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SUMMARY

The dispersal processes of the tide-modulated Changjiang River plume, China, are studied by using a
three-dimensional hydrodynamical module of the COHERENS (A COupled Hydrodynamical-Ecological
model for REgional and Shelf Seas). The model is driven by the river discharge and the M, tidal
constituent. Modelled results show: (1) the fresh water, which forms the Changjiang River plume expanding
southeastwards, is discharged mostly into the North Channel, the North Passage, and the South Passage;
(2) the larger horizontal gradient outside the North Channel and the North Passage forms a strong
plume front; (3) the Changjiang River plume is homogeneous vertically, and dispersing gradually within
the computational domain, with an averaged propagating rate of 3.38 km/day, while the plume front is
surface-to-bottom type, and trapped between —10 and —18 m isobaths; and (4) both the plume length
and the plume front intensity vary periodically. The maximum plume length occurs about 2h after low
slack water and the minimum plume length during high slack water. The maximum plume front intensity
occurs during high slack water and the minimum plume front intensity during low slack water. Copyright
© 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

‘When the Froude number at the river mouth is less than critical, the brackish surface layer will
be able to penetrate seawards of the mouth as a plume, especially during the ebb tide’ [1]. Many
estuarine plumes have been found around the world, e.g. the Amazon River estuary, Brazil [2]; the
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Columbia River estuary [3-5] and the Connecticut River estuary [6, 7], U.S.A.; the Pearl River
estuary [8], China; the Rhine River estuary [9—-11], the Netherlands; and the Rhone River estuary
[12], France.

The Changjiang River is the largest river in Asia and fifth largest in the world in terms of
annual mean volume discharge (about 3.0 x 10* m?s~!) [13]. The huge volume of fresh water
empties to the Yellow and East China Sea, and forms a remarkable plume, which influences not
only the circulation and suspended sediment transport in the Hangzhou Bay [14], but also the
salinity distribution in the Japan Sea [15]. Its estuary is divided by the Chongming Island into the
North Branch and the South Branch. The South Branch is further divided into the North Channel
and the South Channel, while the latter is divided into the North Passage and the South Passage
(Figure 1).

Both observational and numerical modelling efforts have been made to the Changjiang River
plume. Beardsley et al. [13, 16] observed the structure of the Changjiang River plume. It was found
that the Changjiang River plume exhibits a bimodal distribution in the summer, with a part of fresh
water extending southwards, and the rest extending offshore on average towards northeast; while
in the winter, it spreads southwards in a narrow band along the coast. Zhang et al. [17] developed
an analytical model to understanding flow conditions and estuarine plume distributions in the
Changjiang River estuary. Su and Wang [14] found a secondary plume front at the south boundary
of the Changjiang River plume that serves as a guide for sediment transport. Bang and Lie [18]
simulated the Changjiang River plume with realistic geography and topography, and indicated
that the topography of the Changjiang Estuary suppresses the offshore expansion of the plume
water, but does not hinder it from spreading along the coast. The dispersion of the Changjiang
River plume is very sensitive to wind conditions. Lie et al. [19] indicated that the plume in the
mid-shelf is confined to a thin surface layer 10-15 m thick in the summer, extending eastwards in
the form of patches of low-salinity water rather than spreading as a tongue-shaped pattern from
the Changjiang mouth. Chang and Isobe’s [15] simulation showed a remarkable seasonal variation
of the Changjiang diluted water, and pointed out that the eastward extension of the Changjiang
diluted water is strongly constrained by the Taiwan-Tsushima Warm Current System over the shelf
regime. Wang [20] presented an overview of cultural eutrophication within the Changjiang River
plume. However, little information is available on the dispersal processes of the tide-modulated
Changjiang River plume.

This paper attempts to better understand the dispersal processes of the tide-modulated Changjiang
River plume and its associated plume front over a tidal cycle in the summer by using numerical
modelling. Apparently, the Prince Ocean Model was generally used for the Changjiang River
plume in other numerical modelling studies, e.g. Chang and Isobe [15] and Bang and Lie [18].
This paper will use a three-dimensional hydrodynamical module of the COHERENS (A COupled
Hydrodynamical-Ecological model for REgional and Shelf Seas). Preliminary results of an incom-
plete early version were presented at the ICEC 2006 [21].

