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ABSTRACT

We incorporate tidal currents into a previously validated, three-dimensional, subtidal circulation model to assess tidal
effects on the circulation in and around the East China Sea. Of particular interest is the tide-enhanced Changjiang plume dis-
persal and circulation in the southern East China Sea. The modeling results show that without tides, the Changjiang plume in
summer presents itself as a stagnant, expansive pool in regions bordering the northern East China Sea and Yellow Sea, too
far north and too accumulating relative to observations. The winter plume dispersal pushed by the north-northeast monsoon
follows the China coastline southeastward as a coastal current that matches more closely with observations with or without
tides. Incorporating the effect of tides brings the model closer to observation, especially in summer. During summer the Tai-
wan Warm Current shifts to lower latitudes, enhances upwelling off southeast China and induces a southward tidal residual
coastal flow off southeast China. Tides also induce the observed seaward detachment of the summer plume. In winter, the
prevailing north-northeast monsoon suppresses the Taiwan Warm Current to the minimum. However, if the winter monsoon
is weakened for a few weeks, the Taiwan Warm Current reappears and these three mechanisms begin to operate as in summer.
CTD surveys and satellite observations south of the Changjiang River estuary contribute to a better understanding of the tidal
effects on regional ocean currents.
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1. INTRODUCTION

Off shore of eastern China, the three-sea (East China
Sea, Yellow Sea, and Bohai) system over the continental
shelf borders the deep western Pacific Ocean (Fig. 1a). The
East China Sea is sufficiently open to the western Pacific
Ocean. Farther north, the Yellow Sea and Bohai become
increasingly landlocked due to the presence of Korean pen-
insula and Japanese land masses to the east. Both tidal and
subtidal circulations are sufficiently strong in the three-sea
system. The tidal circulation is mostly driven by the west-
ward propagation of barotropic, astronomical tides in the
Pacific Ocean. Shoaling bottom over the shelf amplifies
tidal currents. Some tidal energy propagates northward into
the Yellow Sea and Bohai in regions north of the Changji-
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ang mouth. South of the Changjiang mouth, tides propagate
southward as coastal Kelvin waves after impinging on the
Chinese coast (Jan et al. 2002). The subtidal circulation aris-
es from multiple sources, each having a varying degree of
seasonal variation. The bordering Kuroshio over the conti-
nental slope, the East Asian monsoon, river runoff (most no-
tably from Changjiang or Yangtze River) and the northward
Taiwan Warm Current from the Taiwan Strait all come into
play. Among all external forces, the East Asia monsoon
(Figs. 1b and c) stands out as the dominant force driving the
seasonal circulation of the East China Sea.

Previous numerical models of ocean circulation in this
region have varied from subtidal (e.g., Lee and Chao 2003)
to tidal (e.g., Lee and Beardsley 1999; Lefevre et al. 2000;
Hu et al. 2010). A few intermediate models (Li and Rong
2012; Rong and Li 2012) examined interactions between
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Changjiang plumes and tides in the absence of mean circula-
tion. Moving one step further, Moon et al. (2010) and Wu
et al. (2011) included the mean shelf circulation in addition
to river and tidal forcing, focusing on how tides induce the
offshore detachment of Changjiang plume in summer. By in-
cluding tides, the modeled summer intrusion of Changjiang
plume into the Yellow Sea is much reduced, bringing the
modeled plume dispersal closer to reality (Wu et al. 2011).
Theoretically speaking, tides generally enhance hori-
zontal and vertical mixing, which could in turn alter the sub-
tidal circulation. The consequences can be seen in the in-
tertidal range. On the other hand, subtidal circulation could

40°N

Topography

35°N

30°N

also change subtle characteristics of tides through mecha-
nisms such as internal tide generation. The consequence is
mostly intra-tidal and should be analyzed as such, which
requires a different methodology. In this work, we focus on
the conversion from tidal to subtidal currents primarily in
the region from the Changjiang mouth to the southern end
of the East China Sea.

The Changjiang is a major supplier of freshwater, sedi-
ments and river-borne nutrients to the East China Sea (Liu et
al. 2008). The subsequent dispersal is under the influence of
monsoon winds, the encroaching Taiwan Warm Current, the
Kuroshio intrusion and, last but not the least, tidal currents.
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Fig. 1. Model topography in meters (a), and monthly
climatology wind stress in August (b) and December
(c). Large dots A and B in (a) indicate the summer CTD
stations.
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Shoaling tidal currents and their spring-neap variations
(Lefevre et al. 2000) regulate the freshwater discharge and
subsequent mixing with surrounding seawater. In light of
the importance of tidal currents, in this study we focused
on the tidal to subtidal circulation and have examined other
parts of the three-sea system.

2. MODEL FORMULATION

The model solves for 3-D temperature, salinity and
momentum equations under hydrostatic and Boussinesq ap-
proximations. Leaving conventional momentum and conti-
nuity equations aside, conservation equations for tempera-
ture (7)) and salinity (S) are

0,T+v VT +wd,T=60+r(T -T) (1)
3,S+v-VS+wa.S=8+r(S -5 )

where 6 and 0 are mixing terms, v is the horizontal velocity
vector, V is the horizontal gradient operator and w is the
vertical velocity. Following Sarmiento and Bryan (1982),
we nudge temperature and salinity slowly toward their re-
spective climatologic values, 7" and S* (Levitus and Boyer
1994) only above and below thermocline. This measure al-
lows the thermocline to move freely. The restoration rate (r)
for temperature and salinity is therefore depth dependent:
1/(50 days) between 0 and 50 m, O between 50 and 870 m,
and 1/(250 days) below 870 m.

