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The interactions between the extremely shallow, funnel-shaped topography and dynamic processes in
the North Branch (NB) of the Changjiang Estuary produce a particular type of saltwater intrusion, saltwa-
ter spillover (SSO), from the NB into the South Branch (SB). This dominant type of saltwater intrusion
threatens the winter water supplies of reservoirs located in the estuary. Simulated SSO was weaker than
actual SSO in previous studies, and this problem has not been solved until now. The improved ECOM-si
Corradini, Editor-in-Chief, with the model with the advection scheme HSIMT-TVD was applied in this study. Logarithmic and Chézy-Manning
assistance of Magdeline Laba, Associate formulas of the bottom drag coefficient (BDC) were established in the model to investigate the associated
Editor effect on saltwater intrusion in the NB. Modeled data and data collected at eight measurement stations
located in the NB from February 19 to March 1, 2017, were compared, and three skill assessment indica-
tors, the correlation coefficient (CC), root-mean-square error (RMSE), and skill score (SS), of water veloc-
ity and salinity were used to quantitatively validate the model. The results indicated that the water
velocities modeled using the Chézy-Manning formula of BDC were slightly more accurate than those
based on the logarithmic BDC formula, but the salinities produced by the latter formula were more accu-
rate than those of the former. The results showed that the BDC increases when water depth decreases
during ebb tide, and the results based on the Chézy-Manning formula were smaller than those based
on the logarithmic formula. Additionally, the landward net water flux in the upper reaches of the NB dur-
ing spring tide increases based on the Chézy-Manning formula, and saltwater intrusion in the NB was
enhanced, especially in the upper reaches of the NB. At a transect in the upper reaches of the NB, the
net transect water flux (NTWF) is upstream in spring tide and downstream in neap tide, and the values
produced by the Chézy-Manning formula are much larger than those based on the logarithmic formula.
Notably, SSO during spring tide was 1.8 times larger based on the Chézy-Manning formula than that
based on the logarithmic formula. The model underestimated SSO and salinity at the hydrological sta-
tions in the SB based on the logarithmic BDC formula but successfully simulated SSO and the temporal
variations in salinity in the SB using the Chézy-Manning formula of BDC.
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1. Introduction

In single-channel estuaries, saltwater intrusion generally devel-
ops in the along-channel direction. However, in bifurcated estuar-
ies, lateral saltwater intrusion may be significant and can play an
important role in determining the temporal variation and spatial
distribution of salinity in the spring-neap tidal cycle (Wu et al.,
2006; Gong and Shen, 2011; Wang et al., 2012). The Changjiang,
also known as the Yangtze River, is one of the largest rivers in
the world. The Changjiang Estuary has a 90-km-wide river mouth
and is characterized by multiple bifurcations (Fig. 1). Firstly, the
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estuary is divided by Chongming Island into the South Branch
(SB) and North Branch (NB). The SB and its lower reaches form
the main channel of the Changjiang and contribute to the majority
of river discharge, while the NB is heavily silted. Secondly, the
lower SB is bifurcated into the South Channel (SC) and the North
Channel (NC) by Changxing Island and Hengsha Island. Finally,
the SC is bifurcated into the South Passage (SP) and the North Pas-
sage (NP) by Jiuduansha Island. According to water column strati-
fication or vertical salinity structure, estuaries can be divided into
three categories: type A (salt wedge or strongly stratified), type B
(partially mixed), and type C (vertically well mixed) (Prichard,
1955; Cameron and Prichard, 1963). Shen et al. (2003) concluded
that the NB and SB belong to the type C, and the NC, NP and SP pre-
sent as type B during spring tide and present as type A during neap
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Fig. 1. Topography of the Changjiang Estuary. Black dots indicate the locations of measurement stations in February 2017; red dots indicate the locations of hydrologic
stations Nanmen (NM) and Chongxi (CX); sec1 is a transect located in the inlet of the NB; W is the location of the weather station at the Chongming eastern shoal; and DWP is
the Deep Waterway Project. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tide. Saltwater intrusion in the Changjiang Estuary is mainly con-
trolled by the river discharge and tide (Shen et al., 2003; Wu
et al,, 2006; Li et al., 2010; Zhu et al., 2010; Qiu et al., 2012) but
is also influenced by wind (Li et al., 2012), topography (Li, et al.,
2014), river basin and estuarine projects (Zhu, et al., 2006; Qiu
and Zhu, 2013) and sea level rise (Qiu and Zhu, 2015). River dis-
charge is recorded at the Datong gauge station, which is located
620 km from the Changjiang mouth. Discharge exhibits pro-
nounced seasonal variations, with the lowest monthly mean value
of 11,200 m>s~! in January and the highest monthly mean value of
49,700 m>s~! in July (Changjiang Water Resources Commission,
based on data from 1950 to 2016). The tides in the estuary exhibits
semidiurnal, diurnal, and fortnightly spring-neap signals (Zhu,
et al., 2015).

