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A B S T R A C T

Estuaries are often characterised by a complex network of branching channels, in which the water motion is
primarily driven by tides and fresh water discharge. For both scientific reasons and management purposes, it
is important to gain more fundamental knowledge about the hydrodynamics in such networks, as well as their
implications for turbidity and ecological functioning. A generic 2DV estuarine network model is developed to
study tides and river water transport and to understand the dependence of their along-channel and vertical
structure on forcings, geometry characteristics and sea level changes. The model is subsequently applied to
the Yangtze Estuary to investigate tides and the distribution of river water over channels during dry and wet
season, spring tide, as well as prior to and after the formation of Hengsha Passage and the construction of
the Deep Waterway Project and sea level rise. Increasing river discharge enhances the friction for tides by
increasing both internal and bottom stresses. Changes in tidal forcing are correlated with the friction for both
tide and river. A shortcut channel reduces the water level difference in adjacent channels, as well as tidal
amplitudes difference. Sea level rise results in larger friction parameters and faster propagation of tides. The
distribution of river water transport is hardly affected by above mentioned changes. Model results and current
vertical structure are consistent with observations.
1. Introduction

Many of the world’s estuaries have the structure of a network
with multiple connected channels. Examples are the Yangtze Estuary
(China), the Mahakam Delta (Indonesia), the Pearl River Delta (China)
and the Berau Estuary (Indonesia). Compared to a single-channel es-
tuary, the network structure adds further complexity to the dynamics.
Knowledge of the tides and transport of river water of estuarine net-
works is important to prevent coastal flooding, manage fresh water
supply and for ecology (transport of matter, turbidity dynamics, etc.)
This is especially important since human interventions (e.g. dredging
and constructions) and climate change (e.g. sea level rise) may strongly
alter the conditions of the entire system (Winterwerp et al., 2013;
Cheng et al., 2018).

Besides focusing on the water levels alone, accounting for the
vertical structure of tidal currents is considered to be important, as
velocity shear is crucial for e.g. sediment dynamics and ecology (Cloern
et al., 2016; Dijkstra et al., 2019). In this study, we focus on the vertical
structure of tidal and river flows in networks from the perspective of an
idealised model. An idealised model is a useful tool, because it can help
to reveal the contribution of individual physical processes. Moreover,
such a model is fast and therefore suitable for sensitivity studies.

∗ Corresponding author.
E-mail addresses: j.wang@uu.nl, jinyang.wang27@outlook.com (J. Wang).

Tidal propagation in a single channel estuary has been investigated
by numerous researchers (Friedrichs, 2010; Geyer and MacCready,
2014; Talke and Jay, 2020, and references therein). The evolution
of water level and tidal discharge is well understood in terms of
analytical relations and sensitivity to changing parameters (Friedrichs
and Aubrey, 1988, 1994; Ridderinkhof et al., 2014; Lanzoni and Sem-
inara, 1998). Also the vertical structure of tidal current has been
studied (Ianniello, 1977, 1979). Numerical models exist to simulate
tidal dynamics in networks. E.g. Buschman et al. (2010) used an
idealised 2DH numerical model to examine the effect of amplitude of
M2 sea surface elevations on the division of river water transport at
the delta apex junction in the Berau region. Sassi et al. (2011) used
a numerical 2DH model to show that, in the east part of Mahakam
Delta, Indonesia, a so-called differential water level setup occurred.
This concerns the modification of river discharge distribution over
channels due to subtidal water level difference that arises from the
interaction of surface elevations induced by subtidal flow and river.
Full 3D numerical models of Zhu et al. (2018) for the Yangtze Estuary
successfully simulated tides and net water transport prior to and after a
major intervention, the Deep Waterway Project (DWP) that comprised
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the deepening and narrowing of one channel of this estuarine network.
However, the more fundamental understanding of tidal propagation
in estuarine networks in terms of analytical solutions and parameters
sensitivities is less well-developed. Tides in a channel network were
first studied by Lorentz (1926). He developed an 1D (cross-sectional
averaged) analytical model to quantify tides and storm surges in the
Dutch Wadden Sea and Zuiderzee prior to and after the construction of
a dyke. A generic analytical linear 1D network model for tides was de-
veloped by Hill and Souza (2006). They applied it to investigate tides in
a fjord system in east of Queen Charlotte Sound, western Canada, where
friction is weak. Alebregtse and de Swart (2016) extended the Hill and
Souza (2006) model such that it also describes nonlinear tides and net
water transport in friction-dominated estuaries and applied their model
to the Yangtze Estuary.

However, idealised models for tidal dynamics in networks resolving
the vertical current structure are missing. Hence, the first aim of this
study is to develop a vertically resolving idealised model for tides and
river discharge in estuarine networks. The second aim is to use this
model to gain more fundamental understanding of tides and transport
of river water in a network and how this responds to changes in
river discharge, tidal forcing, geometry, and sea level rise. Specifically,
this work adds the interaction between eddy viscosity, bottom friction
and tidal propagation in a network under several local and global
modifications.