2. DETAILS OF MODEL AND ITS CONFIGURATION

A three-dimensional hydrodynamical module of the COHERENS model [22] is used to under-
stand the dispersal processes of the tide-modulated Changjiang River plume. This model uses a
mode-splitting technique to solve the two-dimensional barotropic and three-dimensional baroclinic
equations on the staggered horizontal meshes of 140 x 188, with 10 sigma vertical levels.
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where u, v, w are the components of velocity in the x, y, and z directions, respectively; ¢ is the
time; f is the Coriolis force; p, is the reference density; vy is the horizontal diffusivity; vt is the
vertical eddy viscosity; p is the pressure; p is the water density; g is the gravity acceleration; S is
the salinity; Ay and At are the horizontal and vertical diffusivities, respectively.
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where U = f_( , wdz and V= fEh vdz are the water depth-integrated components of velocity in

the x and y directions, respectively; Q; and Q, are the water depth-integrated baroclinic terms in
the x and y directions, respectively; 751, 752 and Ty, Tph2 are the surface and bottom components

of shear stress in the x and y directions; vy = fE , va dz, is the water depth value of vy.

Figure 1 shows the computational domain and three gauging stations for modelling validations.
To satisfy the CFL (Courant-Friedrichs—Lewy) stability criteria, time step for the two-dimensional
external mode is set to be 18 s, and the three-dimensional internal mode is 648 s. We used 1:120 000
topographic map from the Ministry of Transport of China to create a digital elevation model, which
was used as a reference data set for the model topography (Figure 1). It should be pointed out
that Figure 1 shows the exact computational domain. The grid resolutions in the north—south and
east—west directions are approximately 1045.5 and 1038.5 m, respectively.

Details of the governing equations can be found in Luyten et al. [22]. Here, we used the
total variation diminishing scheme, which is able to widely dampen the numerical diffusion and
improve the representations of the dynamics and density of the fronts bounding the flow as done
by Arnoux-Chiavassa et al. [23]. The k—e¢ turbulence closure model is used to calculate the vertical
eddy viscosity. As the semi-diurnal tide, M>, is the predominant tidal constituent in this area, it
is the only M> tidal constituent included at the open sea boundary. Thus the surface elevation at
the open sea boundary can be expressed as { = A cos(wt + ¢y — ¢), in which { is the surface
elevation; A the M5 tidal amplitude; o the M> tidal frequency; ¢, the initial phase; ¢ the M> tidal
phase [22].

In our present study, the ambient currents (tides) are given at the open boundaries. Tidal open
boundary conditions have been very important to a regional tidal model [24-26]. They can usually
be obtained from available observations near the open boundaries (tidal gauge data). Control
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Figure 1. Computational domain, three gauging stations CJ9004, CJ9411, and CJ9405 for modelling

validations, and the locations of Line OO; and Line AA’ within the Changjiang River estuary. The

contour lines are in m. Note that Points O; (—10m) and O, (—18 m) with an averaged location Point O3
having a distance about 43 km to Point O.
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variables are the harmonic constants (amplitude and phase) of tidal constituent (M) along the
open boundary. Linear interpolation has been used to determine the tidal amplitude and phase
along the open boundaries. In our present modelling study, the tidal amplitude and phase along the
open boundaries have to be determined before computation. These harmonic constants, e.g. the
tidal amplitude and phase, were obtained from linear interpolations of co-amplitude and co-tidal
lines of M5 constituent [27].

3. RESULTS AND DISCUSSION

Field experiments were performed by the Shanghai Institute of Waterway Engineering Surveying
and Design at stations CJ9004 (121°56'E, 31°15'30”N, 25-26 April 1990), CJ9411 (122°1'22"E,
30°51’03”N, 23-24 November 1994) and CJ9405 (122°27'04"E, 31°05'15”N, 28-29 May 1994)
(Figure 1). A spring tide was monitored for 25h (20:00h 25 April 1990-21:00h April 1990), for
13h (21:00 h 23 November 1994-09:00 h 24 November 1994), and for 28 h (07:00 h 28 May 1994
to 11:00h 29 May 1994) at three gauging stations CJ9004, CJ9411, and CJ9405, respectively.
Current speed and direction were measured hourly at ca. 0.0H, 0.2H, 0.4H, 0.6H, 0.8H, and
1.0H (H is the total water depth) using an electromagnetic current meter. The surface elevation
was interpreted from the water depth measured hourly at the same site.