The natural evolution and artificial reclamation of the intertidal
zone from the 1950s to 2000s has severely narrowed the upper
reaches of the NB (Zhu and Bao, 2016). Consequently, the upper
reaches of the NB have become almost orthogonal to the SB, while
the lower reaches have become funnel shaped. The evolution of the
river regime of the NB has helped to prevent runoff from entering
the NB, especially during the dry season, was also making the tidal
range larger in the NB than in the SB. Strong tidal forcing in the NB
induces significant subtidal circulation, resulting in a net landward
flow when river discharge is low during spring tide (Wu et al.,
2006; Xue et al., 2009). This residual transport forms a type of salt-
water intrusion known as saltwater spillover (SSO) from the NB
into the SB, which is the most characteristic type of saltwater
intrusion in the estuary. During spring tide, the water level rises
considerably in the upper reaches of the NB due to its funnel shape,
leading to a massive amount of SSO from the shoals into the SB.
Only a small amount of the saltwater returns to the NB because
the shoals in the upper reaches of the NB are exposed to the air
during ebb tide. The saltwater that is spilled into the SB is trans-
ported downstream by runoff and arrives in the middle reaches

of the SB during the subsequent neap tide. This process impacts
Dongfengxisha Reservoir, Chenhang Reservoir and Qingcaosha
Reservoir (QCSR) and threatens Shanghai’s water supply. The mas-
sive QCSR was built in 2010 along the northwestern portion of
Changxing Island, and it supplies more than 70% of the freshwater
for Shanghai. Water from the Changjiang is allowed to flow into
QCSR when the salinity is lower than 0.45 (the salinity standard
of drinking water), but this operation is suspended when saltwater
intrusion influences the water intake.

Although the author’s research group has conducted intensive
studies of saltwater intrusion in the Changjiang Estuary, we found
that the modeled SSO was weaker than the real situation, espe-
cially during spring tide. The mean topographic depth is 3.07,
3.44 and 5.07 m (here and throughout the manuscript, the datum
is the mean sea level of the Yellow Sea) in the upper, middle and
lower reaches of the NB, and tidal flats with depths of less than
2 m account for 39%, 23%, and 32% of these reaches, respectively.
Therefore, the NB is extremely shallow. The bottom drag coeffi-
cient (BDC) determined by the law of the wall in previous studies
may be unsuitable for the extremely shallow NB.

The BDC C, is determined by the law of the wall, and the loga-
rithmic profile can be obtained via integration (Batchelor, 1953).

Tp = pCalup|up (M

o [n(2))

where 7, is the bottom friction stress; Cy is the BDC; uy, is the bot-
tom current velocity at z,; z, is the height from the bottom; k is the
von Karman constant (equal to 0.4); and z, is the bottom roughness,
which is set to 0.001 m in this study. In many studies, the structure
of tidally induced flow in channels and embayments has been char-
acterized as logarithmic (Dyer, 1980; Soulsby and Dyer, 1981;
Lueck, 1988).
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The logarithmic law of BDC C, may be unsuitable for extremely
shallow waters. Collins et al. (1998) analyzed 192 current velocity
datasets collected from the tidal flats of the Loughor Estuary,
Swansea Bay and Wash Bay and found that fewer than 40% of
the datasets were logarithmic in character. In many previous stud-
ies of extremely shallow water, the BDC C,; has been written based
on the Chézy-Manning formula (Dronkers, 1964; Ludwick, 1975;
Dunbar et al., 1991; Bokhorst, 2003).

g

Ca= & 3)
In this equation, C is the Chézy coefficient, which can be deter-

mined from the Manning roughness coefficient n (Chow, 1959).

c="" (4)

where H is the water depth. Determining the value of the Manning
roughness coefficient becomes the key issue in this calculation.
Notably, the Manning roughness coefficient varies with depth in
shallow waters. Ree (1981) found that the Manning roughness coef-
ficient varied with the flow depth in a large number of flume exper-
iments. Based on measurement data from gauge stations along the
lower reaches of the Yellow River, Qian et al. (1959) concluded that
the Manning roughness coefficient gradually decreased with
increasing water level. Chow (1959) argued that an increase in flow
depth would cause a decrease in the Manning roughness coefficient
of most open channels. Knight (1981) and Knight et al. (2009) found
that the Manning roughness coefficients of the Conwy Estuary,
Main River, Severn River, Waiwakaiho River and Tomebamba River
varied significantly with water stages through field measurements.
Notably, the Manning roughness coefficient exhibited a decreasing
trend with increasing tidal amplitude. Cheng et al. (1993) found
that the model results achieved a best fit to field data when the
value of the Manning roughness coefficient was assigned based on
a range of water depths.

Saltwater intrusion can produce estuarine circulation
(Pritchard, 1956) and effect stratification (Simpson et al., 1990),
thereby influencing sediment transport, producing peak estuarine
turbidities (Geyer, 1993), and degrading the quality of freshwater
flowing into reservoirs in the Changjiang Estuary. Based on numer-
ical experiments of BDC, we further studied saltwater intrusion in
the NB to improve the simulation accuracy of SSO in this paper. The
remainder of the paper is organized as follows. Section 2 describes
field observations, the numerical model and experiments. In Sec-
tion 3, the effect of the BDC on saltwater intrusion in the NB, as
well as SSO, is analyzed and discussed. Finally, conclusions are pre-
sented in Section 4.