The 2DV network model will be used to examine the Yangtze Estu-
ary (YE), which is characterised by strong seasonal cycles in both river
discharge and tidal forcing (Guo et al., 2015). In addition, multiple
changes in geometry occurred in this estuary over last century due
to both anthropogenic activities and natural evolutions. Besides the
already mentioned DWP, a shortcut channel, the Hengsha Passage (HP),
formed during the severe floods in 1954 and thereby enriched the
branching characteristics of the YE (Kuang et al., 2014a). Furthermore,
the YE is subject to sea level rise (SLR) (Kuang et al., 2017), which
increases the difficulty for decision makers to implement adequate
management strategies (Cheng et al., 2018).

This manuscript is organised as follows. Section 2 describes the
model geometry and outlines the derivation of the final equations
that govern the tide–river system. Section 3 presents the results from
applying the model to the Yangtze Estuary, with focus on the effects of
changes in the forcings and geometry on tidal characteristics (i.e., am-
plitudes and phases of tidal currents and surface elevations) and the
magnitudes of river water transport. Section 4 contains the discussion,
followed by the conclusion in Section 5.

2. Model and methods

2.1. Model

2.1.1. Domain
Consider an idealised estuarine network system that consists of

multiple connected channels. The water motion is forced by both river
discharge at the various river heads and by tidal sea surface variations.
Each channel has a constant depth 𝐻𝑗 and a constant length 𝐿𝑗 , where 𝑗
s the channel index. Cartesian coordinates 𝑥 and 𝑧 are used, where the
ositive 𝑥-direction is seaward and the 𝑧-axis points vertically upwards,
ith 𝑧 = 0 the approximate subtidal water level, which is assumed to
e constant for each channel. The width 𝑏𝑗 of each channel is assumed
o vary exponentially in 𝑥 and does not depend on 𝑧, i.e.,

𝑏𝑗 (𝑥) = 𝑏(𝐿𝑗 ) exp
(𝑥 − 𝐿𝑗

𝑙𝑏,𝑗

)

, 0 ≤ 𝑥 ≤ 𝐿𝑗 . (1)

In this expression, 𝑙𝑏,𝑗 is the length scale at which channel width
increases exponentially in the seaward direction. Channel labelling
is explained in Fig. 1. Channel index will be omitted from hereon
for simplicity if the equations hold for all channels, unless specified
otherwise.
2

2.1.2. Equations of motion
The equations governing tides and river water transport are the

width-averaged shallow water equations. It is assumed that advection,
horizontal dispersion, drying/flooding of tidal flats, and the baroclinic
pressure gradient are negligible. Next, the water motion, to the leading
order, is assumed to consist only of M2 and subtidal component. The
resulting equations at each frequency are (see e.g. Ianniello, 1979)

𝜕𝑢𝑛
𝜕𝑡

= −𝑔
𝜕𝜂𝑛
𝜕𝑥

+ 𝐴𝑣𝑛
𝜕2𝑢𝑛
𝜕𝑧2

, (2a)

𝜕𝑢𝑛
𝜕𝑥

+
𝜕𝑤𝑛
𝜕𝑧

+ 1
𝑙𝑏
𝑢𝑛 = 0. (2b)

Here, the subscript 𝑛 denotes the harmonic component (0 for subtidal
and 1 for M2 tide), 𝑢 and 𝑤 are the horizontal and vertical width-
averaged velocities, respectively. Furthermore, 𝜂 is the free surface
elevation with respect to the undisturbed water level 𝑧 = 0, 𝑔 is the
gravitational acceleration and 𝐴𝑣𝑛 is a constant vertical eddy viscosity
coefficient, to be determined, which has a different value for subtidal
(𝑛 = 0) and M2 (𝑛 = 1) motion. Using a depth-uniform constant eddy
viscosity is most applicable for partially to well-mixed estuaries, not
strongly stratified ones. The boundary conditions for each harmonic
read

𝐴𝑣𝑛
𝜕𝑢𝑛
𝜕𝑧

= 0 and 𝑤𝑛 =
𝜕𝜂𝑛
𝜕𝑡

at 𝑧 = 0, (3a)

𝐴𝑣𝑛
𝜕𝑢𝑛
𝜕𝑧

= �̌�𝑓𝑛𝑢𝑛 and 𝑤𝑛 = 0 at 𝑧 = −𝐻, (3b)

where �̌�𝑓𝑛 is the slip parameter, which, like 𝐴𝑣𝑛 is different for the
subtidal and M2 motion, to be determined. It is assumed that there is
o wind stress at the free surface and a linearised kinematic boundary
ondition is applied (Eq. (3a)). The condition for this linearisation to
e valid is that the sea surface amplitudes are much smaller than the
ean depth (Chernetsky et al., 2010). The partial slip bottom boundary

ondition is used (Eq. (3b)) (Maas and van Haren, 1987; Schramkowski
nd de Swart, 2002).

