arbitrary scale) shown as log10(VF 3 10);
contour interval is 0.15 starting from 0.05. Red and blue dots mark
Xiamen (China) and Taoyuan (Taiwan), respectively. The domain
is 238–278N and 1188–1228E.

These tortuous trajectories reflect the complex spatiotemporal variability of the simulated currents.
To check the robustness of the simulated trajectories,
sensitivity to the release location and time (due to, e.g.,
errors from finite-difference grid and model forcing)
is assessed by tracking 120 particles starting at the
shipwreck site and eight surrounding grid points on
15 March and 15 March 66 h (Fig. 4a). We calculate the
visitation frequency (VF) (Csanady 1983; Chang et al.
2011), defined as the number of times a chosen area
(0.38 3 0.38 is used) is visited by the simulated particles
as a percentage of the total number released (Fig. 4b).
Particles generally disperse as described previously in
Fig. 3; their paths connect shipwreck and landing sites in
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loops and turns that are generally cyclonic and confined
north of CYR. The VF shows a maximum close to the
shipwreck site and two other local maxima: near 25.68N,
120.38E and 24.48N, 119.68E, which are choke points
where the particles necessarily pass. For releases farther
than the eight surrounding points and longer than 66 h
(not shown), particles spread south as well as north
of the strait, but none come near Taoyuan. Therefore,
while the actual paths of the debris are unknown, the
model shows skill in correctly hindcasting the beginning
and end locations of trajectories within a rather tight
spatiotemporal window.

The circulation on 15 March (Fig. 2a) suggests a Gill
(1982, chapter 10)-type rotational dam-break solution
consisting of Kelvin wave coastal currents on both sides
of the strait joined by a cross-flow in the middle. Thus, as
the northeasterly wind weakens, water surges northeastward due to higher SSH in the south than north of
the strait. Stratification is weak during winter (Jan et al.
2002; Li et al. 2006; Pan et al. 2013) and in the presence
of strong tides (Lefevre et al. 2000). Depth-independent
currents were observed by Lin et al. (2005) and seen in
model simulations by Wu et al. (2007), as well as in our
model. To simplify, a homogeneous ocean is assumed
and analytical formulae are derived to classify composite flow patterns dependent on the wind states. We then
examine the depth-averaged vorticity balance.

a. Surface circulation
The forcing consists of wind at subtidal time scales
from days to 1 ; 2 weeks and along-strait sea level
gradient ›h/›y at time scales of months and longer. The
process is analyzed in terms of surface Ekman dynamics
and frictionally controlled depth-averaged along-strait
flow in a channel of constant depth Ho. Details are in
appendix 2 of the supplemental material. The depthaveraged along-strait velocity y A is
ry A 5 2g›h/›y 1 t oy /Ho ,

(4.1)

where bottom friction is parameterized as tb 5 rHouA,
r is the constant friction coefficient (s21), and Ho 5 50 m is
the strait’s averaged depth. The r and ›h/›y are determined
by regressing the numerically simulated y A against t oy:
r ’ 1:66 3 1025 s21

and ›h/›y ’ 23.8 3 1027 obtained in Wu and Hsin (2005)
using a different model. Similar values of these parameters are also obtained using the results of the long-term
unassimilated run (see the online supplemental material).
By incorporating the surface Ekman current, a critical
t oy (5t oy
y ), when the along-strait component y o of the
surface velocity vanishes, is obtained:
24 2 22
m s .
t oy
y ’ 21:2 3 10

and

›h/›y ’ 24:5 3 1027 . (4.2)

Note that ›/›t  r21 for subtidal flows, which justifies
a priori the assumption in Eq. (4.1). Both values agree
well with the corresponding values of r ’ 1.65 3 1025 s21

(4.3a)

A similar analysis yields the critical t oy
u when the crossstrait surface velocity uo vanishes:
24 2 22
m s .
t oy
u ’ 20:68 3 10

