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Abstract

The Changjiang River diluted water (CDW) spreads into the East China Sea (ECS) primarily in a plume pattern,
although in some years, low-salinity water lenses (LSWLs) detach from the main body of the CDW. In-situ
observations indicate that in August 2006, a LSWL detached from the main body of the CDW near the river mouth.
In this paper, the effects of winds, tides, baroclinity and upwelling on LSWLs are explored with a three-
dimensional model. The results show that: (1) winds play a crucial role in these detachment events because wind-
induced northerly Eulerian residual currents impose an uneven force on the CDW and cut it off, thus forming a
LSWL; (2) upwelling carries high-salinity water from the lower layer to the upper layer, truncating the low-salinity
water tongue vertically, which is conducive to the detachment and maintenance of LSWLs; and (3) upwelling
during the evolution of a LSWL is caused by the combined effects of winds and tides. The influences of wind-
induced upwelling are mainly near the shore, whereas the upwelling along the 30 m isobath is predominantly
affected by tides, with the effect increasing from neap tide to spring tide.
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1 Introduction

The Changjiang River (also known as the Yangtze River) di-
luted water (CDW) has a significant impact on the circulation
structure, water mass composition, and sediment deposition in
the Yellow Sea (YS) and the East China Sea (ECS). The CDW gen-
erally enters the YS and ECS and spreads out in a plume and the
surface salinity around the Changjiang River Estuary shows signi-
ficant seasonal variation (Wu et al., 2020) although observations
indicate that isolated low-salinity water lenses (LSWLs) occasion-
ally detach from the main body of the CDW (Pu, 2002). These
LSWLs are an important factor causing area eutrophication and
hypoxia in the Changjiang River Estuary and its adjacent waters
(Xuan et al., 2012); thus, this topic has attracted considerable at-
tention from ecological dynamics scientists (Kim et al., 2009; Li et
al., 2002, 2019; Zhang et al., 2019). Studies on the LSWL mechan-
ism have been conducted. By analyzing observed data from the
area east of Cheju Island, Lie et al. (2003) suggested that the sep-
aration of CDW patches from the shallow shelf area and up-
welling favorable southerly winds in summer are the main con-
tributors. Chen et al. (2008) used the unstructured-grid, Finite-
Volume Coastal Ocean Model (FVCOM) to simulate a LSWL in
the sea west of 123°E and proposed that the detachment of this
LSWL is associated with eddies generated by baroclinic instabil-
ity across the plume front. Using the Regional Ocean Modeling

System (ROMS), Moon et al. (2010) simulated a LSWL under
ideal wind, tide and runoff conditions and suggested that the
strengthening of tidal mixing during the spring tide plays an im-
portant role in the detachment of the LSWL. Wu et al. (2011) in-
dicated that strong upwelling during the spring tide can discon-
nect part of the Changjiang River plume. Xuan et al. (2012) used
the MIT general circulation model (MITgcm) to analyze the dy-
namic mechanism responsible for LSWL detachment and indic-
ated that wind mixing, wind-driven northward currents and
wind-induced upwelling are the three driving forces underlying
the detachment of the LSWL. Using the POM-0-z model, Zhang
et al. (2014a, b) demonstrated that southerly winds push the
CDW northeastward and cut it off, thereby detaching the LSWL,
and they also showed that the intensified tidal mixing during the
spring tide plays a major role in the LSWL detachment process.
Peng et al. (2014) indicated that LSWL detachment depends on
different combinations of wind and tide conditions and that
southerly winds during the spring tide are the main contributors
to LSWL detachment.

Both winds and tides are generally believed to have import-
ant influences on LSWL detachment. In recent years, upwelling
water has been found in the detachment region (Moon et al.,
2010; Wu et al., 2011; Xuan et al., 2012). Although the magnitude
of the upwelling velocity is small, an upwelling can carry saline
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seawater from the bottom to the surface and therefore can signi-
ficantly impact the distribution of salinity, which may be condu-
cive to detachment. However, the role of upwelling water on
detaching the LSWL has not been thoroughly explored; thus, the
effects and dynamic mechanism of upwelling during the evolu-
tion of the LSWL need to be further studied. In this paper, the dy-
namic mechanism of the LSWL observed in August 2006 is stud-
ied with a focus on the effects of upwelling on the LSWL.