Tidal sea surface elevations with a single angular frequency 𝜔
are prescribed at all seaward boundaries and a constant fresh water
discharge 𝑄 is assumed at the tidal limit. At each branching point, the
actual level of the sea surface 𝜂 is assumed to be continuous and the
fluid obeys mass conservation. This results in

𝜂𝑛,𝑗 = 𝛿𝑛1𝑍𝑗 cos
(

𝜔𝑡 − 𝜙𝑗
)

, at 𝑥 = 𝐿𝑗 for sea channels, (4a)

𝑏𝑗 ∫

0

−𝐻𝑗

𝑢𝑛,𝑗d𝑧 = 𝛿𝑛0𝑄𝑗 , at 𝑥 = 0 for river channels, (4b)

𝜂𝑛,𝑗 = 𝜂𝑛,𝑘, at branching points 𝑣𝑖, 𝑗, 𝑘 ∈ 𝑣𝑖,

(4c)
∑

𝑗∈𝐼𝑖

𝑏𝑗 ∫

0

−𝐻𝑗

𝑢𝑛,𝑗d𝑧 =
∑

𝑗∈𝑂𝑖

𝑏𝑗 ∫

0

−𝐻𝑗

𝑢𝑛,𝑗d𝑧, at branching points 𝑣𝑖, 𝑗 ∈ 𝑣𝑖,

(4d)

with 𝑍𝑗 and 𝜙𝑗 are the prescribed tidal amplitude and phase at the
sea boundaries. Eqs. (4c) and (4d) mean that at the branching points
sea level is continuous and mass is conserved. Here, 𝜈𝑖 is a set of
indices of channels that connect at branching point 𝑖. The index set 𝜈𝑖 is
further decomposed into 𝐼𝑖 and 𝑂𝑖, which respectively contain indices
of channels in which the fluid flows towards or away from branching
point 𝑣𝑖. A specific example of this network labelling is given in Fig. 1.

2.2. Turbulence model

The values of effective eddy viscosities and slip parameters are
realistically different for each harmonic component 𝑛 (e.g. Godin,
1991, 1999). To determine these, it is assumed that the total energy
dissipation in each harmonic component is the same as when using a
space- and time-dependent turbulence closure. Hence this method may
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Fig. 1. A schematic diagram for an arbitrary estuarine network, following Hill and Souza (2006). Channel indices are in white circles. Solid grey circles denote open sea with
tidal forcings indicated next to them. Channels connected to the sea are referred to as sea channels. The closed ends (tidal limit or a weir) of so-called river channels are shown
as vertical bars; at these locations a constant river discharge is prescribed and the tidal current vanishes. The set of indices for each branching point is denoted by 𝑣𝑖. Here,
𝑣1 = {−1,−2, 3, 4}, 𝑣2 = {−4,−5, 8}, 𝑣3 = {−3, 6, 7}, 𝑣4 = {−6,−9, 10, 11}, 𝑣5 = {−7,−8, 9, 12}, where the numbers between braces denote the channels that are connected at each
branching point. Positive and negative signs indicate whether the positive 𝑥-direction of that channel is pointing towards or away from the branching point.
𝑠

T
e
c

be regarded as a width-averaged extension of the Lorentz linearisation
method (Lorentz, 1926; Zimmerman, 1982). Denote the averaging over
channel and one tidal cycle by an overline, the mean energy dissipation
due to the last term in the momentum equation Eq. (2a) is

�̌�𝑛 = 𝐴𝑣𝑛

(

1
𝐻𝐿𝑇 ∫

𝑇

0 ∫

0

−𝐻 ∫

𝐿

0

(

𝜕𝑢𝑛
𝜕𝑧

)2
d𝑥 d𝑧 d𝑡

)

= 𝐴𝑣𝑛

(

𝜕𝑢𝑛
𝜕𝑧

)2
, (5)

here 𝑇 is the period of one tidal cycle. In the model, stresses have
een related to constants 𝐴𝑣𝑛 and �̌�𝑓𝑛, whereas in reality these param-
ters depend on space and time. Therefore, eddy viscosity in the space-
nd time-dependent turbulence model is parameterised by the Prandtl
ixing length hypothesis (Bradshaw, 1974)

𝑣(𝑥, 𝑧, 𝑡) = 𝑙2
|

|

|

|

𝜕𝑢
𝜕𝑧

|

|

|

|

. (6)

Here, 𝑢 is the local velocity that depends on both space and time, 𝑙 is
the mixing length, which is usually assumed to be proportional to the
distance to the wall for a wall-bounded flow (Kundu et al., 2016). In
this study, a parabolic profile is assumed (for a detailed discussion of
this profile see Chen and de Swart (2016))