4. Flow patterns
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(4.3b)

Physically, for a given sea level tilt, a stronger critical
northeasterly wind stress (t oy , t oy
y ) is necessary to maintain equatorward currents in the strait because bottom
friction acts more effectively along strait than cross strait,
y
oy
because jt b j  jt xb j. Because t oy
y , t u , the same strong
wind also forces cross-strait surface currents from Taiwan
to China, that is, both yo and uo , 0; in this condition (e.g.,
11 March; Fig. 2a), eastward drift of C. sinicus or debris is
unlikely. At the other extreme when wind is weak (or
oy
southwesterly), t oy
u , t , the surface currents are northeastward toward Taiwan, that is, both y o and uo . 0 (e.g., 31
March, Fig. 2a); eastward drift exists, but particles are
rapidly flushed into East China Sea by the strong alongstrait flow. For moderate northeasterly wind stresses beoy
oy
tween these two critical values, that is, for t oy
y , t , tu ,
surface currents become complicated (e.g., 15 and 22
March; Fig. 2a), and additional analyses are necessary.
Figure 5 shows current and SSH composites based on
the above classifications: strong wind pattern t oy , t oy
y
consisting of generally equatorward flow (Fig. 5a), weak
wind pattern t oy . t oy
u with generally poleward flow
oy
oy
(Fig. 5c), and moderate wind pattern t oy
u . t . t y that
yields cross-strait flow north of CYR (Fig. 5b). Similar
composite patterns are also obtained using the 24-yr
unassimilated model data from 1988 to 2011 (not shown).
Gill’s solution applies during times of wind relaxation as
flow surges northward;3 its strength is estimated by repeating the analysis on a model run with constant shelf
topography.4 As shown in Fig. 5d, the solution consists of
poleward coastal currents on both sides of the strait that
are joined midstrait near 24.78N by an eastward cross-flow

3
A similar composite is also obtained using a more refined
classification choosing only times when the wind relaxes (not
shown).
4
Water depth is set to 50 m for all shelf regions shallower than
200 m; a tanh function is used to produce a smooth transition from
open-ocean topography to shelf.
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FIG. 5. Composite SSH (color and dark contours, m; SSH is omitted east of Taiwan for clarity) and surface currents for (a) strong,
(b) moderate, and (c) weak along-strait wind (rotated 308 clockwise from true north, positive approximately northeastward). (d) As in (b), but
for the constant shelf topography experiment. Wind ranges and percentages of each composite are shown. Outer isobaths 200 and 2000 m
(barely seen) are shown as white contours, and the 35- and 50-m isobaths indicating the Changyuen Ridge in (a)–(c) are also plotted. Red (dark
blue) vectors indicate currents with an eastward (westward) component. For clarity, vectors are drawn at every other grid on the shelves in
(a),(b), and (d), and at every other two grids in (c) and also outside the shelves H . 200 m. The domain is 228–278N and 1178–1228E.

that, however, is weaker than the solution with topography (Fig. 5b).

b. Vorticity balance
To understand effects of topography on the cross-flow
pattern of Fig. 5b, we examine the vorticity balance and
isolate the process using an idealized model. The vorticity equation is derived from the equations of continuity and depth-averaged momentum:

›h/›t 1 $  (U) 5 0 and
›uA /›t 1 (z 1 f )k 3 uA 1 $(juA j2 )/2
ðh ð0
$b dz0 dz/D1(t o 2 t b )/D.
5 2g$h 2
2H z

(4.4a)

(4.4b)

Here, f is the Coriolis parameter, z 5 k  ($ 3 uA) is the
vertical component (unit vector k in z direction; z 5 0 at
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mean sea surface) of the curl of the depth-averaged
velocity uA 5 (uA, y A), U 5 DuA is the transport vector
per unit length, $ 5 (›/›x, ›/›y) is the horizontal gradient operator, b 5 gr/ro, r is the density, ro is the reference density, H is the undisturbed water depth, h is
the sea surface elevation, D 5 H 1 h is the total water
depth, and t o and tb are the (kinematic) wind and bottom
stresses, respectively. Taking the curl, the z-component is
(the z component is implied throughout the remaining of
the paper)
›z/›t 1 U  $[(f 1 z)/D] 2 [(f 1 z)/D]›h/›t
5 J(x, D21 ) 1 $ 3 [(t o 2 t b )/D],

(4.5a)

Ðh
where x 5 2H zb dz0 and J(x, D21) 5 ›x/›x›D21/›y 2
›D21/›x›x/›y. The lhs is D(›/›t 1 uA  $)(PV), where
PV 5 (f 1 z)/D, so Eq. (4.5a) expresses PV conservation
if the rhs 5 0. Approximating D ’ H, and because in the
composite ›z/›t and ›h/›t are negligible, Eq. (4.5a)
becomes
U  $ (f /H) ’ 2U  $ (z/H) 2 $ 3 (t b /H)
I

II

1 $ 3 (to /H) ,
V

III

for

x’