The calculation will become diagnostic if the restora-
tion rate is too large but prognostic if it is too small. Since
climatologic 7" and S” at 1-degree resolution are too coarse
to resolve the Changjiang plume, our choice of r is within
the range to allow for considerable deviation. The upstream
boundary is 5 grids up the Changjiang mouth. Entering
the East China Sea, the volumetric flux from the upstream
boundary of the Changjiang is fixed at the monthly clima-
tology value. As the water level rises and falls with tides and
winds, the instantaneous inflow from Changjiang must be
adjusted accordingly to maintain the prescribed volumetric
flux, which enhances the computational stability.

The study area extends from 23° to 41°N and
from 118° to 134°E with a horizontal resolution of 1/6°
(Ax=Ay=185km). The time step is 8 s for the baro-
tropic mode and 400 s for the baroclinic mode. Both are
small enough to resolve the dominant M, tidal period (12.42
hours). The Kelvin number (K) for the Changjiang, the ratio
of estuary mouth width (W) to the baroclinic Rossby radius
(R)), is larger than one. The Rossby radius, R; = c/f, where
c is the first mode internal wave speed, and the Coriolis pa-
rameter (f) of approximately 7.7 x 107 s!, can be estimated
from two summer CTD stations (A and B) off the Changji-
ang mouth as shown in Fig. 1a. The internal wave speed is

estimated from ¢ =~ gHSp/p ; where H is the mean water
depth, and Sp is the density difference between the surface
and bottom layers and g is the gravitational constant. The
internal wave speed (c) is about 1.82 m s at station A and
1.75 m s at station B. The corresponding Rossby radii are
about 23.6 and 23.4 km at stations A and B, respectively.
The Changjiang mouth is about 38.4 km wide, leading to
a Kelvin number (K) of about 1.63 at station A and 1.64
at station B. In other words, the effect of earth rotation is
important for the Changjiang plume.

Beside sea level variations, the top upper layer is 5 m
thick on average and the thickness of each layer is 85% of
that immediately below. With 33 levels in the vertical, the
maximum basin depth reaches 6018 m. The horizontal mix-
ing coefficient is 5000 m? s! for momentum, 50 m? s! for
temperature and salinity. Coefficients of vertical viscosity
and diffusivity are calculated from the Richardson number
according to the formulation of Pacanowski and Philander
(1981). All solid boundaries are impermeable, impenetrable
and no-slip except the bottom, where we impose quadratic
bottom friction with a drag coefficient of 0.0015, which
seems optimal for the development of semidiurnal tides
(Guo and Yanagi 1998).

Monthly climatology wind (NCEP data, averaged from
1979 to 2006) is used as default values to drive the subtidal
circulation. Figures 1b and ¢ show, respectively, the wind
stress in August and December. On one occasion, we also
use the monthly climatology wind of Hellerman and Rosen-
stein (1983) as a diagnostic tool to illustrate the sensitivity
of Changjiang plume detachment to wind strength. Leav-
ing tidal currents aside, Table 1 lists monthly mean inflows
and outflows through open ocean boundaries of the model
domain. For the Changjiang discharge, Table 2 lists the
monthly mean inflow, temperature and salinity as compiled
by the Global Runoff Data Center of the Federal Institute of
Hydrology in Germany.

We also impose tidal elevations and currents on open
boundaries using the result from a 2-D barotropic tide mod-
el with 1/12° resolution (Hu et al. 2010). Their tide-induced
sea level contains 6 tidal constituents (P,, O,, K;, N,, M,,
and S,). Using parameters extracted from their model, our
tide-induced sea level is

o= i JaSucos(w,t +6,) 3)

n=1

where f, is the nodal factor, ¢, is the sea level, w, is the fre-
quency and 6, is the phase lag of each tidal constituent. Our
model year is climatologic in the sense that, in addition to
using monthly climatologic forcing, each month is 30 days
long. To simulate tides in one particular year, time-explicit,
intra-monthly forcing can be used to drive subtidal circu-
lation and add the proper initialization phase (phase angle
of equilibrium tides and nodal angle) to Eq. (3). However,
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Table 1. Monthly transport (in Sv) through open ocean boundaries. Positive and negative transport correspond to inflow and outflow, respectively.

Month January February March April May June July August September October November December
Taiwan Strait 0.5 0.5 1.5 1.5 22 23 23 24 24 1.5 0.5 0.5
Kuroshio Inflow 220 220 225 230 24.0 235 235 28.0 28.0 22.0 21.0 220
Kuroshio Outflow  -20.24 -20.62 -2227 2263 -2396 -2304 -2253 -26.74 -26.59 -19.83 -18.2 -19.72
Tsushima Straits -2.27 -1.89 -1.75 -1.89 228 280 -332  -371 -3.85 -3.71 -3.33 -2.80

Table 2. Monthly discharge (in Sv), temperature (in °C) and salinity (in psu) for the Changjiang outflow.

Month January February March April May June July August September October November December
Discharge 001 0013 0016 0023 0037 0.042 0.05 0.045 0.043 0.037 0.025 0.016
Temperature 8.0 9.0 12.0 14.0 18.0 220 250 25.0 23.0 18.0 14.0 10.0
Salinity 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0

this is not the focus of the model predictions used here, but

rather to understand tidal effects on subtidal circulation.
Assuming linearity (Dean and Dalrymple 1984; Pugh

1987), corresponding tidal currents on open boundaries are

6
Vtidal current = ¥ g/D Zlﬁl S‘n Cos (a)nt + 6}1) (4)

n=

where D is the undisturbed water depth on open boundaries.
The net water flow normal to each open boundary is therefore
Viormal = Vmomhly mean current + Vidal currents Where Vmonlhly mean current 1S
derived from monthly mean transport through open bound-
ary as listed in Table 1. Starting from a motionless state, we
spin up the model with and without tides for two years to
eliminate the initial transients, and use the year-3 result to
facilitate discussion.