3.1. Modelling of the current field within the Changjiang River estuary

The first 3 days of the model runs were performed without salinity to initialize the current field.
Then, using the observed data from three gauging stations CJ9004 (121°52/38"E, 31°13/30"N,
25-26 April 1990), CJ9411 (122°01’22"E, 30°51’03”N, 23-24 November 1994), and CJ9405
(122°27'04"E, 31°05'15”N, 28-29 May 1994), the model calibration was made to ensure the
accuracy of the computation of the current field (Figure 2). The starting times of the runs begin
from 3 days before 25 April 1990, 23 November 1994, and 27 May 1994, respectively. Therefore,
the exact starting times of the runs began at 20:00h 22 April 1990, 21:00h 20 November 1994,
and 07:00 h 25 May 1994 (Figure 2). The freshwater discharge was obtained from the Data-sharing
Network of China Hydrology (http://www.hydrodata.gov.cn). From the time series in Figure 2,
there do not seem to be any initial oscillations that one might expect at the very start of a run if
it is started from a state of rest. The run is actually started from a state of rest. That is to say, an
initial current/elevation field was not imposed but the obtained current/elevation field after 3 day
run was set up as an initial current/elevation field.

Figure 2 shows a comparison between modelled and measured results for (a) surface elevation,
(b) depth-averaged current speed, and (c) current direction during 25-26 April 1990, 23-24 Novem-
ber 1994, and 28-29 May 1994 at three gauging stations CJ9004, CJ9411, and CJ9405 (in the
dispersal direction of the plume), respectively.

The current characteristics at the gauging stations CJ9004 and CJ9411 are similar (Figure 2).
Modelled results show tidal asymmetries at the two stations: (1) the flood phase is about an hour
shorter than the ebb phase (the left and middle column (a) in Figure 2); (2) ebb tidal velocity is
larger than flood tidal velocity. There is about an hour lag between high slack water and maximum
flood tidal velocity, and 2-h lag between low slack water and maximum ebb tidal velocity (the left
and middle column (b) in Figure 2); (3) modelled current directions suggest that the currents at
the two stations move forwards and backwards with tide, and a transitional point occurs 2 h after

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:1143-1155
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Figure 2. Comparisons between modelled and measured results for: (a) surface elevation; (b) depth-averaged
current speed; and (c) current direction during 25-26 April 1990, 23-24 November 1994, and 28-29 May
1994 at three gauging stations CJ9004, CJ9411, and CJ9405, respectively.

the slack water (the left and middle column (c) in Figure 2). As shown in Figure 2, there is a
discrepancy between modelled and observed data at the station CJ9004. The observed data at the
station CJ9004 have horizontal flat sections while the modelled ones do not. It is unclear what
caused them.

Modelled results at the station CJ9405 show that (1) the flood phase is comparable with the ebb
phase (the right column (a) in Figure 2); (2) ebb tidal velocity is larger than flood tidal velocity.
There is about a 2-h lag between high slack water and maximum flood tidal velocity, and between
low slack water and maximum ebb tidal velocity (the right column (b) in Figure 2); (3) current
directions suggest that the currents at the station CJ9411 are clockwise. The current direction of
the maximum flood velocity is about 280°, and that of the maximum ebb velocity is about 100°
(the right column (c) in Figure 2).

Obviously, the observed elevation and currents must include fluctuations that are NOT related to
tides and freshwater discharge (e.g. wind-induced component and so forth). Hence, the observed
time series in Figure 2 are unlikely to coincide with the modelled ones.

3.2. Horizontal structure of the Changjiang River plume in the summer

The freshwater discharge of the Changjiang exhibits a remarkable seasonal variation. In our present
modelling study, as stated above, we do not impose the annually averaged discharge, but one season
only, in the summer (flood season). This is due to the fact that the Changjiang River plume appears
to be predominant in the summer [13, 16].