𝑙 =

⎧

⎪

⎨

⎪

⎩

(𝜁 + 1)
(

𝜁ℎ
2+𝜁ℎ

− 𝜁
)

𝐻, −1 ≤ 𝜁 ≤ 𝜁ℎ,

(𝜁ℎ + 1)
(

𝜁ℎ
2+𝜁ℎ

− 𝜁ℎ
)(

𝜁
𝜁ℎ

)2
𝐻, 𝜁ℎ < 𝜁 ≤ 0,

(7)

where 𝜁 = 𝑧
𝐻 is the scaled depth and 𝜁ℎ is an input parameter that

ndicates the location of the boundary between the upper and the lower
ayer. The value of 𝜁ℎ is near the depth at which the eddy viscosity
ttains the maximum. Note that Eq. (7) only parametrically accounts
or the effects of stratification on turbulence through calibration of 𝜁ℎ.

The local kinematic internal stress is

= 𝐴𝑣
𝜕𝑢
𝜕𝑧

. (8)

A harmonic truncation is applied to the local kinematic internal stress
so that it is decomposed into different harmonic components (for details
see Appendix A),

𝜏 = 𝜏0(𝑥, 𝑧) + 𝜏1(𝑥, 𝑧, 𝑡). (9)

The mean energy dissipation attained by the space- and time-dependent
turbulence closure is therefore 𝐷𝑛 = 𝜏𝑛

𝜕𝑢𝑛
𝜕𝑧 . This is required to equal �̌�𝑛

Eq. (5)). Hence 𝐴𝑣𝑛 is determined as

̌𝑣𝑛 =
𝜏𝑛

𝜕𝑢𝑛
𝜕𝑧

(

𝜕𝑢𝑛
)2

. (10)
3

𝜕𝑧 b
The mean energy dissipation at the bottom due to the boundary
condition in Eq. (3b) is

�̌�𝑏𝑛 = �̌�𝑓𝑛
(

𝑢𝑏𝑛
)2, (11)

where 𝑢𝑏 is the local bottom velocity. In the space- and time-dependent
turbulence closure, the bottom slip parameter is modelled by

𝑠𝑓 = 𝐶100
|

|

𝑢𝑏||, (12)

where 𝐶100 is a drag coefficient that depends on the bottom type.
The local bottom stress is also decomposed into different harmonic
components

𝜏𝑏 = 𝑠𝑓 𝑢𝑏 = 𝜏𝑏0(𝑥) + 𝜏𝑏1(𝑥, 𝑡). (13)

The corresponding mean energy dissipation is therefore 𝐷𝑏𝑛 = 𝜏𝑏𝑛𝑢𝑏𝑛.
This is required to equal �̌�𝑏𝑛. Hence, the constant slip parameters are
determined as

̌𝑓𝑛 =
𝜏𝑏𝑛𝑢𝑏𝑛

𝑢2𝑏𝑛
. (14)

In this study, both eddy viscosities and slip parameters are called
friction parameters that are related to internal and bottom frictions. The
internal friction is 𝜕𝜏

𝜕𝑧 and its mean value is the same as the mean value
of last term in Eq. (2a) because of the turbulence model. Whereas the
bottom friction is defined as 𝜏𝑏

𝐻 , which is the stress that is experienced
by the depth-averaged current.

2.3. Definition of river water transport

It follows, from integration of the continuity equation for the river
flow over depth and application of the boundary conditions 𝑤0 = 0 at
𝑧 = 0 and 𝑧 = −𝐻 , that

𝜕
𝜕𝑥

[

𝑏𝑗 (𝑥)∫

0

−𝐻𝑗

𝑢0,𝑗 d𝑧

]

= 0. (15)

he quantity between the square brackets is therefore a constant in
ach channel and defined to be the river water transport 𝑄𝑗 of each
hannel. The values of 𝑄𝑗 are determined by the conditions at the

ranching points.



Continental Shelf Research 225 (2021) 104476J. Wang et al.

w

w
s
a
r

𝑢

𝑤

w

𝛽

i

𝑑

Fig. 2. The network diagram for the Yangtze Estuary. Notations are explained in Fig. 1. Colour coding of channels is the same as that in subsequent plots for easy identification.
In the absence of the shortcut channel, the HP is not considered. Forcing conditions are those applied to the reference case, with the shortcut channel being present.
l

2.4. Model solutions

The solutions of system (2)–(4) are derived in Appendix B. Those
for river flow read (for each channel)

𝑢0(𝑥, 𝑧) =
𝑔𝐻2

𝐴𝑣0

[1
2
(

𝜁2 − 1
)

− 𝑟
] d𝜂0
d𝑥

= 𝑄
𝑏(𝑥)𝐻

⎛

⎜

⎜

⎝

1
1
3 + 𝑟

⎞

⎟

⎟

⎠

[ 1
2
(

1 − 𝜁2
)

+ 𝑟
]

,

(16a)
d𝜂0
d𝑥

= −
𝑄𝐴𝑣0

𝑔𝑏(𝑥)𝐻3
(

1
3 + 𝑟

) , (16b)

here 𝑟−1 = 𝐻�̌�𝑓0
𝐴𝑣0

is a dimensionless slip parameter. In each channel,
the constant river water transport 𝑄 (except for river channels in which
river discharge is prescribed) and the elevation at the beginning point
of the channel, are determined by the boundary conditions (Eq. (4b)).