2 Characteristic analysis of the LSWL in 2006

The observed data were obtained from a cruise survey car-
ried out during July 27 to August 12, 2006. During the cruise, con-
ductivity-temperature-depth (CTD) instruments were used in the
field program to measure the vertical profiles of water temperat-
ure and salinity. The path of the cruise extended alongshore from
29.8°N to 32.3°N and offshore from 121°E to 128°E. The sea near
the Changjiang River Estuary was the key observation area, and
the minimum latitudinal resolution was (1/9)°.

The distribution of surface salinity in the survey area is shown
in Fig. 1a. The salinity front (less than 22) near the Changjiang
River Estuary extends toward the southeast, thus reflecting the jet
pattern of the CDW (Wang et al., 2012), whereas the CDW from
the Changjiang River Estuary extends northeastward in a plume
pattern. The detachment of the LSWL occurs on the interior side
of the river plume at approximately 31.8°N, 122.7°E. The LSWL
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isolated by the 22 isohaline has an elliptical shape, and the value
of the central closed isohaline is 20. The size of the LSWL (the
diameter of the long axis of the outermost closed isohaline) is
70 km. Figure 1b shows the vertical salinity distribution along
Line A through the center of the LSWL. The upper salinity strati-
fication structure is obvious, and the lower water is mixed uni-
formly. Additionally, the 32 isohaline obviously descends from
west to east. This phenomenon was discussed by Zhao (1993) in
consideration of upwelling.

The distribution of surface temperature is depicted in Fig. 2a.
There is a clear, cold water belt between 122°E and 123°E that has
two cold centers. The first cold center is located at the junction of
the Changjiang River Estuary and Hangzhou Bay, while the
second cold center is located northeast of the Changjiang River
Estuary on the west side of the LSWL. Low surface temperature
reveals the spread of cold water and thus the range of upwelling
(Li et al., 2018). Figure 2b shows the vertical temperature distri-
bution along Line A, and it consists of an upper mixed layer, a
thermocline layer, and a lower mixed layer. The thicknesses of
the upper mixed layer and the thermocline layer are both 5-10 m,
and the isotherm below the thermocline gradually rises from east
to west. Similar to the 32 isohaline, the 25°C isotherm rises from
east to west. Both the isotherms and the isohalines suggest that
cold and saline deep water upwells along the bottom slope.
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Fig. 1. Surface salinity distribution observed in the summer of 2006 with gray circles showing the observation sites (a) , and vertical
salinity distribution along Line A (b). The red triangle in a indicates the center of the LSWL; and the thick solid line in b is the 22

isohaline.
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Fig. 2. Surface temperature distribution observed in the summer of 2006 with gray circles showing the observation sites (a), and
vertical temperature distribution along Line A (b). The red triangle in a indicates the center of the LSWL, and the thick solid line in b is

the 25°C isotherm.
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3 Numerical simulation of the LSWL in 2006

The POM-o-z model (Zhang et al., 2011), which is developed
from the Princeton Ocean Model (Blumberg and Mellor, 1987), is
used in the LSWL simulation. As shown in Fig. 3a, the o coordin-
ate is employed for the current calculation, and the transform is
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Fig. 3. o coordinate for the current calculation (a), and o-z
coordinate for the salinity calculation (b).

where H is the bottom topography, 7 is the surface elevation, and
D=H + 7 is the total water depth. As shown in Fig. 3b, the o-z
coordinate is used for the salinity calculation. The seawater is
vertically divided into two parts, where z=—H, is the interface.
The o coordinate is used in the water above the interface, and the
corresponding transform is expressed as
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In contrast, the z coordinate is used in the water below the inter-
face.

The Eulerian-Lagrangian method (ELM) is used to address
the effect of the current on salinity. The salinity equation used in
the ELM in 0-z coordinates is

ds

—=F 3

= =F 3
ds . . . . .

where A is the total derivative of salinity, which describes the

change in salinity over time. F is the turbulent mixing term. The
expression of F is
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where Fg is the horizontal turbulent mixing term. If a water
particle goes from point p at time nAf to point Q at time
(n+1)At, then we have the expression as

§"(Q) = S"(P) + FAL. )

The change of salinity at point Q at time (n + 1)At is caused
by two kinds of dynamics. One is convection. The water particle
at point Q at time (n + 1)At is substituted by one at point p at

time nAt; therefore, the salinity at point Q at time (n + 1)At
keeps the character at point p at time nAt. The other is eddy dif-
fusion. To determine the effect of current on the salinity calcula-
tion, the location of point p must be determined.