1 J (x, H 21 )

ð0
2H

IV

zb dz0 ,
(4.5b)

where roman numerals denote terms (with sign included) in the line above: I is the advection of background PV, II is the (minus) advection of relative PV or
simply the nonlinear term, III is the minus curl of depthdistributed bottom stress, IV is the joint effect of baroclinicity and relief (JEBAR; Huthnance 1984; Mertz
and Wright 1992), and V is the curl of depth-distributed
wind stress; they are plotted in Figs. 6b–f for the moderate wind composite. Without II, Eq. (4.5b) corresponds
to the linearized vorticity equation of the depth-averaged
flow often used in the analysis of larger-scale dynamics,
for which the JEBAR term is often discussed (e.g.,
Salmon 1992; Kagimoto and Yamagata 1997; Guo et al.
2003; Oey et al. 2010; Xu and Oey 2011). While I and II
together express PV conservation (if I 1 II 5 0), the
other terms III, IV, and V represent different processes
that modify PV. Equation (4.5b) is analogous to the
classical Sverdrup balance, with fH$H21 being the topographic beta (Pedlosky 1979) bT 5 fH›H21/›n, where
n is directed toward positive $H21 (i.e., shallow
depth), and it dominates the planetary beta b 5 $f in
a small domain with significant topographic gradients.
When the rhs 5 0, U  $(f/H) ’ 0 for barotropic geostrophic flow on f/H contours (Pedlosky 1979). Otherwise, U  $(f/H) is positive (negative) for upslope

VOLUME 44

(downslope) transport. Figure 6a plots the uA on f/H
contours, showing vectors crossing f/H contours. As no f/H
contours cut across the strait, any cross-strait flow is
necessarily ageostrophic; the strength is calculated from I
(Fig. 6b), which is contributed from II to V (Figs. 6c–f).

c. Balance north of the CYR
It is clear that over and downstream of the CYR,
2U  $(z/H) (Fig. 6c, note minus sign) dominates other
ageostrophic terms and is generally of the same sign
as U  $(f/H). McCartney (1975) shows that a standing
Rossby wave of finite amplitude can be produced for
prograde flow against the wave direction; such a wave is
an idealization of the large-scale undulations in the
westerly winds in midlatitudes, with low pressure anomalies in the lee of the Himalayan and Rocky Mountains
(e.g., Lau 1979). In the Taiwan Strait (and East China
Sea), topographic Rossby waves propagate southwestward and may be similarly arrested by a northeastward
current. The wavelength is (Pedlosky 1979)
l 5 2p(V/bT )1/2 ,

(4.6)

where V ’ 0.2 m s21 is the speed of the current, and bT ’
2.7 3 10210 m21 s21;5 then l ’ 170 km, which agrees
with the simulated meander wavelength downstream of
CYR (see Fig. 5b). For retrograde flow of the strong
wind case (Fig. 5a), no wave develops. In the weak wind
case (Fig. 5c), V is larger and l increases like V1/2 primarily in the along-shelf direction (the cross-shelf scale
is limited by the shelf width),6 the cross-shelf velocity
is } 1/l (i.e., it is proportional to the along-shelf derivative of the streamfunction), the meander amplitude
is reduced, and current undulation becomes more
elongated along shelf (Fig. 5c).
McCartney (1975)’s inertial solution is for flow past an
isolated cylinder in an unbounded domain. To demonstrate the stationary wave in a channel over a coastal
ridge, we configure an idealized domain shown in Fig. 7.
The H decreases linearly from south to north except
for a Gaussian ridge that juts out from the southern
coast; the bT ’ 2.7 3 10210 m21 s21, the same as in
Taiwan Strait. Flow is barotropic and a steady westward
wind stress of magnitude 5 0.07 N m22 is applied. The
bottom friction is increased 50 times in the sponge zone
to make the flow smooth near the eastern end of the