The solutions for the tidal flow velocities and elevation are

(𝑢1, 𝑤1) = Re
{

(�̂�1, �̂�1)𝑒−𝑖𝜔𝑡
}

, 𝜂1 = Re
{

�̂�1𝑒
−𝑖𝜔𝑡}, (17)

here a hat denotes the complex amplitude that determines the spatial
tructure of each variable. The variables �̂�1, �̂�1 are functions of 𝑥 and 𝑧
nd �̂�1 depends only on 𝑥. The expressions for the complex amplitudes
ead

̂1 = −
𝑖𝑔
𝜔

[1 − 𝛽 cosh (𝛾𝑧)]
d�̂�1
d𝑥

, (18a)

̂ 1 =
𝑖𝑔
𝜔

[

𝑧 −
𝛽
𝛾
sinh (𝛾𝑧)

](

d2�̂�1
d𝑥2

+ 1
𝑙𝑏

d�̂�1
d𝑥

)

− 𝑖𝜔�̂�1, (18b)

�̂�1 = 𝑒
− 1

2𝑙𝑏
𝑥(
𝐶1𝑒

𝑑0𝑥 + 𝐶2𝑒
−𝑑0𝑥

)

, (18c)

ith

= 1

cosh (𝛾𝐻) + 𝐴𝑣1
�̌�𝑓1

𝛾 sinh (𝛾𝐻)
and 𝛾 =

√

− 𝑖𝜔
𝐴𝑣1

. (19)

Note that |𝛾|−1 is the Stokes depth that describes the height of frictional
influence (Souza, 2013). The integration constants 𝐶1 and 𝐶2 are
determined by the boundary conditions. The complex wave number 𝑑0
s given by

0 =

√

√

√

√

√

(

1
2𝑙𝑏

)2
− 𝜔2

𝑔𝐻
(

1 − 𝛽 sinh(𝛾𝐻)
𝛾𝐻

) . (20)

There are two unknown constants in both river (𝜂0 and 𝑄) and tidal
flows (𝐶 and 𝐶 ). For each flow component, all unknown constants
4

1 2
Table 1
Geometry of the reference Yangtze Estuary network, including the channel length 𝐿, the
ength scale 𝑙𝑏 at which channel width increases exponentially in the seaward direction,

the water depth 𝐻 and the width at the seaward boundary 𝑏𝑜.
Channel Label 𝐿 (km) 𝑙𝑏 (km) 𝐻 (m) 𝑏𝑜 (km)

North Branch (NB) 1 85 30 5 12
North Channel (NC) 2 60 52 7 20
North Passage (NP) 3 61 470 11 3.5
South Passage (SP) 4 54 21 7 30
South Channel (SC) 5 23 −368 9 6.2
South Branch (SB) 6 51 64 9 14
Yangtze River 1 (YR1) 7 50 206 10 6.6
Yangtze River 2 (YR2) 8 50 206 10 5.2
Yangtze River 3 (YR3) 9 50 206 10 4.1
Yangtze River 4 (YR4) 10 50 206 10 3.2
Yangtze River 5 (YR5) 11 370 206 10 2.5

are solved simultaneously with the boundary and matching conditions
(Eq. (4)). Values for eddy viscosity and slip parameter of both river
and tidal flow are obtained iteratively. Starting from an initial guess
of their values, solutions are calculated, which yield 𝑢0 and 𝑢1. New
estimates of 𝐴𝑣𝑛 and �̌�𝑓𝑛 are then determined from Eqs. (10) and (14).
Then the values of the friction parameters are computed again until
changes in these values are less than a user-specified tolerance (here
10−5). The full solution procedure is summarised using a flow chart
(see Appendix C).

2.5. Application to the Yangtze Estuary

The Yangtze Estuary is an estuarine network that connects the
Yangtze river, also known as the Chang Jiang, with the East China
Sea. Prodigious natural variability can be observed in both the river
and the sea. The monthly averaged Yangtze river discharge varies
from 104 m3∕s (during the dry season, May to October) to 4 × 104 m3∕s
(during the wet season, November to April) with an annual average of
28 300 m3∕s (Yang et al., 2015). During spring tide, the tidal range at the
entrance is about 4.62m, while the average tidal range is 2.67 m (Zhang
et al., 2016). Due to large scale human interventions, such as the DWP
in the North Passage and the construction of Qingcaosha Freshwater
Reservoir, both tidal currents and the distribution of river water over
different channels changed.