The method of determining the location of point p is as fol-
lows:

x(P) = x(Q) — u"'(Q)At
y(P) =y(Q) — "' (Q)Ar (6)
o(P) =0(Q) — 0"t (Q)At

where u"71(Q), v"1(Q), and ©"T!(Q) are from the linear inter-
polation of the current at time (n + 1)At. S"(P) is calculated from
the interpolation of salinity at time nAt. Zhu et al. (2001) ad-
vanced this method by combining first-order and second-order
Lagrange interpolations, and this advanced approach is used in
this paper.

The computational domain covers the Bohai Sea, the YS and
the ECS (Fig. 4a). The numerical grids are shown in Fig. 4b. The
minimum and maximum distances between the grids are 1 540 m
and 25 000 m, respectively. In the vertical direction, the current
calculation uses 20 vertical o layers. The salinity calculation takes
place in the o-z layer, which has 8 uniform ¢ layers in the upper
waters and 24 z layers in the lower waters. The interface between
these two parts is at a depth of 25 m.

For convenience, the numerical simulation of the LSWL in
summer 2006 is called CASE06, which couples the tidal currents
and circulation in consideration of runoff, winds, tides (the M,,
S,, K, and O, tidal constituents), the Taiwan Warm Current
(TWCQ), the Kuroshio, the Tsushima Warm Current, and the baro-
clinic effect. The Changjiang River discharge is obtained from the
monthly averaged flux at the Datong hydrometric station, which
is ~640 km upstream from the river mouth. The wind force is ob-
tained from 6-hourly NCEP/NCAR reanalyzed wind data. The cli-
matological averages of the salinity and sea temperature in sum-
mer are used as the original field data, and the sea temperature
does not change with time in the calculation. The calculation
coupled the tidal current and the circulation begins on July 2,
2006, and runs simultaneous with the salinity calculation on July
9, 2006. The numerical scheme of CASE06 is similar to that of a
previous study (Zhang et al., 2011), which introduced more de-
tails of the model and its validation.

Figure 5 shows part of the simulated surface salinity. Begin-
ning on August 3, low-salinity water (less than 30) extended
northeastward from the Changjiang River mouth in a tongue
shape. At 2:00 on August 7, the LSWL detached from the interior
side of the river plume at approximately 32°N, 122.9°E and then
gradually moved northeastward. After August 10, the central pos-
ition of the LSWL was nearly fixed. Finally, the LSWL disap-
peared at 15:00 on August 19. During August 7 to 19, the value of
the central closed isohaline increased from 18 to 28 and the size
of the LSWL was generally 20-85 km. The LSWL disappeared
briefly several times but consistently maintained a tongue shape.

Compared with the observed characteristics, the real-case
simulation of the detachment of the LSWL in August 2006 shows
that the shape of the LSWL remained basically the same. Numer-
ical experiments to further reveal the mechanism of detachment
are therefore justifiable.

4 Analysis of the LSWL dynamic mechanism
In this section, seven experiments (Table 1) are designed to
examine the influences of winds, tides, vertical mixing, and up-
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Fig. 4. Map of the East China Sea, the Yellow Sea and the Bohai Sea (a), and model domain and horizontal curvilinear coordinate
system (b). Bathymetry contours are given in unit of m.
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Fig. 5. Surface distribution of salinity in CASE06 at 03:00 on August 3 (a), 02:00 on August 7 (b), 01:00 on August 12 (c) and 00:00 on
August 19 (d).

welling and the baroclinic effect on the LSWL. We take CASE06 as  uses the same model settings as CASE06, although the wind is
the control test. Based on CASEO06, the arrangement of CASEO6a  changed to a steady southerly wind of 4 m/s. For CASE06¢ and
removes the wind forcing to eliminate its influence. CASE06b  CASE06d, the effects of tides and vertical mixing are removed, re-
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Table 1. Summary of the numerical experiments conducted to analyze the LSWL detachment mechanism?)