2. Methods
2.1. Observations

We conducted the field observations in the NB from February
19 to March 1, 2017. Eight measurement stations located along
the NB were sampled (Fig. 1). We synchronously began the surveys
at B, D, F and H stations (black solid circles in Fig. 1) during the
neap (February 19-21, 2017, Fig. 2a) to cover 4 complete semidiur-
nal tidal cycles. The mean water depths of stations B, D, F and H
were 2.80, 4.28, 6.14, and 8.02 m, respectively. One bottom-
mounted tripod was placed at each of these stations, and one boat
was secured close to each tripod. After the observations during the
neap tide, we move the tripods and boats from stations B, D, F and
H to stations A, C, E and G to conduct observations during the neap-
middle-spring tide, which (February 21-27, 2017, Fig. 2a) lasted
approximately 6 days. The mean water depths of stations A, C, E
and G were 2.45, 2.65, 4.37, and 6.01 m, respectively. After this

observation period, we again moved the tripods and boats to sta-
tions B, D, F and H to conduct observations during the spring tide.
Observations were collected (February 27-March 1, 2017, Fig. 2a)
for at least 48 h to cover 4 complete semidiurnal tidal cycles.

At each measurement station, the tripod was mounted to the
river bottom and equipped with instruments 0.2 m above the river
bottom. A 600-kHz Acoustic Doppler Current Profiler (ADCP, RD
Instruments) was used to measure the current profile; an Optical
Backscatter Sensor (OBS-3A, D&A Instrument Company) was used
to measure salinity, temperature and turbidity; and an electromag-
netic current meter (Alec, Electron-ics, Tokyo) was used to mea-
sure the near-bottom current of the bottom zone of the ADCP.
The ADCP worked in upward-looking mode to measure the current
profile at a vertical resolution of 0.25 m and ensembles of 2 min at
a 1-s ping interval. An OBS was dragged along the stern of each
boat to measure surface salinity, temperature and turbidity at a
sampling rate of 2 min. We calibrated the OBS using water sam-
ples, and the calibration process indicated that the instrument
worked well.

In addition to the measurement stations in the NB, water level
and surface salinity data were collected at the long-term hydro-
logic stations (red solid circles in Fig. 1) in the SB established by
the State Key Laboratory of Estuarine and Coastal Research.

The river discharge at the Datong gauge station was approxi-
mately 13,000 m?/s during the observation period (Fig. 2b). This
flow rate was slightly higher than the climatological average of
11,800 m3/s in February. Meteorological data were recorded by
the weather station located on the Chongming eastern shoal (W,
blue solid circles in Fig. 1). The northerly wind and southerly wind
alternated during the observation period (Fig. 2c). Moreover,
strong wind was detected during the neap tide (February 20,
2017), with a maximum wind speed of 12 m/s.

2.2. Numerical model

A 3D numerical model developed by Wu and Zhu (2010) was
used in this study. It was based on the ECOM-si (Blumberg 1994)
and later improved by Chen et al. (2001) and Zhu (2003) for studies
of hydrodynamics and material transport. The Mellor-Yamada
level 2.5 turbulence closure module (Mellor and Yamada 1982)
with stability parameters from Kantha and Clayson (1994) was
included. Zhu et al. (2002) adopted a predictor-corrector scheme
to change the Coriolis terms into a semi-implicit scheme and to
improve the model stability in the case of low eddy viscosity.
Wu (2006) replaced the fixed boundary in original ECOM-si with
a moving boundary to present the process of drying and flooding
of tidal flats. Third-order spatial interpolation at a moderate tem-
poral resolution coupled with a TVD limiter (HSIMT-TVD) advec-
tion scheme was used in this model to solve the transport
equations and prevent numerical oscillations (Wu and Zhu,
2010). This approach has been successfully used in previous stud-
ies of saltwater intrusion in the Changjiang Estuary (Wu et al.,
2010; Li et al., 2012; Qiu and Zhu, 2013; Qiu and Zhu, 2015). The
model used sigma coordinates in the vertical direction and a
non-orthogonal curvilinear grid in the horizontal direction. A
wet/dry scheme was included to describe the intertidal flat with
a critical depth of 0.1 m.

The model domain covered all of the Changjiang Estuary, Hang-
zhou Bay, and adjacent seas from 117.5°E to 125°E longitude and
27.5°N to 33.7°N latitude (Fig. 3a). The model grid was composed
of 337 x 225 cells horizontally and 10 uniform c levels vertically.
The minimum grid resolution was approximately 100 m in the
bifurcation of the SB and NB (Fig. 3b) and approximately 200 m
in the lower reaches of the NB (Fig. 3c) to effectively simulate
SSO. The resolution was decreased to ~10 km at the open bound-
ary. The integrated time step was set to 30 s.
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Derived from the NaoTide dataset (http://www.miz.nao.ac.jp/),
the open sea boundary was driven by 16 astronomical con-
stituents: M,, S,, N», Ky, Ky, O4, P, Q1, MUy, NUy, Ty, Ly, 2 Ny, J1,
M;, and 0O0;. Daily river discharge recorded at Datong station
was used in the model as the river boundary condition. Wind
fields, which were used to calculate sea surface momentum, were
simulated by the Weather Research Forecast Model (WRF) or using
data from the weather station on the Chongming eastern shoal. The
National Center for Environmental Prediction (NCEP) reanalysis
dataset with a spatial resolution of 0.5° x 0.5° and a temporal res-
olution of 6 h was used to establish the initial and boundary con-
ditions of the WRF model.