3. MODELED CO-TIDAL AND CO-RANGE
CHARTS

The marine atlas compiled by China Ocean Press (Chen
et al. 1992) suggested two amphidromic points for M, and
S, tides in Bohai Sea and its northern reach, Liaodong Bay.
Some tidal models have since targeted the reproduction of
the two amphidromic points as a measure of accuracy (Guo
and Yanagi 1998). Apparently, the target must be met us-
ing sensible but often costly choice of parameters, among
which the crucial ones are bed drag coefficient, grid size and
accurate representation of coastline and bottom bathyme-
try, etc. Following Guo and Yanagi (1998) and Lefevre et
al. (2000), we have adopted the same bed drag coefficient
(C4=0.0015) in this study. Modeled sea level fields are har-
monically decomposed for each major tidal constituent fol-
lowing Foreman and Henry (1979).

Figure 2 shows the consequent co-phase and co-range
charts. For M, and S, tides, the three-dimensional model
reproduces two amphidromic points each in Bohai and the
Yellow Sea (Figs. 2a and b). The result resembles Yanagi et
al. (1997), Guo and Yanagi (1998), Wu et al. (2011), and,
most closely, Lefevre et al. (2000). The northern Bohai am-
phidromic point in Liaodong Bay is not as well developed as
that seemingly suggested by the Chinese marine atlas (Chen
et al. 1992). Since Liaodong Bay is a narrow inner reach of
Bohai, better grid resolution with more accurate bathymetry
representation seems necessary to better examine the amphi-
dromic system. For M, and S, tides in the Yellow Sea, the
model also reproduced the two well known amphidromic
points, one to the south and the other off the northeastern tip
of the Shandong peninsula. The modeled M, amplitude off
the western side of the Korean peninsula and Changjiang
mouth is large (Fig. 2a), in agreement with Guo and Yanagi
(1998) and Wu et al. (2011). For K, and O, tides, the model
reproduced one amphidromic point each for the Yellow Sea
and Bohai (Figs. 2c and d). Overall, the model captured the
observed locations and amplitudes of amphidromic systems
reasonably well. Diurnal amphidromic systems also de-
velop better than semidiurnal ones. This is understandable
because, through discretization, numerical models resolve
longer waves better. South of the Changjiang mouth, active
tidal propagation as coastal Kelvin waves leads to the con-
spicuous absence of amphidromic points.

4. MEAN CURRENTS WITH AND WITHOUT TIDES

Figure 3 shows the mean circulation at 2.5 m depth in
summer (August) and winter (December) with and without
tides. The average is over the first two spring-neap cycles
of each month. Without tides, the averages (Figs. 3a and b)
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essentially show the monthly mean circulation patterns in
August and December, respectively. Off northeast Taiwan,
part of the Kuroshio intrudes onto the continental shelf of
the East China Sea. The major portion turns from northward
to eastward and thereafter follows the shelf break northeast-
ward. The northward Taiwan Warm Current also enters the
East China Sea from the Taiwan Strait and flows northeast-
ward to join the main stream of the Kuroshio at about 28°N.
The summer subtidal circulation in the Yellow Sea and Bo-
hai is weak. Judging from the weak condition, its ability to
influence Changjiang plume should be very limited.

The mean surface circulation in winter (Fig. 3b) also
matches expectations (Nitani 1972; He and White 1987;
Lee and Chao 2003). Currents over the East China Sea are
mostly downwind (southwestward) as expected. Under the

40°N

35°N

30°N

25°N

40°N

125°E

130°E

north-northeast monsoon, the on-shelf Kuroshio intrusion
off northeast Taiwan becomes more pronounced. The win-
ter monsoon also blocks the northward Taiwan Warm Cur-
rent from entering the East China Sea to a great extent, and
produces a narrow band of southwestward China Coastal
Current from Changjiang mouth to the Taiwan Strait. It
should be noted that winter blocking of the Taiwan Warm
Current is more persistent under monthly climatologic
winds. On event-like time scales, the Taiwan Warm Current
could regain strength briefly after occasional relaxations of
northeast winter monsoon (Wu et al. 2007). We will briefly
return to this point in sections 9 and 10. Farther north in the
Yellow Sea and Bohai, the winter subtidal circulation also
weakens with distance away from the East China Sea.
Including tides, the mean circulation after averaging
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Fig. 2. Modeled co-tidal lines (solid lines in
degrees) and co-range lines (dashed, blue lines
in cm) for (a) M, (b) S, (c) K, (d) O, tides.
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Fig. 3. Modeled surface flow fields (a) without tides for August, (b) without tides for December, (c) with tides for August and (d) with tides for
December at 2.5 m. All results are time-averaged over the first two spring-neap periods of the month.

over the first two spring-neap cycles in August (Fig. 3c) and
December (Fig. 3d) seemingly differ little from the corre-
sponding circulation without tides (Figs. 3a and b). Upon
closer examination, however, with tides, it can be seen that
seaward deflection of both the Taiwan Warm Current from
the Taiwan Strait and the Kuroshio off northeast Taiwan
occurs at lower latitudes. More details on this will be il-
lustrated in section 9. As we shall see in sections 6 and 7,
these tide-enhanced seaward deflections have consequences
for the Changjiang plume dispersal and even subtle changes
in the tidal residual flow. In the Yellow Sea and Bohai, the
mean circulation remains more or less in the same calm con-
dition whether tides are included or not.

5.INTRA-TIDAL CIRCULATION

Tides bring richness to the shelf circulation. Instanta-
neous snapshots of tidal currents are rather incomparable
with the mean flow and therefore difficult to merge with
the present context. We briefly illustrate and discuss below
the tide-induced, instantaneous circulation anomalies within
a diurnal period. We do so by subtracting subtidal, surface
layer circulation (at 2.5 m depth) from corresponding circu-
lation that includes tides. For the summer, Fig. 4 shows tide-
induced circulation anomalies on August 1 at 6, 12, 18 and
24 hours. In general, tidal currents over the shelf are as com-
parably strong as the surface Kuroshio off the shelf break.
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Fig. 4. Tide-induced surface flow anomalies at (a) 6, (b) 12, (c) 18 and (d) 24 hours on August 1.