The default case that is considered in this study is the dry season
(January, 2014), during mean tide, after the construction of the DWP
and without the Hengsha Passage. The only external tide is the semi-
diurnal tide with angular frequency 𝜔 = 1.4 × 10−4 rad/s. Fig. 2 shows
the network pattern of the Yangtze Estuary and indicates the values
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Table 2
List of experiments.

Description Changes

1 Reference Dry season, monthly-averaged tidal forcing

2 Wet season River discharge 𝑄 = 4 × 104 m3/s (Alebregtse and de Swart, 2016)
Increase water depths in YR1–YR5 by 1–5 m respectively (Cai et al., 2019)

3 Spring tide Increase the tidal amplitudes by 50% (Lu et al., 2015)
4 Shortcut channel Add Hengsha passage (Kuang et al., 2014a)
5 Before DWP 𝐻 = 7 m and 𝑙𝑏 = 60 km in the North passage (Alebregtse and de Swart, 2016)
6 Sea level rise Undisturbed water depth +2 m (Kuang et al., 2017)
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Table 3
Tidal stations of which data have been used to verify the model.

Station name Station name Station name

1 Jiangyin 6 Nanmengang 11 Beicaozhong
2 Tianshengang 7 Shidongkou 12 Niupijiao
3 Hupu 8 Wusong 13 Zhongjun
4 Baimaokou 9 Changxing 14 Nancaodong
5 Qinglonggang 10 Hengsha 15 Sheshan

of the forcing parameters. The parameters for all channels are given
in Table 1. The modelled tides from the reference case will be first
compared with the observed tides. Next, several scenarios that mimic
wet season, spring/neap tide, a shortcut channel, the situation before
DWP and sea level rise will be compared to the reference case to
investigate their effects on tides, river and river water transport. Table 2
provides the list of experiments. Finally, for all cases, the bottom drag
coefficient is 𝐶100 = 0.0022 corresponding to muddy beds (Soulsby,
997). By fitting the modelled tidal elevation amplitudes to observed
mplitudes, it was found that 𝜁ℎ = −0.67, meaning that the eddy
iscosity is maximum near −0.67𝐻 for all channels and thereby also
etermines the magnitude of the eddy viscosity.

. Results

.1. Reference case

Fig. 3 shows the friction parameters of each channel for the refer-
nce case. Water depth of each channel is attached to each channel
n panel (a). Although the formulation of eddy viscosity (Eqs. (6)–(7))
cales with both depth and velocity, the magnitudes of eddy viscosities
urns out to be characterised mostly by the water depths. The eddy
iscosities for the river and tidal flow (panel a and b) are therefore the
argest in the North Passage (NP, the deepest branch) and the smallest
n the North Branch (NB, the shallowest branch).

The slip parameters for the river and tidal flow (panel c and d)
re the largest in the North Branch (NB) and the smallest in the South
ranch (SB).

Fig. 4(a) and (b) compare the amplitudes and phases of M2 sea sur-
ace elevations of the reference case with those derived from harmonic
nalysis of observed sea surface variations. Dots are data from National
arine Data and Information Service (2013), retrieved from tidal tables

or January 2014 of 15 different water stations listed in Table 3.
hese are the values used to calibrate the model. Upward triangles
how results from Lu et al. (2015), who applied harmonic analysis to
bserved water levels. There is good agreement between modelled and
bserved tides (see also data presented in Guo et al. (2015), which is
lotted in Alebregtse and de Swart (2016)). The tidal damping and
mplification in the North Branch (NB) and the South Branch (SB)
gree with the result in Zhang et al. (2012): in the NB, tidal wave is
irst amplified and then damped, whereas in the SB, the tidal wave
s damped. The slopes of phase curves in panel (b) are proportional
o the phase speed (𝑐 = 𝜔∕ d𝜙

d𝑥 ) of the tidal wave. Typical values of
he phase speed, depending on the water depth and on the values of
5

C

the friction parameters, range from 7 to 10 m∕s. Depth-averaged tidal
(M2) current amplitudes (panel c) are almost identical to those from
the 1D model of Alebregtse and de Swart (2016). The amplifications
in both the North Branch (NB) and the South Passage (SP) are due
to the strong width convergence. The amplification in the SP is also
observed by Li et al. (2018). For all channels, the surface elevations
due to the river flow (panel d) and due to resonance related to wave
reflection decrease from river to sea. For most channels, the river flow
velocities (panel e) exponentially decrease in magnitude towards sea
due to the seaward increasing channel width. The width of the South
Channel decreases in the seaward direction and therefore the river flow
is amplified in that channel. The North Passage has a nearly constant
width (large value of parameter 𝑙𝑏), so that the river current is almost
a constant. River water is mostly transported through the South Branch
(panel f), after which the river water is distributed nearly evenly over
subsequent channels. Percentages next to the lines indicate the river
water diversion ratio, computed by the model. It is defined as the ratio
of river water transport in one channel to the river water transport in
its upstream channel. It should be noted that the river water diversion
ratio is different from the net water diversion ratio as in e.g. Alebregtse
and de Swart (2016), which additionally includes the net transport due
to tides and nonlinear processes and is therefore comparable to the
observed water diversion.