5
The term bT ’ (f/H)  (40 m)/175 km, where 40 m is the difference in water depth across the strait whose width ’ 175 km. Take
f ’ 6 3 1025 s21 and H ’ 50 m to yield bT ’ 2.7 3 10210 m21 s21.
6
As V increases, cross-strait tilt in sea surface increases by geostrophy, effectively increasing bT (Pedlosky 1979), which tends to
reduce l. The correction is quite small, about 10%.
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oy
FIG. 6. Composite pattern (toy
y , t , t u ) of (a) depth-averaged currents (vectors drawn every other grid on shelves
and every other two grids in deeper region) on f/H (color and contours, unit is 2 3 1028 m21 s21; contour 5 50 is f/H 5
1026 m21 s21; the contours approximately correspond to 30-, 60-, 120-, and 600-m isobaths; the CYR is outlined approximately by the 60-m contour inside which f/H . 1026 m21 s21). Terms in the vorticity equation of the depth-averaged flow
(see text; 10210 s22): (b) U  $(f/H), (c) 2U  $(z/H), (d) 2$ 3 (tb/H), (e) J(x, H21), and (f) $ 3 (to/H); color (positive
yellow–red) with contours are the vorticity terms, while the labeled gray contours are f/H. In (f) vectors are (t o/H) 3 105,
thus scale shown is 5 5 3 1026 m s22. Penghu Island is at 23.68N, 119.68E. The domain is 228–278N and 1178–1228E.
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FIG. 7. (a) Model domain of a channel with y topographic gradient and ridge; horizontal scales are approximate.
(b) SSH (color and dark contours, dotted if negative; m) and velocity (vectors, red for u , 0; m s21) for flow over
a ridge inside the gray-shaded subdomain (;500 km 3 200 km) shown in (a), with walls to the north (China; the thin
gray line) and south (Taiwan). White dashed contours are isobaths 5 70, 50, 40, and 30 m (on the ridge, radius
;30 km). The x and y axes are shown (8E and 8N, respectively) though their values are arbitrarily chosen.
McCartney (1975)’s bump and beta parameters, ho/(d«) and bTL2/V, are 8 and 1.2, respectively.

channel. The wind produces a northward (topographic)
Sverdrup flow (I and V balance), a southward boundary
current at the western end of the channel, and a return
eastward flow with speeds of about 0.2 m s21 along the
southern wall. The solution (Fig. 7) shows a standing
wave with cyclone and anticyclone downstream of the
ridge. McCartney (1975)’s solution also shows a cyclone–
anticyclone pair.7 However, because of the coast and the
China Coastal Current, as well as friction, the present
anticyclonic wave is weaker. There is a striking similarity
of this idealized solution to Fig. 5b. We also confirm

7
McCartney (1975)’s bump and beta parameters are ho/(d«) and
bL2/V, respectively, where « 5 Rossby number and ho/d ’ bump
height/water depth. For CYR, the parameters are ’ 8 and 1.2,
respectively, corresponding approximately to his Fig. 4c.

that when the background flow is stronger, the meander
is elongated along shelf, while if the flow is reversed, no
meander develops (not shown).
The standing wave cyclone contributes to the nonlinear term II that is strongly negative immediately
downstream of the CYR, resulting in a downslope diabathic (i.e., across isobath) flow from China to Taiwan
(Fig. 6c). Other weaker ageostrophic terms (III, IV, and
V) contribute. Of these, $ 3 (t o/H) is externally imposed, while J(x, H21) and 2$ 3 (tb/H) depend on the
flow field. The JEBAR term (IV) arises because of
parabathic (i.e., along isobath) density gradients. The
density field varies slowly, O(months), consistent with
the time scale for the Kuroshio, and the JEBAR term
may therefore be considered given for nearly barotropic
flows of O(days); JEBAR plots for the strong and weak
wind cases (not shown) are in fact very similar to Fig. 6e.
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JEBAR is generally weak [compared to, e.g., U  $(z/H)]
in the northern half of the strait; it is negative immediately downstream of the CYR, tending to strengthen the
cyclone. This downslope contribution to U  $(f/H) is because ›b/›x , 0 along the northern (or southern) face of
the CYR where ›H21/›y , 0 (. 0) and J(x, H21) is
negative (positive).8 For the curl of the depth-distributed
bottom stress (III), it may be considered a forcing of the
interior flow through the Ekman layer paradigm (Ekman
1905; Pedlosky 1979). Figure 6d shows that 2$ 3 (tb/H)
is negative and contributes to a downslope diabathic
current downstream of the CYR and over nearly the
entire northern half of the strait. To understand, the term
is split into three parts in Eq. (4.7) (plots not shown).
Because tb 5 Cdjubjub,
2$ 3 (tb /H) 5 2$ 3 [Cd jub j(H 21 )ub ],
5 2Cd jub j(H 21 )$ 3 ub 2 Cd jub j$(H 21 )
3 ub 2 Cd (H 21 )$(jub j) 3 ub ,
(4.7)
where ub is the near-bottom velocity, and Cd ’ 2.5 3
1023 is the bottom drag coefficient (Signell and Geyer
1991).9 The third term is the ‘‘speed torque’’ and is small
compared to the other two terms. The second term is
1tb 3 $(H21), and it describes a ‘‘drag torque’’ on the
water column due to larger drag in shallower water. As
the column near the top (foot) of the ridge is dragged
more (less), this term is dominant and negative immediately downstream of the CYR, forced by the strong
cyclonic turning near the coast due to the stationary
wave. The first term is vorticity dissipation that is
negative downstream of the CYR; it in fact balances
the wind torque. To see, we note that away from the
strong cyclonic turning region, Figs. 6d and 6f indicate an approximate balance, $ 3 [(t o 2 tb)/H] ’ 0.
Therefore,
$ 3 [(to 2 tb )/H] ’ $ 3 (t o /H)
2 Cd jub j(H 21 )$ 3 ub ’ 0
or,
rb z/H ’ H 21 $ 3 to 2 to 3 $(H 21 ) .