This inspires confidence that tidal currents may exert their
influence on the subtidal circulation over the shelf. We will
elaborate this point in section 9. As noted in Guo and Yanagi
(1998) and Lefevre et al. (2000), predominantly semidiur-
nal tidal currents are quite energetic off Changjiang mouth.
These semidiurnal tides produce convergent and divergent
tidal fronts to the north and south of Changjiang mouth. A
convergence to the north is paired with a divergence to the
south and, in half a semidiurnal cycle, a reverse pair would
appear. Tidal currents are also notably strong in the Taiwan
Strait, along the stretch of China coastline from Changjiang
mouth southward, in the northern stretch of the East China
Sea bordering Changjiang, and in the Yellow Sea and Bo-
hai. Further, tidal currents converge and diverge twice daily

near the northern Taiwan Strait; observations lend support to
this (Hu et al. 2010). Corresponding winter features, though
different in strength because of changes in stratification and
wind stress, are similar and will not be illustrated here.

6. CHANGJIANG PLUME DISPERSAL

Without tides, Figs. 5a and b show the instantaneous sea
surface salinity (SSS) to highlight the Changjiang plume on
August 1 and December 1, respectively. In summer (Fig. 5a),
the generally northward current over the shelf, mostly coming
from the Taiwan Strait, suppresses the would-be southward
plume expansion. Rather, the plume disperses mainly to the
northeast. In winter (Fig. 5b), the north-northeast monsoon
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Fig. 5. Instantaneous sea surface salinity (SSS) (in psu) for the Changjiang plume: (a) without tides on August 1, (b) without tides on December 1,

(c) with tides on August 1 and (d) with tides on December 1.

essentially eliminates most of the northward plume excursion
into the Yellow Sea. In its place is the salinity intrusion into
the Yellow Sea. Further, the north-northeast monsoon forces
the plume to intrude southwestward as a narrow band hug-
ging the coast of China, reaching as far south as the middle
reaches of the Taiwan Strait.

By including tides, Figs. 5c and d show the corre-
sponding SSS on August 1 and December 1, respectively. In
summer (Fig. 5c), tidal currents shift the core of the plume

slightly to the south of Changjiang mouth and therefore
bring the model result closer to observations (e.g., Moon
et al. 2010). The northward intrusion into the Yellow Sea is
much reduced. Conceivably, tide-induced flushing reduces
the residence time of Changjiang plume in the Yellow Sea.
The southward plume expansion along the China Coast is
also visibly enhanced. The plume northeast of the Changji-
ang mouth becomes more saline and less expansive. Fur-
ther, tides break the otherwise single core northeast of the
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Changjiang mouth (Fig. 5a) into two (Fig. 5¢), as delineated
by 31 psu contours. The offshore detachment of the summer
Changjiang plume has been discussed (Lie et al. 2003) and
reproduced by numerical models (e.g., Moon et al. 2010;
Wu et al. 2011).

In winter, tides also perturb Changjiang plumes
(Fig. 5d). In the Yellow Sea, tides cause the winter plume
to recede farther south (Fig. 5¢). Apparently, periodic tides
flush out remnants of plume water north of Changjiang
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mouth from the preceding summer at a faster rate. By com-
paring Figs. 5b with d, tidal effects on the winter plume
dispersal south of the Changjiang are less clear and need
clarification as shown in Fig. 6.

To quantify further, Figs. 6a and b show instantaneous
tide-induced SSS anomalies on (a) August 1 and (b) Decem-
ber 1. These anomalies are derived by subtracting the sub-
tidal plume (without tides) from the corresponding simula-
tion with tides. August 1 (Fig. 6a) is a typical summer case;
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Fig. 6. Tide-induced SSS anomalies (in psu) on (a) August 1 and (b) December 1. Positive and negative values indicate tidal enhancement and
reduction, respectively. Also shown are tidal residual currents at 2.5 m for (c) August and (d) December.
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the near-shore anomaly is positive seaward, north and south
of the Changjiang mouth, indicating much diluted Changji-
ang plume (or enhanced SSS) due to the presence of tides.
Farther seaward and well south of the Changjiang mouth,
the SSS anomaly is negative, indicative of freshening by
tide-induced plume expansion. In winter, Figure 6b, tidal ef-
fects also reduce the plume concentration (or enhance SSS)
seaward, north and south of Changjiang mouth.

We briefly comment on the summer plume detachment
below in support of previous numerical findings (Moon et al.
2010; Wuetal.2011). Figure 7 illustrates an eddy detachment
event from August 12 to August 21. On top of the four-panel
set is the model-derived sea level variation at the Chanjiang
mouth and the times of snapshots during spring tide (time 1)
and neap tide (time 2). Left panels (al and 2) show the mod-
el-derived SSS using the default NCEP monthly climatology
winds, whereas right panels (bl and 2) show the correspond-
ing results if the model is driven by the monthly climatol-
ogy winds of Hellerman and Rosenstein (1983). Indepen-
dent of wind products, plume detachment occurs preferably
during spring tides (al and bl). The vigor of the detached
lens and its subsequent northeastward movement is propor-
tional to the wind strength. In August, the average south-
easterly wind between 28° and 36°N is only 0.03 dyne cm?
with NCEP climatology, but is equal to 0.2 dyne cm? with
Hellerman-Rosenstein climatology. The latter drives a more
vigorous and clear-cut lens shedding (b1l and 2). Further,
lens shedding owes its existence to tidal strength. A 50%
reduction of tidal strength, for example, would eliminate the
summer plume detachment.