The velocity and elevation were initially set to zero. The initial
salinity distribution was derived from the Ocean Atlas of the
Huanghai Sea and East China Sea (Hydrology) (Editorial Board for
Marine Atlas, 1992) outside the Changjiang mouth and from recent
data collected in the estuary. Because salinity dominates the den-
sity variability in the Changjiang Estuary, the water temperature
was set to a constant 10 °C in the model. Detailed descriptions of
the model configuration and validation can be found in Li et al.
(2012) and Qiu and Zhu (2013).

2.3. Numerical experiments

We performed two numerical experiments to study the effect of
the BDC on saltwater intrusion in the NB. Numerical experiment 1
(Exp1) adopted the logarithmic law of the BDC written as shown in
Eq. (2), and numerical experiment 2 (Exp2) used the Chézy-
Manning formula given in Eq. (3). Based on previous studies
(Cheng et al., 1993; Bokhorst, 2003; Knight et al., 2009), the Man-
ning roughness coefficient n, as expressed by Eq. (4), was assigned
for a range of water depths in the NB. The coefficient varied from
0.010 at water depths greater than 10 m to 0.030 at water depths
less than 2.0 m (Table 1). This method was also used to validate
hydrodynamic, salt and heat transport in Ria de Aveiro lagoon
(Dias and Lopes, 2006). Similarly, Ria de Aveiro lagoon is very shal-
low, and Dias also assigned Manning roughness based on a range of
water depths, as did Hilmar Messal and Mengelkamp (2006) when
simulating an inundation process in the Ziltendorfer Lowland.

3. Results
3.1. Model validation and evaluation

The numerical model described above has been validated many
times in the Changjiang Estuary, and the results suggest that the
model can successfully simulate the hydrodynamic processes and
saltwater intrusion in the estuary (Wu et al, 2011; Li et al,
2012; Qiu and Zhu, 2013). In this section, we use the data collected
in the NB from February 19 to March 1, 2017, to validate the model
for Exp1 and Exp2 and determine which BDC formula better repro-
duced the hydrodynamic and saltwater intrusion processes.

The following three skill assessment indicators were used to
quantify the validation of current and salinity: the correlation coef-
ficient (CC), root-mean-square error (RMSE), and skill score (SS):

Table 1
Manning roughness coefficients
in the NB.

Water depth(m) Value

D<2 0.03
2<D<3 0.024
3<D<10 0.014
D>10 0.01

Z (Xmod - )_(mod) (Xobs - )_(obs)

C= - 2 — 12 (5)
{Z (Xmod - Xmod) Z (Xobs - Xobs) ]
2
RMSE — Z (Xmm;\]_ Xobs) (6)
SS=1-— Z ‘Xmod _Xobs|2 (7)

Z (|Xmod _)?obsl + |Xubs - X0b5|)2

where X,,q is the modeled data, X, is the observed data, and X is
the mean value. SS is a statistical metric developed by Willmott
(1981) to describe the degree to which the observed deviations
from the observed mean correspond to the predicted derivations
from the observed mean. Perfect agreement between the model
results and observations yields an SS of 1.0, whereas complete dis-
agreement yields a value of 0. These metrics were also used by
Warner et al. (2005) and Li et al. (2005) to evaluate the consistency
between their model results and observations of the Hudson River
Estuary and Chesapeake Bay.

Because the NB is extremely shallow, the effect of bottom fric-
tion is important, the water velocity of the surface layer is larger
than that of the bottom layer, and salinity is almost vertically
homogeneous, we choose the water velocities surface and bottom
layers and salinities of the surface layers to present their temporal
variations. Temporal variations in the observed and modeled water
velocities and salinities at stations C, E and G are shown in Figs. 4-
6, respectively. The measured data indicated that the water current
and salinity exhibited distinct semidiurnal variations. Additionally,
the maximum flood velocity was larger than the maximum ebb
velocity, and the surface velocity was larger than the bottom veloc-
ity. The maximum flood velocities were approximately 2.4, 2.0 and
2.1 m/s in the surface layer and 1.7, 1.5 and 1.6 m/s in the bottom
layer at stations C, E and G, respectively. The surface salinities at
flood slack were higher than those at ebb slack, and salinity
decreased upstream. The maximum values were 7.8, 19.7 and
26.5 at stations C, E and G, respectively. By comparing the modeled
and observed data, we can see that the modeled water velocities in
Exp2, which is based on the Chézy-Manning BDC formula, were
slightly more accurate than those in Exp1, based on a logarithmic
BDC formula; however, the modeled salinities improvement in
Exp2 exhibited considerable compared to those in Exp1.