(4.8)

8
Let x be along isobaths, ›H21/›y , 0, and b ’ b(x). Then $b 5
(›b/›x, 0), and J(x, H21) ’ 2(›b/›x)H2(›H21/›y)/2, which is negative (positive) if density decreases (increases) along the isobaths.
9
In POM, Cd is not, strictly speaking, a constant, but the effect of
a variable Cd is small. Also, because the flow is nearly barotropic in
the strait, ub ’ uA; the argument is valid if ub is replaced by uA.

Here, Cdjubj is approximated by a constant rb, and $ 3
ub is approximated by z. Because the wind varies over
a larger scale than the topography, the term involving
$ 3 to is small compared to the second term. For
northeasterly wind, the wind torque [2to 3 $(H21);
Fig. 6f] therefore imparts a frictionally balanced cyclonic
circulation.10 This contribution enhances, but is clearly
unrelated to, the cyclone produced by the stationary
Rossby wave.

d. Balance south of the CYR
Here, Fig. 6b shows two bands where U  $(f/H) is
negative, indicating likely sites of cross-strait flows from
China to Taiwan. One band protrudes east-southeastward
from 24.38N, 118.68E off the Chinese coast and terminates at Penghu Island. The other southern band along
23.58N is blocked in the east by Penghu Island (23.68N,
119.68E) and by strong positive U  $(f/H) to the south
and east of the island. These positive U  $(f/H) are due
to 2$ 3 (tb/H) and J(x, H21), with contribution from
the depth-distributed wind stress $ 3 (to/H) farther
west near 1188E (see Figs. 6d–f). Figure 6e shows that
JEBAR dominates over the outer shelf and shelf break
(f/H , 25 contour or H . 120 m). As the Kuroshio makes
a loop southwest of Taiwan, the mixed Kuroshio–South
China Sea water interacts with cooler shelf waters west
and north to produce onshelf intrusions along the Penghu
Channel near 238N, 1208E, as well as near 22.58N, 118.58E
across the shelf break and continental slope (see Fig. 6b).
These two intrusion locations coincide well with observed
upwelling sites south of Penghu Island and Taiwan Bank
(at 238N, 118.58E) (e.g., Hong et al. 2011). Farther inshore
(50 . f/H . 25 contour or 60 , H , 120 m), JEBAR
weakens and 2$ 3 (t b/H) becomes dominant (Fig. 6d).
Here, the drag torque (t b 3 $H21; not shown) dominates on the seaward side because of the steep topography, contributing to a strong positive 2$ 3 (t b/H),
while the vorticity dissipation [2Cdjubj(H21)$ 3 ub]
dominates on the shoreward side, contributing to a
strong negative 2$ 3 (tb/H); they give rise to the positive and negative bands, that is, convergence, as seen in
Fig. 6d for 2$ 3 (tb/H) across the outer shelf. It is interesting that, in spite of the fact that the wind is actually
downwelling favorable, the above-mentioned upwelling
south of the Taiwan Bank is produced by (i) JEBAR
across the shelf break and (ii) convergence on the outer
shelf caused by the drag torque and frictional spindown.