7. TIDAL RESIDUALS

Tides shift the Changjiang plume southward in summer
but not in winter. To investigate further, Figs. 6¢ and d illus-
trate current anomalies or tidal residual currents, derived by
subtracting time-averaged subtidal currents at 2.5 m depth
(without tides) from corresponding simulations with tides
for August and December, respectively. The averages are
over the first two spring-neap cycles of the month. This tidal
residual current is an intuitive way to measure how tides
redistribute their energy in the presence of barotropic and
baroclinic tidal propagation, mesoscale density-flow varia-
tions, and background tidal dissipation. We choose 2.5 m to
illustrate the tidal residual current but also note its vertical
coherence and slow attenuation with depth.

In the summer, using August as an example (Fig. 6¢),
notably strong tidal residual flow is northward off western
Korea, in agreement with earlier tidal models with or with-
out ambient stratification (Lee and Beardsley 1999). Off
the Changjiang mouth, the residual flow is an anticyclonic
eddy with a strong seaward flow and weak return flow to
the south. The seaward residual flow could conceivably en-
hance the ability of the plume to detach offshore. Off from a

wide estuary mouth such that the earth rotation is important,
an anticyclonic eddy develops better especially if the width
of the mouth is comparable to the baroclinic Rossby radius
(Chao 1990). Of particular importance to the Changjiang
plume dispersal is a southward coastal tidal residual flow
from the Changjiang mouth to the Taiwan Strait. This tidal
residual current, ranging up to 17 cm s, is vertically coher-
ent and attenuates slowly with depth. Recall that, in the ab-
sence of tides, the subtidal current from the Taiwan Strait to
the Changjiang mouth is northward (Fig. 3a). The southward
tidal residual flow essentially offset the northward subtidal
current. The cancellation would reduce the northward pres-
sure gradient force that pushes the Changjiang plume north-
eastward toward the Yellow Sea. It also allows the Changji-
ang plume to disperse southward along the China coastline.

In winter (Fig. 6d), the northward tidal residual flow
grows even stronger off the west coast of the Korea pen-
insula. Off Changjiang, the residual anticyclonic eddy also
becomes stronger. As in summer, the seaward portion of the
flow associated with the anticyclone is capable of inducing
net offshore plume movement off the Changjiang mouth.
However, the much reduced Changjiang discharge makes
isolated lens shedding difficult. South of the Changjiang
mouth, the coastal tidal residual flow fails to organize to en-
hance southward transport of the Changjiang plume. In con-
sequence, tides reduce southward expansion of the Changji-
ang plume along China coast in winter (Fig. 6b).

The summer residual flow enhances the Changjiang
plume dispersal. We illustrate its vertical structure along
27°N. To establish the background state first, Fig. 8 shows
the mean meridional flow (a), temperature (b), salinity (c) and
density (d) along 27°N in the top 100 m averaged over the
first two spring-neap periods of August. The results are from
the experiment that excludes tides; its corresponding surface
circulation was shown in Fig. 3a. The background state har-
bors a northward mean flow in water depths shallower than
90 m (Fig. 8a). Farther seaward, there is a return (southward)
flow over the mid-shelf. Even farther seaward, the Kuroshio
Current is strongly northward. The density structure in sup-
port of geostrophic currents (Fig. 8d) is mainly controlled by
temperature (Fig. 8b) rather than by salinity (Fig. 8c).

Tidal residual signals along 27°N (Fig. 9) tell more.
Again, residuals are defined as the average of model results
with tides minus corresponding ones without tides over the
first two spring-neap periods in August. In regions shallower
than 50 m, the mostly southward, barotropic residual current
(Fig. 9a) carries colder, fresher and lighter waters southward
(Figs. 9b, c, and d); these are remnants of southward Kel-
vin wave propagation. Over the mid-shelf, the tidal resid-
ual current becomes increasingly baroclinic and northward
(Fig. 9a). In addition, tidal residuals bring a mid-depth core
of warmer, fresher and lighter anomalies to the mid-shelf
(Figs. 9b, c, and d). The region off northern tip of Taiwan
is famously known for the confluence of Kuroshio water



Tidal Effects on Circulation

243

= e b
- W\x \J \vf\: I \/ o

(bl)

32°N 32°N

120°E 124°E 128°E 120°E 124°E 128°E

32°N

28°N
120°E 124°E 128°E 120°E 124°E 128°E
29 30 31 32 33 34 35 29 30 31 32 33 34 35

Fig. 7. Summer Changjiang plume detachment as indicated by SSS (in psu). On top of the four-panel set is the modeled sea level elevation at the
Changjiang mouth from August 9 to 24 with two time marks during spring tide (time 1) and neap tide (time 2). Below sea level time series, left
panels (al and 2) are under NCEP monthly climatology wind at time 1 (August 12) and time 2 (August 21), respectively. Right panels (bl and 2)

are corresponding results under Hellerman-Rosenstein monthly climatology wind.
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and Taiwan Strait water; the latter is warmer, fresher and
lighter. Tracking the mid-depth core latitude by latitude in
our model further would confirm its Taiwan Strait origin. In
other words, the northward tidal residual flow over the mid-
shelf north of Taiwan in summer (Fig. 6¢) enhances the con-
tribution of Taiwan Strait waters to the region. Obviously,
these residual anomalies will not show up if the temperature,
salinity and density are homogeneous in the north-south di-
rection before the tidal effects occur. The suspended core of
mid-shelf temperature, salinity and density residuals in mid-
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depths must be preconditioned by corresponding north-south
gradients before tidal effects are included in the model.

8. SUMMER UPWELLING OFF SOUTHEAST
CHINA

Figures 10a and b show the instantaneous density (0,)
fields at 2.5 m depth without tide in the East China Sea in
summer (August 1) and winter (December 1), respectively.
In summer (Fig. 10a), the density field is understandably low
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Fig. 10. Modeled density fields, o, (kg m?), at 2.5 m depth (a) without tides on August 1, (b) without tides on December 1, (c) with tides on August 1

and (d) with tides on December 1.
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in the Changjiang plume region because of freshening. South
of the Changjiang plume, near-shore upwelling increases
density modestly all the way to the northern reaches of Tai-
wan Strait. The near-shore upwelling is vertically coherent,
extending through the entire water column. The August mon-
soon wind (Fig. 1b) is not even upwelling-favorable. As we
will illustrate later, the near-shore upwelling coexists with
the Taiwan Warm Current. In winter (Fig. 10b), the north-
northeast monsoon drives Changjiang plume water down the
coast, creating a coastal band of light water all the way to the
Taiwan Strait. The winter north-northeast monsoon is strong
and downwelling-favorable. It also suppresses the would-be
northward intrusion of Taiwan Warm Current into the East
China Sea and hence inhibits the near-shore upwelling off
southeast China.