The vertical distribution of tidal velocity amplitude (Fig. 5) reveals
that tidal current is the strongest near the surface, values can be up
to 1.8m∕s. Both the vertical and the horizontal structure of the tidal
urrent amplitudes differ from channel to channel. Viewing upstream,
odelled tidal current amplitude decreases in the North Passage and

he South Channel, while it increases in the South Passage. These results
gree with the results of other analytical studies (Jiang et al., 2013; Ale-
regtse and de Swart, 2016), while observations suggest more smaller
cale longitudinal perturbations due to the complex geometry (Shao
t al., 2017). The horizontal variation in the South Passage is much
arger than that in the other two channels. At the branching point, there
s a jump in tidal velocity amplitude; the tidal current amplitude in the
outh Passage is about twice as large as those of the North Passage
nd the South Channel. The large tidal current in the South Passage
ear the branching point is the result of its strong longitudinal width
onvergence. However, its width and depth are the smallest among
he three channels that join at the branching point, so it has the least
ross-section area. This in turn leads to the jump in the velocity at the
unction of the NP, the SP and the SC.

.2. Comparison of wet season with dry season

During the wet season (river discharge is four times higher than
hat in the dry season), the water level set-up in the Yangtze River
YR) is significant and should be accounted for in order to get correctly
imulated tidal propagation (see also Dijkstra et al., 2017) Therefore
epths of the YR1 to the YR5 are increased by 1−5 metres respectively.
hese depth modifications are based on the observed variations in the
ean water level in relation to the river discharge (Guo et al., 2015;
ai et al., 2019). Note that although the increase in water depth is not
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Fig. 3. a. Eddy viscosity 𝐴𝑣0 of river flow versus position in the network. Here, 𝑥 = 0 is the location of the most upstream branching point. b. As a, but for eddy viscosity 𝐴𝑣1 of
tidal flow. c. As a, but for slip parameter 𝑠0 of river flow. d. As c, but for slip parameter 𝑠1 of tidal flow.
s

continuous, free surface is guaranteed to be continuous by the matching
condition (Eq. (4c)).

The relative changes in friction parameters during the wet season
with respect to the dry season are shown in Fig. 6. With larger river
discharge, the friction parameters for both river and tide increase,
except for the slip parameter of the river flow in the North Branch
(NB). This influence decreases downstream and is much smaller on the
slip parameter for the river flow. The increase in friction parameters is
mostly because of the stronger river–tide interaction due to larger river
current, as the influence of larger discharge on water depth is negligible
in the downstream part of the Yangtze Estuary.

Fig. 7 shows that the amplitudes of both tidal surface elevations
and depth-averaged tidal currents (panel a and c) are smaller in the
wet season than in the dry season and the overall dampening increases
upstream. This result is consistent with that of Alebregtse and de Swart
(2016). Positive phase differences (panel b) in the tidal surface eleva-
tions imply that the tidal waves travel slower during the wet season.
Under the same tidal forcing, high water arrives at the first branching
point about 13 minutes later (1 rad ≈ 7114 s). The differences between
the horizontal tidal velocity amplitudes during the wet and dry season
for longitudinal sections in the South Channel, the North Passage and
the South Passage are plotted in panels d, e and f. To make variables
comparable between two scenarios at different depths in the cases that
channel depths are adjusted, the 𝜁 -coordinate (𝜁 = 𝑧

𝐻 ) is used instead
f the 𝑧-coordinate in the difference plots. Here, the water depths in
he SC, the NP and the SP are the same for both dry and wet seasons.
olid lines are levels with positive values and dashed lines are levels
6

ith negative values. Horizontal tidal velocity amplitudes are generally
smaller during the wet season. At the sea boundaries of the North
Passage and the South Passage, these amplitudes are hardly affected
by the larger river discharge. For most locations, the change in tidal
current amplitude at the surface is larger than that at the bottom.

Plots of the difference between the elevation and current due to the
river, as well as the river water transport during the wet season and
the dry season are shown in Fig. 1 of the supplementary information
(SI). It appears that the spatial patterns of these variables during the
wet season are similar as those during the dry season, but larger
magnitudes.

SI Fig. 2 shows the sensitivity of selected variables to continuous
change in the river discharge from the YR. As river discharge increases,
tidal elevation amplitudes (panel a) decrease at all branching point and
the time tidal waves need to travel to the branching points (panel b)
increases. River set-up (panel c) at all branching points and river water
transport (panel d) in each channel linearly increase when the river
discharge from the YR is increased.