10
Approximating z ’ ›yA/›x and H ’ H(x), the solution is yA 5
yAChina 2 toy  ln(H/HChina)/rb, that is, cyclonic (anticyclonic) shear
across the strait for toy , 0 (. 0). On the other hand, for constant H,
Eq. (4.8) gives for positive $ 3 to a cyclone with radial divergence
(convergence) in the surface (bottom) Ekman layer (Pedlosky 1979).
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5. Time-dependent dynamics
To understand time-dependent dynamics, we conduct
EOF (Kutzbach 1967) analysis. Modes 1 and 2, discussed
below, are found to be separated from their respective
higher modes according to the criterion of North et al.
(1982). Figure 8 shows EOFs 1 (Figs. 8a,b) and 2 (Figs.
8c,d) of SSH and surface current, analyzed for the period
1 February–15 May 2012 in the region shown in Fig. 8
(excluding the Kuroshio). The northeasterly monsoon
ends near late April, and currents during the transition
month of May contribute to the weak wind composite of
Fig. 5c. The strait’s transport is also plotted in Fig. 8 (red
curve, time series). It is northeastward with a mean 5
1.3 Sv that is between the estimates of 1.8 Sv by Y. H.
Wang et al. (2003) and 1.09 Sv by Wu and Hsin (2005).
Transport is weak in February, with a net ’ 0 Sv consistent with Lin et al. (2005) mentioned previously, and is
strong and northeastward (net ’ 2.3 Sv) in May. Mode 1
accounts for 59% and 78% of the total variance for currents and SSH, respectively. The mode-1 principal
components (PC1s; Figs. 8a,b, gray lines) show 3- ;
10-day events fluctuating about slower trends from
winter to spring (thick black lines). The trends change
from negative to positive in mid-March, which agrees
with sign change in the transport anomaly. The PC1(h)
and PC1(u, y) are significantly correlated: Corr[PC1(h),
PC1(u, y)] 5 0.94 (Table 1).11 Their correlations with the
along-strait wind stress are significant: Corr[PC1(h), t oy] 5
0.83 and Corr[PC1(u, y), t oy] 5 0.93 (Table 1). The
corresponding eigenvectors (EV; i.e., spatial patterns),
EV1(h) and EV1(u, y) indicate predominantly geostrophic along-strait flow balancing the cross-strait sea
surface gradient. The EOF1s then describe responses to
synoptic northeasterly winds that continually weaken
from winter to spring, such that southwestward (northeastward) current anomalies accompany a higher (lower)
h anomaly west than east of the strait.
Mode-2 EOFs account for about 10% of the total
variance (Figs. 8c,d). The PC2(h) and PC2(u, y) are
significantly correlated: Corr[PC2(h), PC2(u, y)] 5 0.77
(Table 1). In contrast to EV1(h), whose structure is cross
strait, EV2(h) shows a significant along-strait gradient
(Fig. 8c). During the positive phase of PC2(h), the h
anomaly is higher south than north of the strait. The
southern high is largest at the southwestern end of the
strait along the Chinese coast near 238N, 1178E (SW

11
Here, the notation Corr(A, B, lags) 5 max lagged correlation
coefficient between A and B with lags (days), positive (negative) if
A leads (lags) B. All correlations quoted in this paper are above the
95% significance level. For simplicity, we write Corr(A, B) for the
zero-lag correlation.
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High). The northern low is lowest at the northeastern
end of the strait off northern Taiwan near 258N, 1218E
(NE Low). The corresponding EV2(u, y) in Fig. 8d
shows that south of 228 ; 238N, the SW-High together
with the low in the South China Sea are in approximate
geostrophic balance with the along-shelf current anomalies. North of 268 ; 278N, in the East China Sea, the shelf
flow anomaly is also in approximate geostrophic balance
with EOF2(h). In contrast, inside the strait, the anomaly
currents are ageostrophic. The current is poleward along
the Chinese coast northeast of the SW-High. It turns
eastward across the strait in the midstrait (24.58N,
1198E) and continues cyclonically poleward off the
northwestern coast of Taiwan toward the NE-Low. This
‘‘N shape’’ flow description fits well the surge pattern of
Gill (1982), and the cyclone north of the CYR agrees
with the stationary Rossby wave solution.
Though weaker than EOF1, the EOF2 is therefore
crucial in explaining the cross-strait flow. From 15 to
31 March, the PC2s are generally positive, which, coupled with weakened PC1s during the same period, contribute to the cyclone north of the CYR, consistent with
the Lagrangian paths after the shipwreck (Figs. 3 and 4).
More generally, we note that both PC2(h) and PC2(u, y)
are anticorrelated with t oy; the correlations are 20.68 and
20.52, respectively, with wind leading by 1 day (Table 1).
As the northeasterly wind strengthens (t oy , 0), sea level
at the southern end of the strait (the SW High; Fig. 8c)
rises. It becomes at maximum approximately 1 day after
the peak wind, concomitant with the N-shape flow pattern inside the strait (Fig. 8d). Thus, EOF2 corresponds to
the fluctuating part of the along-strait pressure gradient
(PG) neglected in the analytical model, because the latter
assumes that the pressure gradient is quasi steady. To
quantify, we split the velocity into three parts:
u ’ uPG 1 uwind 1 uPG0 .