Including tides, Figs. 10c and d show corresponding
o, fields in summer (August 1) and winter (December 1),
respectively. In summer (Fig. 10c), tides reduce the buoyant
pool off the Changjiang mouth considerably, but the near-
shore upwelling off southeast China is markedly enhanced
by tides. As we will further elaborate later, tides not only en-
hance the near-shore upwelling but also alter the path of the
Taiwan Warm Current. In winter (Fig. 10d), tides slightly
impede southward propagation of Changjiang-forced, buoy-
ant coastal jet along southeast coast of China; the near-shore
upwelling is conspicuously absent off southeast China.

9. TIDAL EFFECTS ON THE EAST CHINA SEA
MEAN FLOW IN SUMMER

To see tidal effects on the East China Sea summer mean
flow in another light, Fig. 11 shows a composite, close-up
derived from Figs. 3a and 6¢. The vector plot, from Fig. 6¢,
is the tidal residual flow at 2.5 m in August, derived by sub-
tracting mean flow without tides from the corresponding
flow field with tides and then averaging over the first two
spring-neap periods of the month. Curved, broad arrows in-
dicate the axis of Taiwan Warm Current (in gray) and the
Kuroshio (in black) in the absence of tides, derived from
the mean flow after averaging over the first two spring-neap
periods of August at 2.5 m (Fig. 3a). Both currents are de-
flected seaward in the lower East China Sea. Tidal effects on
the Taiwan Warm Current and the on-shelf intrusion of the
Kuroshio meander are clear in Fig. 11. Following each me-
ander current seaward, tide-induced flow anomalies weaken
or offset the current on the left side but strengthen or rebuild
it on the right side. In other words, they essentially force the
Taiwan Warm Current and Kuroshio meander over the shelf
to deflect to deeper waters at lower latitudes. The deflection
to deeper water has interesting consequences.

Why do tides shift Taiwan Warm Current and on-shelf
intrusion of Kuroshio meander southward? The southern end
of the East China is connected to the Taiwan Strait. From
the Changjiang mouth southward, the dominant tides in the

East China Sea consist of a series of coastal Kelvin waves
propagating southward. In half of the tidal cycle (or wave-
length) with high sea level, both tidal current with higher
water level and therefore slightly faster tidal propagation
are southward, pounding more strongly on the southern end
of the East China Sea. In another half of the tidal cycle (or
wavelength) with low sea level, tidal current with lower wa-
ter level is northward while the slightly slower tidal propa-
gation is still southward. As far as the receiving (southern)
end of the East China Sea is concerned, this half period of
withdrawal is gentler. After a continuous series of stronger
southward pounding and gentler northward withdrawal, the
net tidal effect could conceivably force the Taiwan Warm
Current to deflect seaward at lower latitudes in summer.
The foregoing argument requires an illustration of how
tides redistribute the pressure. Figure 12 shows the tide-in-
duced pressure anomaly at 2.5 m depth in August. The pres-
sure anomaly, accounting for horizontal variations of both
sea level and density, excludes subtidal contributions by
subtracting the pressure field without tides from correspond-
ing pressure field with tides and then averaging over the first
two spring-neap periods of August. Focusing on the lower
East China Sea from the Changjiang mouth southward, the
tidal residual after a series of Kelvin wave propagation with
alternating highs and lows produces an inner-shelf band of
high pressure residuals along the southeast coast of China.
This inner shelf high pressure anomaly makes a cyclonic U-
turn in the Taiwan Strait and, after exiting the Taiwan Strait,

35°N
30°N
&  Tidal impact
on Taiwan Warm e
Current and Kuroshigrs
25°N

Fig. 11. A close-up of the summer axis of the Taiwan Warm Current
(in gray, broad and curved arrow) and Kuroshio (in black, broad and
curved arrow) derived from the model results at 2.5 m depth without
tides, superimposed on the tide-induced flow anomaly at 2.5 m depth.
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Fig. 12. Tide-induced pressure anomaly (in Nt m) off southeast China
at 2.5 m below mean sea level for August. Low pressure anomalies A
and B in the southern East China Sea coincide with regions where the
Taiwan Warm Current and Kuroshio meander are deflected eastward
due to tidal effects.

becomes a mid-shelf high anomaly off northern tip of Taiwan.
The U-turn is the well known result of Kelvin wave reflection
from the sudden deepening of topography in the lower reach-
es of the Taiwan Strait (Jan et al. 2002). The inner shelf high
could conceivably squeeze the axis of Taiwan Warm Current
somewhat eastward (Fig. 11) and produce southward tidal
residual flow along southeast coast of China (Fig. 6¢). The
eastward shift of Taiwan Warm Current, in turn, produces a
low pressure anomaly (A) some distance north of Taiwan in
Fig. 12. Further, the high pressure anomaly off the northern
tip of Taiwan could conceivably shift the on-shelf intrusion of
Kuroshio meander off northeast Taiwan eastward (Fig. 11).
The eastward shift, in turn, produces the low pressure anom-
aly (B) off northeast Taiwan in Fig. 12.