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:1143-1155
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The computation begins from zero and runs for 3 days in order to initialize the flow field. From the
4th day of the simulation, fresh water with the discharge of 49 500 m? /s (for summertime averaged
over multiple years) is released from the west boundary to simulate the dispersal processes of the
Changjiang River plume. According to Beardsley et al. [13], most Changjiang River discharge is
released through the North Channel and the South Channel. The 32 psu isohaline is taken as the
eastern boundary of the Changjiang River plume.

It seems likely that the computation ends after 30 days from the beginning. In fact, the observed
data from three gauging stations CJ9004, CJ9411, and CJ9405, were firstly used to calibrate the
model, in order to ensure the accuracy of the computation of current field (Figure 2). During each
calibration, the model was run for 3 days to initialize the current field. Then, 3 days of the model
runs were performed without salinity to initialize the current field. Finally, on the basis of those
obtained current fields, assuming the reference salinity 32 psu for the whole computational domain
but no salinity at the river boundary, the salinity distributions were modelled for 27 days under
the combined river runoff and tide (Figure 3). This is simply because of that the Changjiang River
plume appears to be fully developed approximately after 27 days modelling.

Surface
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(b)
Figure 3. Horizontal distributions of modelled surface and bottom current velocity vectors and salinity

fields during (a) maximum ebb tide and (b) maximum flood tide within the Changjiang River plume on
the 30th day of the simulation.
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Figure 3 shows the horizontal distributions of modelled surface current vectors and salinity
fields during the maximum ebb tide within the Changjiang River plume on the 30th day of the
simulation. To present a clear view of the horizontal distribution of modelled velocity vectors,
some of them have been neglected in Figure 3. That is to say, only some of the mesh points are
indicated by vectors in Figure 3. Therefore, there are differences in mesh points between Figures 1
and 3. Results show: (1) only a small percentage of fresh water is discharged into the North Passage
(Figure 3). Consequently, the current velocities are relatively small, while the salinities are high
at the North Branch; (2) fresh water is discharged mostly into the South Branch, and mixed with
sea water outside the North Channel, the North Passage, and the South Passage, which forms
the Changjiang River plume expanding southeastwards; and (3) the horizontal salinity gradients
outside the North Channel and the North Passage increase greatly during the maximum ebb tide,
and two major plume tongues are formed (Figure 3).

The computation ends before reaching a quasi-steady-state for the present domain (Figure 3).
This might be due to the constrained computational domain, i.e. the development or dispersal pro-
cesses of the Changjiang River plume would be constrained by the open boundaries. Furthermore,
the development of the Changjiang River plume seems to be different at the different passages
of the Changjiang River estuary, while a quasi-steady-state is reached at the North Channel and
North Passage (Figure 3).

The wind-induced current could have played an important role in the shallow estuary, e.g. Tampa
Bay [28]. However, the Changjiang River estuary is generally tide-dominated. No attempt will be
made to summarize the hydrodynamics of the Changjiang River plumes. For the sake of simplicity,
rather the aim of our present study is to focus on the tide-modulated Changjiang River plume.

We would be interested in other processes related to the Changjiang River plume behaviour, e.g.
in summer when the monsoon winds are relatively weak. Clearly, our present preliminary studies
have neglected the influence of the heat flux through the sea surface. This should be a part of our
future studies.

3.3. Vertical structure of the Changjiang River plume along Line AA’

Along the dispersal direction of the Changjiang River plume, Figure 4 shows the vertical dis-
tributions of modelled current vectors and salinity fields during (a) maximum ebb tide and (b)
maximum flood tide along the line AA’ (Figure 1) on the 30th day of the simulation. Results show
that (1) the velocity of plume water during the maximum ebb tide is larger than that of ambient
sea water, and during the maximum flood tide the two velocities are similar; (2) the salinity within
the Changjiang plume is homogeneous vertically due to strong tidal mixing, from which we can
deduce that the type of plume front is surface-to-bottom type according to Narayanan and Garvine’s
[29] classification.