(5.1)

Here, uPG is (quasi) steady due to large-scale pressure
gradient forcing from outside the strait, uwind is due to
the (fluctuating) wind, and uPG0 is due to the fluctuating
along-strait sea level gradient. The uPG0 lumps together
time-dependent processes that are otherwise locally
driven by uwind; it may include, among other processes,
effects of sea level setup by, for example, coastal-trapped
waves by remote wind (Ko et al. 2003). The splitting is
simplistic for it neither accounts for other physics nor for
potential interactions between them. We identify uPG 1
uwind with the analytical model for which the along-strait
surface velocity is y o. Thus, for the along-strait component
y oPG0 ’ y m 2 y o ,

(5.2)
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FIG. 8. EOF modes (a),(b) 1 and (c),(d) 2 for (left) SSH and (right) currents in the Taiwan Strait shown from
1 Feb to 15 May 2012. In each case, the spatial pattern (top; eigenfunction: m for SSH and m s21 for velocity) and the
principal components (bottom; nondimensionalized by respective std dev) are given for daily values (light line) and
10-day running mean (heavy line). Red curve is the weekly strait’s transport anomaly (Sv) and its mean is printed
(51.3 Sv). Red vectors enlarge the mode-2 (u, y) scale in the strait.
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TABLE 1. Correlations/lags (days; .0 if column 1 leads; 0 lags omitted) between variables in column 1 with those in row 1. Values shown
are above the 95% significance level. Dash indicates insignificant correlation (at the 95% level). For each correlation, the 95% significance
level is computed from 1 2 (1–0.95)2/(F21), where F is the degrees of freedom calculated as N/tN, N is length of time series, and tN is the dot
product of the autocovariances of the two time series.

PC1(h)
PC1(u, y)
PC2(h)
PC2(u, y)
t oy or y o
y oPG0
ym

PC1(h)

PC1(u, y)

PC2(h)

PC2(u, y)

toy or yo

yoPG0

ym

1
0.94
—
—
0.83
—
0.93

0.94
1
—
—
0.93
—
0.98

—
—
1
0.77
20.68/1
0.70/1
20.35

—
—
0.77
1
20.52/1
0.61/1.5
—

0.83
0.93
20.68/21
20.52/21
1
20.62
0.94

—
—
0.70/21
0.61/21.5
20.62
1
20.32

0.93
0.98
20.35
—
0.94
20.32
1

where y m is the strait-averaged, along-strait surface velocity obtained from the numerical model. The y m and y o
are highly correlated, which justifies a priori the above
splitting (Fig. 9); in general, y m . y o, that is, y oPG0 . 0.
Physically, because the (magnitude of) sea level tilt included in y o is a minimum [it is the zero intercept of the
y A–t oy regression from Eq. (4.1)], additional (fluctuating) tilts simulated by the numerical model (contained in
y m) always drive a more poleward current y oPG0 . Moreover, because the fluctuations of y o are entirely due to
wind, its high correlation with y m means that y oPG0 is also
largely wind forced: Corr(y oPG0 , t oy) 5 20.62 (Table 1).
Thus, as the northeasterly wind strengthens (t oy , 0),
the component of the velocity that is driven by the
fluctuating pressure gradient (i.e., y oPG0 ) is northeastward, opposing the wind. These results suggest that y oPG0
is related to EOF2. As shown in Table 1, while y oPG0 is
not correlated with EOF1s, it is significantly correlated
with both PC2(h) and PC2(u, y), with correlations 0.70
and 0.61, respectively, when y oPG0 leads by 1 ; 1.5
days.12 It is interesting that y m correlates well with PC1s,
but it (like PC1s) correlates poorly with PC2s. This is
because EOF1 is geostrophic while EOF2 is ageostrophic, accounting for only ;10% of the total variance.
By extracting the (large) part of y m that is explained by
the fluctuating winds (i.e., yo) as done above, the remainder y oPG0 correlates well with the PC2s.
Summarizing, fluctuating wind drives the current
anomaly that is predominantly along strait and in geostrophic balance with the cross-strait sea level gradient—
this is mode 1. Pressure imbalances by the fluctuating wind

12
The lead is explained as follows. Let PG0 5 g›h0 /›y 5 aoeivt,
ao ; toy/H, that is, northeasterly wind forces negative ›h0 /›y,
where ; means proportional to. The along-strait momentum with PG0
as forcing is then ›yoPG0 /›t 5 2ao  eivt. Thus yoPG0 ; ao  ei(vt1p/2),
that is, it leads PG0 by p/2, or p/2 1 r/v, r/v  1 with friction r. If
PG0 is identified as PC2(h), then yoPG0 leads PC2(h) also by at
least p/2 or at least 1–1.5 days for wind periods of 2p/v ’ 4–6 days
(Fig. 2b).