The indicator scores of water velocity are summarized in
Table 2. In Exp1, the CC at the eight stations ranged from 0.52 to
0.90 in the surface layer, with a mean value of 0.77, and from
0.67 to 0.90 in the bottom layer, with a mean value of 0.77; the
RMSE ranged from 0.26 to 0.50 m/s in the surface layer, with a
mean value of 0.37 m/s, and from 0.18 to 0.34 m/s in the bottom
layer, with a mean value of 0.26 m/s; and the SS ranged from
0.45 to 0.93 in the surface layer, with a mean value of 0.71, and
from 0.44 to 0.87 in the bottom layer, with a mean value 0.71.

In Exp2, the CC at the eight measured stations ranged from 0.60
to 0.92 in the surface layer, with a mean value of 0.80, and from
0.65 to 0.90 in the bottom layer, with a mean value of 0.80; the
RMSE ranged from 0.24 to 0.49 m/s in the surface layer, with a
mean value of 0.35 m/s, and from 0.15 to 0.38 m/s in the bottom
layer, with a mean value of 0.26 m/s; and the SS ranged from
0.46 to 0.93 in the surface layer, with a mean value of 0.73, and
from 0.42 to 0.92 in the bottom layer, with a mean value of 0.72.

The mean surface and bottom values of CC, RMSE and SS at the
eight stations were 0.77, 0.31 m/s and 0.70 in Exp1 and 0.80, 0.30
m/s, and 0.72 in Exp2, respectively. Therefore, the model success-
fully captured the tidal currents, and the Chézy-Manning formula
of BDC provided better results than the logarithmic BDC formula.
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The indicator scores of salinity are summarized in Table 3. In
Expl, the CC at the eight stations ranged from 0.64 to 0.93 in the
surface layer, with a mean value of 0.83, and from 0.54 to 0.91 in
the bottom layer, with a mean value of 0.81; the RMSE ranged from
0.25 to 6.73 in the surface layer, with a mean value of 3.90, and
from 0.34 to 8.47 in the bottom layer, with a mean value of 4.64;
and the SS ranged from 0.41 to 0.77 in the surface layer, with a
mean value of 0.52, and from 0.22 to 0.70 in the bottom layer, with
a mean value of 0.47.

In Exp2, the CC at the eight stations ranged from 0.79 to 0.92 in
the surface layer, with a mean value of 0.87 at surface layer, and
from 0.65 to 0.92 in the bottom layer, with a mean value of 0.84;
the RMSE ranged from 0.13 to 3.54 in the surface layer, with a
mean value of 1.79, and from 0.23 to 3.29 in the bottom layer, with
a mean value of 1.86; and the SS ranged from 0.65 to 0.92 in the
surface layer, with a mean value of 0.84, and from 0.43 to 0.95 in
the bottom layer, with a mean value of 0.79.

The mean surface and bottom values of CC, RMSE and SS of
salinity at the eight stations were 0.82, 4.27 and 0.49 in Exp1
and 0.85, 1.82 and 0.82 in Exp2, respectively. The SS was signifi-
cantly higher in Exp2 than in Expl, indicating that the model
based on the logarithmic BDC formula underestimated salinity
in the NB, and the model based on the Chézy-Manning formula
of BDC successfully captured the temporal variations in salinity
in the NB.

3.2. Mechanisms and discussion

To improve the representativeness of the study, we used the
mean river discharge and wind in winter to simulate climatolog-
ical saltwater intrusion in Exp1 and Exp2 and study the effects of
different drag coefficients on saltwater intrusion. The river dis-
charge was set to 11,800 m3/s, which was the climatological
mean in January and February from 1950 to 2015. The surface
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Table 2

Correlation coefficients (CC), root-mean-square error (RMSE), and skill scores (SS) for comparison of Modeled and observed water velocity at the measured stations (value at

surface layer/value at bottom layer).

Station Exp1 Exp2
CcC RMSE SS cC RMSE SS
A 0.64/0.67 0.48/0.34 0.45/0.44 0.67/0.65 0.46/0.37 0.46/0.42
B 0.84/0.79 0.50/0.34 0.54/0.51 0.83/0.78 0.49/0.38 0.57/0.48
C 0.78/0.74 0.32/0.23 0.81/0.76 0.81/0.75 0.30/0.24 0.83/0.75
D 0.89/0.87 0.39/0.21 0.87/0.91 0.90/0.88 0.35/0.21 0.89/0.91
E 0.76/0.74 0.36/0.27 0.78/0.77 0.77/0.76 0.36/0.28 0.79/0.77
F 0.90/0.90 0.33/0.22 0.93/0.93 0.92/0.90 0.30/0.23 0.93/0.92
G 0.84/0.83 0.31/0.24 0.87/0.86 0.83/0.81 0.34/0.26 0.87/0.84
H 0.52/0.67 0.26/0.18 0.47/0.49 0.60/0.76 0.24/0.15 0.51/0.64
Table 3

Correlation coefficients (CC), root-mean-square error (RMSE), and skill scores (SS) for comparison of Modeled and observed salinity at the measured stations (value at surface

layer/value at bottom layer).