The model results show uniform salinity from surface to sea bed as shown in Figure 4. This is
somewhat different from that the plume in the summer is confined to a thin surface layer 10-15cm
thick in the literature, e.g. Lie et al. [19]. This is the influence of the wind. Our present model
investigation is looking at the tide-modulated Changjiang River plume, but the surface plume might
be due to wind only. Furthermore, parameterizations in the turbulence model might have influenced
the vertical structure of salinity. Winds should be taken into account in the future studies.

3.4. Analysis of movement of the Changjiang River plume front

From the outlet of the South Channel (Figure 1), we draw a longitudinal line OO; in order to
analyse the movement of the plume front. The maximum surface horizontal salinity gradient (used

Copyright © 2007 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 55:1143-1155
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Figure 4. Vertical distributions of modelled current velocity vectors and salinity fields during (a) maximum
ebb tide and (b) maximum flood tide along Line AA’ on the 30th day of the simulation.

as the plume front intensity) is calculated as the location of the front. The distance between
Point O and the easternmost point of the 32 psu isohaline is defined as the plume length.

Figure 5 shows the hourly time series of the plume length and its linear fit line, and the location
of the front. Results show: (1) after the model is run for about three and a half days, the plume
reaches to the outlet of the South Channel. Then the plume length begins to increase approximately
linearly (curve a in Figure 5); (2) the linear fit for curve a has a slope of 3.38 km/day, which
represents the averaged propagating rate of the Changjiang River plume (line b in Figure 5); and
(3) the location of the front varies periodically through time. On the 11th day of the simulation, it
increases abruptly, then tends to be stable after the 14th day of the simulation, swinging between
Points O; (—10m) and O (—18 m) (Figure 1) with an averaged location O3 having a distance about
43 km to Point O. Similar features have been reported in other tidal estuaries, e.g. the Pearl River
estuary [8], China; the Amazon River estuary [2], Brazil. By using numerical modelling, Chapman
and Lentz [30] explained that when a steady balance is established in the bottom boundary layer
between vertical mixing and onshore advection of density, the front will be trapped to an isobath.
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Figure 6 shows the hourly time series of the surface elevation at the front averaged location O3
and the location of the front on the 30th day of the simulation. Results show: (1) the plume length
varies periodically through time with the same period of the tide; (2) the maximum plume length
occurs about 2 h after low slack water and the minimum plume length during high slack water.

Figure 7 shows the hourly time series of the depth-averaged current speed at Point O3 and the
plume front intensity on the 30th day of the simulation. Results show: (1) the plume front intensity
varies periodically through time, with the same period of the tide; (2) the maximum plume front
intensity occurs during high slack water and the minimum plume front intensity during low slack
water.

4. CONCLUSIONS

In this study, after the validation of the current field, the dispersal processes of the tide-modulated
Changjiang River plume were numerically modelled. The following conclusions can be drawn
from our modelled results:

(1) The plume length increases approximately linearly through time. This implies that the
Changjiang River plume is unsteady and grows continually. The linear fit line reveals that
its averaged propagating rate is about 3.38 km/day.

(2) The location of the front varies periodically through time, swinging between Points O
(—10m) and Oy (—18m).

(3) The horizontal distributions of modelled surface current vectors and salinity fields show
that three plume tongues are formed outside the North Channel, the North Passage, and the
South Passage, especially during the maximum ebb tide. As a whole, the Changjiang River
plume expands southeastwards. The larger horizontal salinity gradient outside the North
Channel and the North Passage form a strong plume front.

(4) The vertical distributions of modelled current vectors and salinity fields along the line AA’
show that the velocity within the plume during the maximum ebb tide is larger than that
within the ambient sea water, and the two velocities are similar during the maximum flood
tide. The salinity within the Changjiang River plume is homogeneous vertically due to strong
tidal mixing, from which we can deduce that the plume front is of a surface-to-bottom type.

(5) Being modulated by the tide, both plume location and plume front intensity vary periodically.
The maximum plume length occurs about 2 h after low slack water and the minimum plume
length during high slack water. The maximum plume front intensity occurs during high
slack water and the minimum plume front intensity during low slack water.

In future studies, more factors should be taken into account, such as the monsoon winds, which
contributes to the de-stratification or mixing within the Changjiang River plume.
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