Case

Wind

Tide

Vertical mixing

Vertical velocity

Baroclinity

CASE06
CASE06a
CASE06b
CASEO06¢c
CASE06d
CASEO6e
CASE06f

MK <<z <
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KKK Z K
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Y

<o Z
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Y
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Y

)
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CASE06g

Note: 1) Y means that the dynamic factors are considered in the simulation, and N means that dynamic factors are excluded from the
simulation. 2 The wind is changed to a steady southerly wind of 4 m/s. 3 The BPG is calculated by the climatological average of the salinity and

sea temperature.

spectively, while all other physical processes remain intact. The
vertical velocity in the z coordinate (w,) of CASEO6e is set to 0
(the setting method is explained in detail in Section 4.3). For
CASEO6f, the only modification to the model configuration is set-
ting the baroclinic pressure gradient (BPG) term to 0; and for
CASEO06g, the BPG term is calculated by the climatological aver-
age for the salinity and sea temperature. In addition, we also veri-
fied the roles of the Changjiang River discharge and TWC in the
occurrence of detachment (not shown). To discuss the effects of
runoff and the TWC, experiments were conducted in which both
the Changjiang River discharge and the TWC are both doubled
and halved. The results (not shown) show that Changjiang River
discharge and TWC have little effect on detachment; therefore,
these experiments are not included in Table 1.
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4.1 Winds and the detachment mechanism
Figure 6 shows the NCEP 5-day average wind from August 2
to 21, 2006. Given that LSWL detachments occur within the 0-10
m layer and wind plays an important role in currents, the vertical
average of the currents in the 0-10 m layer is used to analyze the
current during the detachment process (Xuan et al., 2012). Based
on the simulated results of CASE06, the Eulerian residual current
(ERC) is calculated. Figure 7 shows the 5-day average ERC in the
0-10 m layer. During August 2 to 6, the CDW expansion area was
controlled by a southeasterly wind with a mean speed of 4.0-5.5 m/s
(Fig. 6a). The ERC between 31°N and 33°N had an average speed
of 10 cm/s and was divided into two parts by the 30 m isobath: a
western part, in which the ERC was oriented mainly toward the
north, and an eastern part, in which the ERC was oriented mainly
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Fig. 6. Average wind vectors during August 2 to 6 (a), August 7 to 11 (b), August 12 to 16 (c) and August 17 to 21 (d).
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Fig. 7. Distributions of the 5-day average velocity in the 0-10 m 1

ayer during August 2 to 6 (a), August 7 to 11 (b), August 12 to 16 (c)

and August 17 to 21 (d). Dashed lines are the 30 m and 50 m isobaths. Filled contours indicate the distribution of the vertical velocity.

The vectors represent the Eulerian residual current.

toward the northeast (Fig. 7a). During August 7 to 11, the sea sur-
face was controlled by a southeasterly wind with a mean speed of
3.5-6.0 m/s (Fig. 6b). The horizontal current structure was simil-
ar to that during the last phase (August 2 to 6), although the velo-
city was slightly weakened (Fig. 7b). During August 12 to 16, the
southeasterly wind weakened and its average speed was less than
1 m/s (Fig. 6¢), which weakened the ERC significantly (Fig. 7c).
During August 17 to 21, a northerly wind prevailed with an aver-
age speed of 4.0-6.0 m/s (Fig. 6d). The ERC flow mainly toward
the southwest at a speed of approximately 13 cm/s (Fig. 7d).

The evolutionary characteristics of the wind, ERC and LSWL
revealed a close relationship. During August 2 to 11, forced by the
sustained southeasterly wind, the ERC vectors showed differ-
ences on both sides of the 30 m isobath, with a northward cur-
rent on the left side and a current mainly to the northeast on the
right side. The nonuniform ERC imposed an uneven northward
force on the CDW and cut it off, which facilitated LSWL detach-
ment (Xuan et al., 2012; Zhang et al., 2014b). During August 12 to
16, the light southeasterly wind weakened the ERC, which stabil-
ized the LSWL. During August 17 to 21, the strong northerly wind
caused the ERC to flow southward; and under the effect of this
current, the CDW receded to the south, which caused the LSWL
to disappear.

Two numerical simulations, CASE06a and CASE06b, were
conducted to test the effects of winds on the LSWL. The easterly
and northeasterly offshore expansions of the CDW in CASEO6a
were weaker than those in CASE06 and there was no LSWL (not

shown). However, two detachment events appeared in CASE06b:
the first detachment occurred on the interior side of the river
plume and lasted from 05:00 on August 7 to 14:00 on August 9
(Fig. 8), while the second detachment occurred at the same loca-
tion as the first detachment but lasted from 03:00 on August 22 to
03:00 on August 23.