When a left-bounded boundary current in the northern
hemisphere is, for some reason, deflected seaward, upwell-
ing usually develops to fill part of the void. This occurs in
many parts of the ocean, and are too numerous to discuss
here. To the south of Japan, the sometimes occurring large
meander state of the Kuroshio path often induces upwelling
off Shionomisaki (Shoji 1972). Off southeast US, similar up-
welling also occurs after the Gulf Stream flows past the so-
called Charleston Bump (Xie et al. 2007). Off northeast Tai-
wan, the seaward (eastward) deflection of the Kuroshio also
induces similar upwelling (Wu et al. 2008). In the present
case of the Taiwan Warm Current, the sudden loss of lateral
confinement provided by Taiwan coast triggers the seaward

deflection. Figure 13 illustrates two likely consequences.
In Fig. 13a, the seaward deflection induces a cyclonically
sheared current on the shoreward side. In Fig. 13b, the sea-
ward deflection is strong enough to induce a cyclonic eddy
on the coastal side. Either way, upwelling normally occurs
on the coastal side to fill part of the void. The initially low
pressure zone caused by the seaward deflection could initi-
ate upwelling. Also, the bottom Ekman transport associated
with the partially northward meander current is shoreward
and favors upwelling on its shoreward side. The distinction
between the two mechanisms may not have practical impor-
tance because both contribute to upwelling on the coastal
side. Conceivably, more drastic seaward deflections (such
as that enhanced by tides) should induce stronger upwelling
and stronger cyclonic current shear on the shoreward side.

Off southeast China, the summer upwelling (Figs. 10a,c),
the southward tidal residual flow (Fig. 6¢) and the seaward
deflection of Taiwan Warm Current (Fig. 11) appear to be a
trinity; none seems able to survive in the absence of others.
Local winds do not seem relevant, as summer climatology
winds used to drive the model are either faintly or not even
upwelling favorable off southeast China. If the Taiwan Warm
Current is forced to deflect at lower latitude, in the present
example by tides, the coastal upwelling and southward tid-
al residual current off southeast China grow concurrently.
In winter, under the strong northeast monsoon, the Taiwan
Warm Current becomes weak to nonexistent and the coastal
upwelling off southeast China disappears. In consequence,
none of the three components survive. However, if we ter-
minate the northeast monsoon in winter for a few weeks or
longer, it can be verified that the three (coastal upwelling,
southward tidal residual flow and seaward deflection of Tai-
wan Warm Current off southeast China) reappear together.
Further, tides will strengthen the three processes as in the
summer case. An illustration of the wind relaxation experi-
ments is not included here.

10. OBSERVATIONS OFF SOUTHEAST CHINA

Summer upwelling off southeast China has received
little attention. Since the construction of Three-Gorge Dam,
a long-term biogeochemical monitoring program to track the
inter-annual variation of the productivity of the East China
Sea has been conducted. Hydrographic measurements have
been included as a core monitoring program. Results from
the long-term monitoring lend further support to the existence
of winter China Coastal Current from the Changjiang south-
ward. These observations are inadequate to delineate tidal ef-
fects. Nevertheless, summer upwelling off southeast China
can be better understood. We use results from the winter
2008 (from Ocean Research I cruise 855) and summer 2007
(from Ocean Research I cruise 836) to facilitate discussion.
The winter cruise was particularly rare because of treacher-
ous sea conditions under the north-northeast monsoon.
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Figure 14 shows ship tracks and stations for the winter
cruise (a) and summer cruise (b). Winter stations are un-
derstandably fewer than summer stations. On average, the
time lag between CTD-Biogeochemical stations was about
6 hours in winter and 7 hours in summer. Weather permit-
ting, the measurement depths were maintained at 2, 10, 25,
50, 75,100, 125, 150, 175, 200, 250, and 300 m as much as
possible. It took about 9 days (January 1 - 9, 2008) and 11
days (July 1 - 11, 2007) to complete the winter and sum-
mer cruises, respectively. Tidal aliasing among stations was
a concern. However, prevalent sea conditions as revealed
below by the quasi-synoptic satellite images of sea surface
temperature (SST) and sea surface height anomaly (SSHA)
far outweighed tidal aliasing.

Figure 15a shows a time series of 3-hourly wind sticks
at Pengjiayu Islet (122°04°17°E, 25°37°46°’N) shortly
before, during and after the winter observation period, fol-
lowed below by satellite-derived SST averaged over the
winter observation period (Fig. 15b), observation-derived
temperature (Fig. 15c), salinity (Fig. 15d) and density
(Fig. 15e) at 3 m depth. SST is retrieved from the infrared
bands of Moderate Resolution Imaging Spectroradiometer
(MODIS). In-situ observations, delineated by a window in
the wind time series (Fig. 15a), were conducted in a rela-
tively quiescent period between two episodes of northwest-
erly winds. The SST (Fig. 15b) shows a coastal band of cold
water stretching southward from the Changjiang mouth.
This is the well-known China Coastal Current driven by the
winter north-northeast (and hence downwelling-favorable)
monsoon. The downwelling-favorable wind is expected
to not only bring surface shelf waters shoreward but also
produce a southward coastal jet that carries northern, cold-
er water southward. Temperature (Fig. 15c) and salinity
(Fig. 15d) increase seaward over the East China Sea shelf,
indicative of the shoreward Kuroshio intrusion in winter.
Combining temperature and salinity together, the water
density (Fig. 15e) is only slightly buoyant along China
coastline. Hydrographic data at other depths showed similar
coastal anomalies and are not shown here.