are represented by mode 2; they drive ageostrophic
‘‘surge’’ currents (y oPG0 ) that are measured in Fig. 9b by
the difference between the solid regression line and the
458 line. As y oPG0 is a strait-averaged quantity, it does not
describe the details of the cross flows. However, it is
clear from Fig. 8d that mode 2 encompasses both the
surge and standing wave solutions. Cross-strait flow is
thus initiated by a surge and then, as northeasterly wind
weakens and along-strait flow turns poleward, is amplified by the excitation of the standing Rossby wave downstream of the CYR.

6. Discussion
Cross-strait flows may be related to the occurrences of
fronts observed in the northern Taiwan Strait during
winter and spring by Chang et al. (2006) and Li et al.
(2006). Jan et al. (1998) noted that ‘‘. . .cold water bulge
occupies the upper layer of the area north of the ridge. . .’’
and Jan et al. (2002) described ‘‘winter blocking’’ of the
northward current by the CYR. Dynamically, blocking is
caused by the Rossby wave drag that can be estimated by
applying McCartney (1975)’s formula using parameters
for the CYR, which yields rwave ’ 0.6 3 1025 s21. This is
about 1/ 3 of the r value obtained directly from the numerical model [Eq. (4.2)], suggesting that wave drag
plays an important role in the Taiwan Strait.
It is clear that cross flows are episodic events and time
dependent, as has been previously noted in observations
(Li et al. 2006; Chang et al. 2006, 2009). Nonetheless,
such events transport C. sinicus from the China Coastal
Current to northwestern Taiwan and, as we have demonstrated, shipwreck debris as well during the 15–31
March 2012 event. For the winter–spring period of 2012,
our model indicates that cross-flow events compose only
19%, while the equatorward and poleward events are
30% and 51%, respectively (Fig. 5); a similar percentage
(approximately 20%) is also obtained in the 24-yr composite using the 1988–2011 nonassimilated run (not shown).
These results are consistent with the relatively low
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FIG. 9. (a) Time series of daily along-strait velocities yo and ym (m s21) from the analytical and numerical models,
respectively, and (b) their regression (thick line).

percentage of C. sinicus (compared to other copepod
species) observed northwest of Taiwan during winter
(Hwang et al. 2006).
Knowledge of the strait’s currents can be applied to
study not only of the dispersion of tracers, but also fish
migratory patterns. Cross-strait currents probably do
little in dictating the movement of fish. However, currents affect temperature and salinity upon which fish
depend for their habitat and survival (Chang et al. 2004).
Our research suggests that these can be profoundly affected from year to year by interannual changes in the
strength of the monsoon wind that in turn alters the
strait’s circulation (cf. Chang et al. 2009). According to
the present study, beacause cross flows depend on the
existence of moderate wind and/or relaxation episodes
of northeasterly wind exceeding a lower-bound threshold (rot oy , 20.068 N m22), they would be more (less)
frequent in La Ni~
na (El Ni~
no) years or during years of
negative (positive) Philippines–Taiwan Oscillation (PTO)

index (Chang and Oey 2012, see their Fig. 7) when the
northeasterly monsoon wind tends to be strong (weak).
This is in fact the case (Oey et al. 2013a) and it and other
issues related to interannual variability of currents and
distribution of marine organisms in the strait will be
reported in a separate study.

7. Conclusions
This work attempts to explain how cross flows in
the Taiwan Strait can develop in winter. The two main
findings are as follows:
1) there exist three circulation regimes depending on
the strength of the northeasterly wind: generally
equatorward (poleward) along-strait flow for wind
stronger (weaker) than an upper (lower) bound and
cross-strait flow for moderate wind in between; and
2) cross-strait flow from China to Taiwan is triggered in
the northern half of the strait by poleward surge of
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flow as wind relaxes due to the imbalance between
pressure gradient and wind forcing; the cross flow
then strengthens downstream of a midstrait ridge as
finite-amplitude cyclone of a stationary Rossby wave
develops.
These conclusions are supported by composite and
vorticity analyses; in particular, nonlinear inertial term
dominates other ageostrophic terms in the region of
the stationary wave north of the CYR. In the southern
portion of the Taiwan Strait, across the shelf break of the
South China Sea, the JEBAR and curl of the bottom
stress explain the strong onshelf intrusions often observed during winter, despite the prevailing, downwellingfavorable northeasterly wind.
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