These two numerical simulations considered either no wind

121° 122° 123° 124° 125° 126°E
34°
N
35
33 30
25
o &
2 E
S
175]
20
31°
15
30° 10
Fig. 8. Simulated surface salinity at 05:00 on August 7 in
CASEO06b.
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or only a light southerly wind. In comparison with CASE06, the
simulation results showed either no detachment or a detach-
ment region relatively close to the Changjiang River Estuary.
These results indicated that the southerly wind had an important
impact on the detachment and offshore movement of the LSWL.

4.2 Tides and the detachment mechanism

The tidal data in this section are taken from the tide table pro-
duced by the United Kingdom (UK) Hydrographic Office. Figure 9
shows the tide level at Lithuashan station (30.82°N, 122.6°E) in
August 2006. Neap tides occurred on August 3 and 18, whereas
spring tides occurred on August 10 and 25. The LSWL detached
on August 7, which was the time of the transition from neap tide
to spring tide.

To verify the role of tides in detachment, CASE06c was con-
ducted. The results show that no LSWL was detached in CASE06c
(not shown), confirming that tides were necessary for the forma-
tion of LSWL. Zhang et al. (20144, b) analyzed the evolution of the
vertical salinity structure in the detachment region from neap
tide to spring tide and suggested clear vertical salinity stratifica-
tion during the neap tide period; further, these authors indicated
that the tide-induced vertical mixing gradually strengthened
from neap tide to spring tide and that the surface salinity in the
shallow water increased faster than that in the deep water, which
was helpful for forming the LSWL. In Fig. 10, we examine the ver-
tical salinity structure along Line B (marked in Fig. 5b) in
CASEO06. The variation in the salinity distribution from neap tide
(August 3) to spring tide (August 10) was consistent with the nu-
merical simulation results of Zhang et al. (2014a, b). The results

demonstrate that tidal mixing may be attributed to detachment.

To examine the role of tidal mixing in the detachment dis-
cussed above, we tried to eliminate tidal mixing. In CASE06d, the
coefficients of the vertical eddy diffusivity (K},) are set to 0, while
all other settings are consistent with those in CASE06. Compared
with Fig. 5, the spatial pattern of CDW patches in CASE06d exhib-
its major alterations. The low-salinity water quickly extended
farther northeastward and clearly detached from the interior side
of the river plume at approximately 32.2°N, 122.2°E (Fig. 11a).
These results reflect that tidal mixing played a limited role in
detaching the LSWL.

4.3 Upwelling and the detachment mechanism

Figure 7 also shows the 5-day average vertical velocity in the
0-10 m layer from August 2 to 21, 2006 in CASE06. During August
2 to 6, the upwelling was distributed mainly along the coastline of
Jiangsu and near the Changjiang River Estuary, and the maxim-
um upwelling velocity was approximately 0.3x10-4 m/s. During
August 7 to 11, upwelling occurred along the 30 m isobath at a
mean speed of 0.10x10-4-0.27x10-* m/s. During August 12 to 16,
the upwelling along the 30 m isobath was slightly weakened, and
after August 16, nearby upwelling disappeared from the study
area.

Figure 12 shows the effects of upwelling on the detachment
along Line C during August 7 to 11 in CASE06. Significant up-
welling occurred in the region with a water depth of approxim-
ately 30 m, and the maximum velocity was approximately 0.3x
10-* m/s. The 28 isohaline, which is located at a depth of 30 m,
was uplifted by upwelling, which brought high-salinity water to
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Fig. 9. Tide level at Lithuashan station from August 1 to 31 in 2006 (the reference level is the average sea level).
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Fig. 10. Vertical distributions of salinity along Line B in CASE06 on August 3 (a), August 7 (b) and August 10 (c).
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Fig. 12. Vertical salinity and upwelling distributions along Line
C (marked in Fig. 5¢) in CASE06. The upwelling is the average
result from August 7 to 11. The upwelling velocity is amplified by
a factor of 10%. Salinity is the simulated result at 01:00 on August 12.

the surface layer and disconnected part of the Changjiang River
plume. This upwelling event can be validated with previous ob-
servations. Hu and Zhao (2008) used remote sensing data to in-
vestigate upwelling events in the coastal area of Zhejiang and
found that upwelling is generally located around the 30 m
isobath, which is similar to the results of this paper.