Station Exp1 Exp2
cC RMSE SS CC RMSE SS

A 0.78/0.69 0.25/0.34 0.41/0.22 0.84/0.77 0.13/0.23 0.80/0.43
B 0.80/0.84 1.66/2.10 0.41/0.43 0.84/0.87 0.52/0.62 0.89/0.90
C 0.92/0.91 2.80/3.16 0.42/0.42 0.88/0.90 1.10/1.02 0.86/0.90
D 0.85/0.87 6.51/7.68 0.49/0.49 0.88/0.89 2.08/2.27 0.89/0.90
E 0.90/0.91 5.82/6.85 0.61/0.59 0.92/0.92 2.01/1.82 0.92/0.95
F 0.85/0.87 6.73/8.47 0.64/0.55 0.85/0.87 3.54/2.72 0.83/0.88
G 0.93/0.87 4.95/6.37 0.77/0.70 0.91/0.86 2.26/2.91 0.91/0.86
H 0.64/0.54 2.47[2.14 0.43/0.35 0.79/0.65 2.68/3.29 0.65/0.53

wind was set to a constant northerly direction and speed
of 5 m/s, which are approximately the mean wind conditions in
winter.

3.2.1. BDC

The logarithmic formula of BDC is closely related to z, (see for-
mula (2)), which is the height of half the bottom layer from the
bottom of the model. Each vertical layer thickness varies with
the total water depth. The BDC will decrease when the total water
depth increases during flood tide. Inserting formula (4) into for-
mula (3), the BDC of the Chézy-Manning formula can be written
as follows.

e

i
Therefore, the BDC is related to water depth and the Manning
roughness coefficient n. C; will increase when the water depth
decreases. The Manning roughness coefficient n is dependent on
water depth H (Table 1) and increases with decreasing H. Overall,
Cy increases as H decreases. The NB is extremely shallow, and
the tidal range is large (Zhu et al., 2015); therefore, the total water
depth varies significantly with the flood and ebb tides.

To show the variation in the BDC with the tide, we calculated
the BDC distribution in Expl and in Exp2 during spring tide at

Cq (8)
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the highest and lowest tidal levels (Fig. 7). In Exp1, the BDC is
approximately 2.5 x 10~3 in most areas of the NB and approxi-
mately 3.5 x 1072 in some very shallow areas at the highest tidal
level (Fig. 7a). At the lowest tidal level, when the NB becomes
extremely shallow, the BDC is approximately 4.1 x 10~ in most
areas of the upper and middle reaches of the NB and is slightly lar-
ger in the lower reaches of the NB compared with that at the high-
est tidal level (Fig. 7c). In Exp2, the BDC is approximately 1.5 x

1072 in most areas of the NB and approximately 3.2 x 107> in some
very shallow areas at the highest tidal level (Fig. 7b). At the lowest
tidal level, the BDC is approximately 4.3 x 103 in most areas of
the upper and middle reaches of the NB and is slightly larger in
the lower reaches of the NB compared with that at the highest tidal
level (Fig. 7d). Therefore, the BDC increases according to both the
logarithmic and Chézy-Manning formulas when the water depth
decreases, and the BDC values produced by the Chézy-Manning
formula are smaller than those of the logarithmic formula. This dif-
ference could influence estimates of the net water flux and saltwa-
ter intrusion in the NB, especially in the upper reaches of the NB.

3.2.2. Net water flux per unit width

To describe the subtidal movements of water in the Changjiang
Estuary, we defined the instantaneous rate of water transport per
unit width through a water column as follows.

- o _
Q:[]HVda 9)

Then, the residual (net) transport of water (R;V) per unit width

was calculated as follows.

- 1 /T =
Rw =~ / Qdt (10)
T Jo
where H is the total water depth, V is the current velocity vector, ¢

is the relative depth (0 at the surface and —1 at the bottom), and T is
the time period (which equals one or several tidal cycles). In this

study, six semidiurnal tidal cycles, or ~3 d, were used as an averag-
ing time window to remove the semidiurnal and diurnal tidal
signals.

In Exp1, during spring tide, the residual water flux per unit
width in the NB flows landward on the south side and seaward
on the north side of the middle and lower reaches (Fig. 8a). During
neap tide, the flux is smaller and flows seaward in the entire NB
(Fig. 8c). In Exp2, during spring tide, the residual water flux per
unit width still flows upstream, but its magnitude is larger in the
upper reaches than that in Exp1. Additionally, the magnitude of
the landward net water flux is largest in the lower reaches on
the south side of the NB (Fig. 8c). During neap tide, the net water
flux is nearly equal to that in Exp1 (Fig. 8d). The landward net
water flux in the upper reaches of the NB during spring tide is evi-
dently larger based on the Chézy-Manning formula of the BDC than
that based on the logarithmic BDC formula because the bottom
friction in the former equation is much smaller than that in the lat-
ter equation.