Figure 16 shows corresponding results in summer 2007.
The time series of 3-hourly wind sticks (Fig. 16a) covers the
observation period delineated by a time window, in which
winds were mostly about 6 m s southerly. Recall that the spa-
tial-temporal averaged climatology winds in similar summer
setting (August) are not even upwelling-favorable (Fig. 1b).
The satellite-derived SST (Fig. 16b) shows a coastal band
of cold anomalies along China south of 30°N. The observed
wind stress at this time, about 0.56 dyne cm?, was too weak
to drive a strong coastal upwelling. On the other hand, the
climatology wind stress used to drive the circulation model at
this time (Fig. 1b) is even much weaker, about 0.02 dyne cm™.
Instead, our numerical results suggest that tides and seaward
deflection of Taiwan Warm Current drove the summer up-
welling off southeast China (Figs. 10a and c¢). The temperature
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Fig. 13. Seaward deflection of a left-bounded boundary current in the
northern hemisphere, consequent upwelling and (a) cyclonic current
shear or (b) cyclonic eddy on the shoreward side.
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Fig. 14. Ship tracks of CTD stations in (a) winter 2008 and (b) summer
2007 visited by Ocean Research I of Taiwan (OR1). Dashed isobaths
are in meters. Time lags between stations are about 7 hours in summer
and 6 hours in winter.
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at 3 m (Fig. 16¢) increases only mildly seaward over the East
China Sea shelf in summer, indicative of reduced Kuroshio
intrusion. The salinity field at 3 m (Fig. 16d) shows Changji-
ang diluted water only in the vicinity of Changjiang mouth,
unable to expand southward as one would expect under the
summer southwest monsoon. Combining temperature and
salinity, density field at 3 m (Fig. 16e) shows a tongue of
upwelled denser water stretching from China coast around
28°N northeastward. The loosely trapped band of cold wa-
ter along the coast deviates considerably from the traditional
wind-driven coastal upwelling scenario. As we will illustrate
in Fig. 17, the empirically estimated transport in the Taiwan
Strait was reasonably strong and northward at this time. The
seaward deflection of Taiwan Warm Current coming out of
the Taiwan Strait in summer is expected to occur in conjunc-
tion with this upwelling. Hydrographic data at other depths
show similar anomalies and will not be illustrated.

The mostly northward transport of the Taiwan Warm
Current is known to increase in summer but decrease in win-
ter after the arrival of the northeast monsoon. To quantify fur-

ther, Wu and Hsin (2005) related the strait transport (7" in Sv)
to the hourly averaged along-strait wind stress (T in dyne cm™?)
as T =106t + 1.99, where both T and t are positive north-
ward. Using the nearby Pengjiayu Islet hourly winds, we cal-
culated the corresponding wind stress following Yelland and
Taylor (1996). Figure 17 shows hourly Taiwan Strait trans-
port (in black) and time-smoothed transport (in red) derived
from wind stress (in blue) measured at Pengjiayu Islet meteo-
rological station for (a) winter 2008 and (b) summer 2007.
Windows in the two panels delineate the two seagoing obser-
vation periods. Despite the north-northeast monsoon, the Tai-
wan Strait transport is mostly northward but much reduced
in winter. In summer, The Taiwan Strait transport increases
markedly with the disappearance of the northeast monsoon.
This is the time of summer upwelling off southeast China.
Sea surface height anomalies (SSHA) can also be used
to further distinguish summer and winter cold anomalies
along the southeast coast of China apart. SSHA is derived
from Archiving, Validation and Interpretation of Satellite
Oceanographic data (AVISO), which is a delayed time
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Fig. 17. Empirical estimates of volume transport in the Taiwan Strait based on hourly wind stress derived from Pengjiayu Islet station in (a) winter
2008 and (b) summer 2007. Positive transport is northward. Time averaging in red was done with a moving window 15 hours wide.
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assimilation of processed Jason-1, Jason-2, T/P, Envisat,
GFO, ERS1/2 and even Geosat data. SSHA are computed
as the averaged deviation of sea level height during our
winter and summer observation periods from the all time
mean (mean sea surface) of the same product. Figure 18a
shows SSHA averaged over the winter observation period
in 2008; high sea level anomaly accompanied the cold water
off southeast China (Fig. 15b), suggesting a downwelling
coastal jet that carries northern, colder water southward. In
summer (Fig. 18b), low sea level anomalies occurred con-
currently with cold water appearance off southeast China
(Fig. 16b). This is a telling feature of near-shore upwelling.

11. CONCLUSIONS

Building on a previously validated circulation model
driven by monthly climatology (Lee and Chao 2003), we
have incorporated tides in the model to examine their ef-
fects on Changjiang plume dispersal and the mean circu-
lation mostly off southeast China. With or without tides,
the model captures major circulation features such as the
Kuroshio, the Taiwan Warm Current and the China Coastal
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Fig. 18. Sea surface height anomalies (SSHA) averaged over observa-
tion periods in (a) winter (January 1 - 9) 2008 and (b) summer (July

1-11)2007.

Current reasonably well. Tidal currents energize the shelf
circulation further. Following SSS, we have examined the
Changjiang plume and tracked the dispersal with and with-
out tides. In summer, tidal currents consistently displace the
plume somewhat to the south and therefore bring the results
from the model closer to observations. This occurs with the
development of southward residual tidal flow off southeast
China. In winter, tidal currents reduce the plume concentra-
tion seaward, north and south of Changjiang mouth.

The summer offshore detachment of Changjiang plume
is also noteworthy. Tides produce a residual anticyclone off
Changjiang mouth with a strong seaward flow in the north
and a weak return flow to the south. If tides are sufficiently
strong during spring tide, the predominant seaward tidal re-
sidual flow could conceivably enhance the plume’s ability
to detach seaward. As discussed in Moon et al. (2010), Wu
et al. (2011) and the present work, southerly winds also en-
hance the summer plume detachment.

In the East China Sea, the south-southwest monsoon is
too weak to stand out in summer. Under this setting, tides
suppress the northward expansion of Taiwan Warm Current,
enhance near-shore upwelling off southeast China and pro-
duce the southward tidal residual flow off southeast China.
The three phenomena appear to be inseparable; each could
not survive without others. In winter, the north-northeast
monsoon dominates, eliminating the three tide-enhanced
processes altogether. However, if the winter north-northeast
monsoon is allowed to relax sufficiently long, the trinity re-
appears together. In-situ observations and satellite images
help improve our understanding of summer upwelling and
winter appearance of the China Coastal Current.
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