The evolutionary characteristics of these upwelling phenom-
ena and the LSWL were closely related. The strong upwelling
along the coast brought high-salinity water from the deeper layer
to the surface layer during August 2 to 6. This upwelling served to
cut off the CDW vertically. Under the influence of strong up-
welling in the detachment region, an isolated LSWL quickly ap-
peared. During August 7 to 11, the LSWL moved northeastward,
with a new upwelling area appearing along the 30 m isobath. The
upwelling weakened slightly from August 12 to 16 but neverthe-
less cut off the CDW continuously, thereby stabilizing the LSWL.

If w, and o are the vertical velocities in the z and ¢ coordin-
ates, respectively, the transform between w, and w is

oc, oD
ox 7 ox

oc, oD
oy Uay

%-ﬁ-u

w, = Do+ (1+0) ot

(o223 o2)- o

The numerical simulation CASEO6e was conducted to quanti-
fy the effects of upwelling on the detachment of the LSWL. In
CASEO06e,  in Eq. (7) is replaced with the variable w,, resulting in

(50025 (5 2)-

When using Eq. (5) to calculate salinity, the particle location
of point p at time nAt is traced back using the velocity (u, v, ws)
from point Q at time (n + 1)At. The other settings for CASEO6e
are the same as those for CASE06.

No detachments formed during the entire simulation of
CASEO6e. Figure 11b shows the simulated surface salinity at
01:00 on August 12 in CASEO6e. Compared with the results depic-
ted in Fig. 5c, the results of CASEO6e deviate considerably. The
expansion area shrank remarkably and the main body of the
CDW was closer to the coast. The outer boundary of the CDW is
always defined by a salinity of 31 (Gong et al., 1996; Zhao, 1993).
The two simulations differed in the expansion range. The 31 iso-
haline in CASE06 extended eastward to 124.8°E, while this iso-
haline extended to only 123.8°E in CASEO6e. Although the CDW
in CASEO6e still tended to expand northeastward, due to the lack
of the vertical cutting force of upwelling, it was impossible to isol-
ate the LSWL.
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4.4 Baroclinic effect and the detachment mechanism

Two numerical simulations, CASE06f and CASE06g, were
conducted to test the baroclinic effect on the LSWL. In CASEO06f,
the influence of the baroclinic effect was not considered at all;
similarly, in CASE06g, the baroclinic feedback effect caused by
changing salinity was not considered.

Figure 13a shows part of the simulated surface salinity for
CASEO06f. Beginning on August 1, the CDW expanded with a pat-
tern resembling a narrow tongue toward the northeast. At 15:00
on August 12, the LSWL detached from the interior side of the
river plume at approximately 32.6°N, 122.9°E and disappeared at
20:00 on August 13. The value of the outermost closed isohaline
was 25, and the size of this LSWL was 65 km.
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Figure 13b shows part of the simulated surface salinity for
CASE06g. Beginning on August 3, the CDW spread from south to
north. At 05:00 on August 6, the LSWL detached from the interior
side of the river plume at approximately 32°N, 122.2°E and then
gradually moved northeastward. Finally, the LSWL disappeared
at 06:00 on August 12. From August 6 to 12, the LSWL disap-
peared briefly several times, the CDW maintained a tongue pat-
tern, and the value of the central closed isohaline of the LSWL
increased from 14 to 25. The size of the LSWL was generally 27-
40 km.

In comparison with that shown in Fig. 5a, the CDW of
CASEO06f expanded northeastward in a narrower tongue pattern.
Additionally, the LSWL lasted for a shorter time than that in
CASEO06. The baroclinic feedback effect was not considered in
CASE06g, and the expansion pattern of the CDW changed little,
while the LSWL lasted for a slightly shorter time.

5 Upwelling mechanism analysis

According to previous studies, the formation mechanisms re-
sponsible for upwelling are diverse. Lii et al. (2006) suggested
that tidal mixing plays a dominant role in inducing upwelling.
Additionally, topography exerts profound influences on up-
welling. Zhu (2003) studied the upwelling off the Changjiang

River Estuary by conducting numerical tests and proposed that in
the northern submarine valley the baroclinic effect primarily ac-
counts for upwelling. Zhao et al. (2003) found that the upwelling
off the Changjiang River Estuary was induced by the interaction
between the TWC and the slope bottom topography and that the
southerly wind had an important impact on the upwelling in the
upper layer. Ni et al. (2014) suggested that the Coriolis force and
pressure gradient force were the main forcing factors for the up-
welling off the Changjiang River Estuary.