3.2.3. Saltwater intrusion

In Exp1, during spring tide, the NB is filled with highly saline
water, and the isohaline of 5 is close to the bifurcation of the NB
and SB at the flood slack. Only a small area of salinity greater than
1 appears in the upper reaches of the SB, suggesting that SSO is
weak during the spring tide (Fig. 9a). During neap tide, the salinity
in the upper reaches of the NB decreases at the flood slack, and no
SSO occurs (Fig. 9¢). In Exp2, the isohalines in the upper reaches of
the NB move upstream compared to those in Exp1, indicating that
saltwater intrusion becomes stronger (Fig. 9b). Moreover, the area
of salinity greater than 1 in the SB distinctly increases, suggesting
that SSO occurs. During neap tide, only a small area of salinity
greater than 1 in the SB exists along the south coast of Chongming
Island, and SSO ceases (Fig. 9d). Estimates of saltwater intrusion in
the NB were enhanced using the logarithmic BDC formula com-
pared to using the Chézy-Manning formula of BDC, especially in
the upper reaches of the NB. This finding is consistent with the
dynamic variation in the net water flux discussed above.
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3.2.4. SSO

The most characteristic form of saltwater intrusion in the
Changjiang Estuary is SSO, which is closely related to the saltwater
intrusion in the NB. We established a transect secl in the upper
reaches of the NB near the bifurcation (labeled in Fig. 1) to study
the effect of the BDC on the water and salt fluxes through the tran-
sect. The net transect water flux (NTWF) and net transect salt flux
(NTSF) were calculated as follows.

T ¢ L_,
NTWF:l/ / / Va(x,y,z, t)dldzdt
T 0 —H(xy) JO

T ¢ L _
NTSF:l/ / / sVa(x,y,z, t)dldzdt
T 0 —H(xy) JO

where ( is the surface elevation, L is the width of the transect, s is

(11)

(12)

the salinity, and vn(x,y,z, t) is the velocity component normal to
the transect.

As shown in Table 4, the NTWF is upstream in spring tide and
downstream in neap tide in Exp1l and Exp2, but the values are
much larger in Exp2 than in Exp1, with differences of —251.68
and 44.77 m3/s, respectively. This result suggests that more water
is transported from the NB into the SB during spring tide and more
water is transported from the SB into the NB during neap tide. The
NTSF varied similarly to the NTWF, but the NTSF in Exp2 was
approximately 1.8 times higher than the value in Expl during
spring tide, indicating that SSO was 1.8 times higher based on
the Chézy-Manning formula of BDC than based on the logarithmic
BDC formula. In neap tide, the NTSF is from the NB into the SB in
Expl but from the SB into the NB in Exp2, and the flux is much
smaller than that during spring tide. The quantitative relationship
of runoff and tidal range to the intensity of SSO obtained by Wu
et al. (2006) for the first time, which indicates that the SSO

Table 4
The NTWF and NTSF through sect1 in Exp1 and Exp2 (a minus sign indicates a flux
from the NB to the SB, and a plus sign indicates a flux in the opposite direction).
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increases exponentially with the increase of tidal range, and decli-
nes exponentially with the increase of runoff. Our model results
are consistent with the conclusion of Wu et al.

After saltwater enters the SB via SSO, it moves downstream
under the force of runoff and influences the downstream salinity
at the hydrological stations. The Chongxi and Nanmen hydrological
stations (labeled in Fig. 1) are located on the southwest coast of
Chongming Island, and salinity there is completely due to SSO
(Wu et al., 2006; Li et al. 2012). The salinities at the two hydrolog-
ical stations are distinctly higher in Exp2 than in Exp1 (Fig. 10). At
Chongxi hydrological station, only sharp pulses of salinity exceed
the salinity standard of drinking water in Exp1, but salinity is
higher than 0.45 more than half of the time in February in Exp2.
At Nanmen hydrological station, the salinity is slightly higher than
0.45 in some short periods and nearly lower than 0.45 in all of
February in Exp1, but the salinity is higher than 0.45 for approxi-
mately half of February in Exp2. Therefore, adopting the Chézy-
Manning formula rather than the logarithmic BDC formula can
overcome the issue of underestimating SSO noted in previous
studies.

As stated above, we analyzed the SSO based on the climatolog-
ical states of river discharge and wind in winter, but SSO can be
greatly enhanced when a cold front passes over the Changjiang
Estuary (Li et al., 2012). Strong northerly winds could induce land-
ward Ekman water transport and strengthen SSO. Next, we present
how SSO responded to a strong northerly wind event from March 8
to 10, 2016, with different BDC formulas. The river discharge mea-
sured at Datong station ranged from 16,000 to 21,000 m?/s, with a
mean value of 18,000 m3/s, from March 1 to 15, 2016 (Fig. 11a).
Under normal circumstances, SSO would weaken when river dis-
charge reaches 18,000 m?[s. A strong northerly wind affected the
estuary from March 8 to 10, 2016, with a maximum wind speed
of 23 m/s and mean wind speed of 13 m/s (Fig. 11b). The highest
tidal level was predicted to occur on March 11, 2016 (the third
day of the lunar calendar), but was observed on March 9, 2016,
due to the strong northerly wind during the medium tide after
neap tide (Fig. 11c).