As previously discussed, four experiments (Table 2) were de-
signed to examine the influences of the baroclinic effect, wind
forcing, and tides on upwelling during the evolution of the LSWL.
The CASE06h experiment was designed to analyze the influences
of the baroclinic effect on the upwelling, and the same model set-
tings for CASE06 were used for CASEO6h except that the salinity
of this experiment was fixed and the BPG was set to 0. To analyze
the influences of the wind forcing and tides on upwelling and to
avoid the indirect effects of salinity changes, the arrangements of
CASE06i and CASE06j, which were based on CASE06h, elimin-
ated the wind forcing and tide components, respectively. For
CASEO06k, the effects of all dynamic factors except tides were re-
moved. These four experiments were used to simulate the cur-
rents during August 2 to 21.

Table 2. Summary of the numerical experiments conducted to analyze the upwelling mechanism?)

Case Baroclinity

Wind

Tide River discharge and open

boundary current
CASE06h N2 Y Y Y
CASE06i N2 N Y Y
CASEO06j N2 Y N Y
CASE06k N?) N Y N

Note: 'Y means that the dynamic factors were considered in the simulation, and N means that the dynamic factors were excluded from
the simulation. 2 The salinity of this experiment was fixed and the BPG was set to 0.

5.1 Influences of the baroclinic effect on upwelling

The simulation results showed that the upwelling distribu-
tion of CASE06h (Fig. 14) during August 7 to 11 was different from
that of CASE06 (Fig. 7b), although these differences were not ob-
vious in some areas. The intensity of upwelling in the sea north of
32°N slightly increased, and the upwelling patterns exhibited few
alterations. The upwelling patterns south of 32°N showed more
obvious changes than those in the north. Moreover, the up-
welling area near the Changjiang River Estuary moved offshore

with a slightly decreased intensity in CASE06h and a new up-
welling area appeared near the Zhoushan Islands. The upwelling
distributions in the other periods of August 2 to 21 did not change
much compared with those in CASE06.

5.2 Influences of the wind forcing on upwelling

Wind-driven upwelling is a classic conceptual model for up-
welling on inner shelves. In coastal seas, the steady blowing of
winds that promote for upwelling drives the surface water to
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Fig. 14. Distribution of the 5-day average vertical velocity in the
0-10 m layer during August 7 to 11 in CASE06h. Dashed lines are
the 30 m and 50 m isobaths.

move offshore within the surface Ekman layer. Divergence along
the coast is created, and deeper water must move onshore and
toward the surface to maintain mass conservation.

Compared with the results in Fig. 6a, CASE06i shows a large
vertical change from August 2 to 6 (not shown). The upwelling
area along the Jiangsu coast and near the Zhoushan Islands
nearly disappeared. During August 7 to 21, the general upwelling
patterns in the CASEO06i exhibited few alterations: during August
7 to 16, there were two strong upwelling areas in the northeast
sea off the Changjiang River Estuary and along the 30 m isobath
in both CASE06h and CASE06i, while the upwelling was weak
during August 17 to 21. The differences between CASE06h and
CASEO06i suggest that the upwelling along the Jiangsu coast dur-
ing August 2 to 6 was induced by the persistent southeasterly
wind. However, winds played a limited role in inducing up-
welling during August 7 to 16.

5.3 Influences of tides on upwelling

Lii et al. (2007) used the Marine Science and Numerical Mod-
eling (MASNUM) wave-tide-circulation coupled numerical mod-
el to simulate the upwelling patterns off the Changjiang Estuary
and in the adjacent waters off the Zhejiang coast, and the results
suggested that tidal mixing plays a dominant role in inducing up-
welling. To analyze the tidal influences on upwelling and avoid
the indirect effects of salinity changes on upwelling, CASE06j was
designed based on CASE06h but with the elimination of tides.

Compared with those of CASE06h, the upwelling areas of
CASEO06j from August 2 to 6 exhibited few alterations. However,
from August 7 to 16, the upwelling areas along the 30 m isobath
disappeared (not shown). The differences between CASE06h and
CASEO06j indicate that the upwelling during August 7 to 16 was in-
duced by tides.

Comparing the evolution of the upwelling (Fig. 7) with the
tide level at Lithuashan station (Fig. 9), we find a significant up-
welling response to the spring-neap tide modulation along the 30
m isobath. During the neap tide period (August 2 to 6), the up-
welling along the 30 m isobath was weak. Subsequently, as the
spring tide arrived (August 7 to 11), the tidal forcing was gradu-
ally strengthened, which induced strong upwelling along the 30
m isobath. As the tidal forcing weakened during the transition
time from spring tide to neap tide (August 12 to 16), the up-
welling became weaker than that in the last phase. Finally, up-
welling disappeared during the neap tide period (August 17 to 21).

To further verify the effects of tides on the upwelling, the up-
welling on August 3, 7, and 10 was simulated by CASE06i accord-
ing to the tide level at Lithuashan station. The simulated results
are shown in Fig. 15. For the study region, only very weak up-
welling was present at neap tide (August 3). The upwelling along
the 30 m isobath gradually appeared; finally, the vertical velocity
reached its maximum at spring tide (August 10). These simula-
tion results confirm that the upwelling along the 30 m isobath
was induced predominantly by tides.

To determine the dynamics of the upwelling under the inter-
actions of tides and topography, CASE06k was employed to simu-
late the ERC at spring tide (August 10). Figure 16 shows the distri-
bution of the bottom ERC (o= —0.93). The ERC near the coastal
area with depths shallower than 30 m flowed offshore at a speed
of 3-5 cm/s; in the sea area north of 32°N, the bottom ERC flowed
onshore across the 30 m isobath at a speed of 1-2 cm/s. On one
hand, the tidal residual currents converged at the 30 m isobath
and induced an upwelling band. On the other hand, the inclined
slope helped the tidal residual current upwell because the bot-
tom topography provided an inclined plane up which the bot-
tom currents could climb (Lii et al., 2006).

6 Discussion and conclusions

By combining observed temperature and salinity data, we
found an isolated LSWL offshore from the Changjiang River Estu-
ary in August 2006. The LSWL isolated by the 22 isohaline had an
elliptical shape, and the value of the center closed isohaline was
20 psu. The vertical structures of the salinity and temperature
along Line A indicated that cold and saline deep water upwells
along the bottom slope.

In this study, the POM-0-z model was used to simulate the
LSWL in the summer of 2006 and the simulated results indicate
that the LSWL became detached at the interior side of the river
plume and persisted during August 7 to 19. At the beginning of
the detachment, the LSWL had a low salinity, although as the
LSWL moved offshore, the central salinity value increased due to
mixing with high-salinity water.

Winds played important roles in the formation and evolution
of the LSWL. During August 2 to 6, the persistent southeasterly
wind induced the northwestward expansion of the LSWL. ERC
vectors, which imposed an uneven northward force on the CDW,
showed differences between the nearshore and far-shore detach-
ment regions. Strong upwelling occurred along the Jiangsu coast
and off the Changjiang River Estuary, and it carried high-salinity
water to the surface layer and strengthened vertical mixing,
which was favorable for the detachment of the LSWL. During Au-
gust 7 to 11, with the continued easterly wind, the northeastward
ERC in the detachment region was conducive to driving the
LSWL offshore. A new upwelling area appeared along the 30 m
isobath, which stabilized the LSWL. During August 12 to 16, the
light wind in the study region weakened the ERC and the up-
welling; hence, the LSWL remained steady. After August 17, the
upwelling disappeared and the strong southwestward ERC in-
duced by the strong northerly wind drove the LSWL onshore,
which caused the LSWL area to decrease gradually until it disap-
peared.

Numerical experiments showed that tides are a necessary
condition for the formation of LSWLs. Zhang et al. (20144, b) in-
dicated that tide-induced vertical mixing gradually strengthens
from neap tide to spring tide, which is helpful for forming a
LSWL. However, an interesting phenomenon presented herein is
that the LSWL did not disappear when vertical mixing ceased.
These results indicated that the tide affects detachment by phys-
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ical processes other than tidal mixing.

Upwelling is crucial in detachment events. Furthermore, the
influences of three dynamic mechanisms on upwelling, namely,
the baroclinic effect, wind forcing and tides, were also discussed.

and aquaculture in the Changjiang River Estuary. However, there
are still many unclear aspects; for example, the TWC and
Changjiang River discharge may affect the upwelling near the
Changjiang River mouth. Therefore, more numerical simula-
tions are needed for further study.
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