The strong northerly wind induced SSO in the case of high river

NTWF(m®/s) NTSK(t/s) discharge, and this influence was record at Chongxi and Nanmen
Spring Neap Spring Neap hydrological stations (Fig. 12). The results of the numerical model
Expl _210.54 71.99 _6.09 034 indicate that the model successfully hindcast SSO and the temporal
Exp2 —462.22 116.76 -11.18 0.23 variations in salinity at the two hydrological stations using the
DExp2—Expl —251.68 44.77 —5.09 0.57 Chézy-Manning formula of BDC but underestimated the salinity
when the logarithmic BDC formula was used. Therefore, we further
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Fig. 10. Temporal variations in salinity in Exp1 (left panel) and Exp2 (right panel). a, b: at Chongxi hydrological station; c, d: at Nanmen hydrological station. The dashed line
is a salinity of 0.45, which is the standard of drinking water.
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confirm that the BDC has an important influence on the SSO in the
estuary. Approximately 80% of freshwater in Shanghai is currently
taken from the reservoirs in the Changjiang Estuary, and the most
severe challenge is saltwater intrusion in winter, especially SSO. It
is important to adopt a suitable BDC to ensure water safety in the
megalopolis of Shanghai and improve the numerical forecasting
accuracy of saltwater intrusion in the estuary.

4. Conclusions

The NB is extremely shallow, and the upper reaches of the NB
are almost orthogonal to the SB. Additionally, the lower reaches
of the NB are funnel shaped. The river regime of the NB helps pre-
vent runoff from entering the NB during the dry season and makes
the tidal range larger in the NB than in the SB. The interaction
between the topography and dynamic processes in the NB pro-
duces a special type of saltwater intrusion, SSO, which threatens
the winter water supplies of the reservoirs located in the estuary.
The improved ECOM-si model with the advection scheme
HSIMT-TVD was applied in this study. Logarithmic and Chézy-
Manning BDC formulas were established in the model to investi-
gate the associated effects on saltwater intrusion in the NB. The
Manning roughness coefficient was assigned based on a range of
water depths and varied from 0.010 at water depths greater than
10 m to 0.030 at water depths less than 2.0 m.

A comparison of the results between the modeled data and data
collected at the eight measurement stations in the NB from Febru-
ary 19 to March 1, 2017, showed that the water velocities modeled
using the Chézy-Manning formula of BDC were slightly more accu-
rate than those based on the logarithmic BDC formula; however,
the salinities modeled using the Chézy-Manning formula were
more accurate than those of the logarithmic formula. Three skill
assessment indicators, CC, RMSE and SS, were used to quantify
the model validation of the water velocity and salinity. For the log-
arithmic BDC formula, the values of CC, RMSE and SS were 0.77,
0.31 m/s and 0.70 for water velocity and 0.82, 4.27 and 0.49 for
salinity, respectively. The model simulated the tidal currents fairly
well but distinctly underestimated the salinity in the NB. For the
Chézy-Manning formula of BDC, the values of CC, RMSE and SS
were 0.80, 0.30 m/s, and 0.72 for water velocity and 0.85, 1.82
and 0.82 for salinity, respectively. The model successfully captured
the tidal currents and salinity in the NB, and outperformed the log-
arithmic BDC formula, especially in salinity estimation.

The BDC increases when water depth decreases during ebb tide
and is notably smaller in the upper reaches of the NB at the highest
tidal level of spring tide based on the Chézy-Manning formula ver-
sus the logarithmic formula. During spring tide, the residual water
flux per unit width in the NB flows landward on the south side and
seaward on the north side of the middle and lower reaches, and the
flow is landward in the upper reaches of the NB. During neap tide,
the flux is smaller than that during spring tide and flows seaward
in the entire NB. A comparison of the results based on the Chézy-
Manning BDC formula and those based on the logarithmic BDC for-
mula showed that the landward net water flux in the upper
reaches of the NB considerably increases during spring tide. Addi-
tionally, saltwater intrusion in the NB increases at this time, espe-
cially in the upper reaches of the NB. This finding is consistent with
the dynamic changes in the net water flux. At the transect in the
upper reaches of the NB, the NTWF is upstream in spring tide
and downstream in neap tide. Moreover, SSO was 1.8 times larger
in Exp2 than in Exp1 during spring tide. In neap tide, the NTSF is
from the NB into the SB based on the logarithmic BDC formula
but from the SB into the NB based on the Chézy-Manning formula,
and the flux is much smaller compared to that during spring tide.

SSO varies based on the climatological states of river discharge
and wind in winter. For example, high river discharge and a strong
northerly wind caused the model to underestimate SSO and salin-
ity at the hydrological stations in the SB based on the logarithmic
BDC formula; however, SSO and temporal variations in salinity in
the SB were successfully modeled using the Chézy-Manning for-
mula of BDC. The BDC has an important effect on SSO. Notably, it
is important to adopt a suitable BDC to ensure water safety in
the megalopolis of Shanghai and improve the numerical forecast-
ing accuracy of saltwater intrusion in the estuary.
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