3.3. Comparison of spring tide with mean tide

By seeing the M2 tide as a representative semi-diurnal amplitude,
pring tide may be considered by increasing the amplitude of the M2

tide to the amplitude of the semi-diurnal water motion a few days
around the spring tide. This approach follows what is used in other
studies (Valle-Levinson et al., 2000; Geyer and MacCready, 2014).
During spring tide (external tidal amplitude is 50% larger than the
mean tide), all friction parameters have larger values. For each channel,

the relative changes of friction parameters for the river flow are larger
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a
b

Fig. 4. a. M2 tidal elevation amplitude versus position in the network of the reference case. Here, solid lines are the model results and dots are the data from tidal table. b. As
, but for tidal elevation phase. c. As a, but for tidal discharge amplitudes. d. As a, but for surface elevation due to the river flow. e. As a, but for river flow velocity. f. As a,
ut for river water transport. Note that 𝑥-coordinate for panel a and b is different due to the location of the data point near 𝑥 = −100 km.
than those for the tidal flow. The largest change in friction parameters
(increase of about 40%) is observed in the North Passage and in the
South Passage.

Larger tidal forcing leads to the increase of both tidal elevation
and tidal current amplitudes (Fig. 8 panel a and c). Nonetheless, the
tidal waves travel slower, because of the larger friction (panel b). For
example, the high water at the first branching point (𝑥 = 0) arrives
11 minutes later during spring tide than during mean tide in the model.
When comparing the panel d–f with those of Fig. 5, it appears that the
7

pattern of horizontal tidal velocity amplitudes does not change from
mean tide to spring tide, only amplitudes get larger. The maximum
increase is observed at the landward side of the South Passage. River
flow is almost unaffected by the larger tidal forcings.

The model is also run for the neap tide (50% lower tidal forcing),
which show changes, with respect to mean tide, that are opposite to
those for spring tide: friction parameters decrease, tides travel faster,
tidal elevation and discharge amplitudes increase.
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Fig. 5. Spatial structure of horizontal tidal current amplitude in the South Channel (a), the North Passage (b) and the South Passage (c) in the 𝑥-𝑧 plane. Colour is the horizontal
tidal velocity amplitude.
Fig. 6. Relative changes in 𝐴𝑣0 (blue), 𝐴𝑣1 (orange), 𝑠0 (green) and 𝑠1 (red) during the wet season with respect to the dry season for the different channels.
SI Fig. 3 shows the sensitivity of variables, as in SI Fig. 2, to values of
the tidal forcing that occur during a spring–neap cycle. For larger tidal
forcing, tidal elevation amplitudes (panel a) and river set-up (panel c)
at the branching point increase. It takes longer for tidal waves to travel
to the branching points (panel b). River water transport (panel d) is
almost unaffected by the tidal forcing.

3.4. Effects of a shortcut channel (Hengsha Passage)

In this study, the presence of the Hengsha Passage (HP) splits the
North Channel (NC) into two channels: the upstream part NC1 and
the downstream part NC2. In the HP, positive 𝑥 is defined to be from
North to South (from the North Channel at 𝑥 = 66 km to the branching
point of the North Passage (NP), the South Passage (SP) and the South
Channel (SC) at 𝑥 = 74 km). Since all friction parameters are channel-
averaged, splitting the NC affects the averaging, thereby resulting in
different values of eddy viscosities and slip parameters. To distinguish
the effects of the HP from the effects of splitting the NC, results are first
obtained from splitting the NC into two parts. It turns out the effect of
splitting the NC is negligible. Then, the HP is added and the results are
compared to those obtained from split NC.

It is observed in this model that, in the HP, the tidal current ampli-
tudes are less than 1m∕s, river velocity is small and the river water is
transported from the NP to the NC at the rate of about 200 m3∕s. The
influence of the HP on friction parameters in other channels is shown
8

in Fig. 9. Friction parameters in the channels connected to the HP are
affected most by the HP, the effect is minor; only 1 − 2% and hence
negligible within the accuracy of this model.

The effects of the HP on tide, river and river water transport are also
mainly in the channels connected to it, i.e., the NC, the NP, the SP and
the SC (SI Fig. 4). Due to the presence of the HP, the tidal amplitude
at the branching point of the SC, the NP and the SP decreases by a few
centimetres (panel a) and tidal amplitude at the junction of the two
parts of NC increases. Including the HP, the tidal wave travels slower in
the seaward part of the NC (panel b) and faster in the landward part of
the NC. These changes lie within the uncertainty margin of the model.
Tidal discharge amplitude (panel c) increases in the seaward part of the
NC and decreases in the landward part of the NC.

Surface elevations due to the river (panel d) and the river current
(panel e) are nearly unaffected by the HP. The changes in the river
current imply that the additional river water transport from the SC first
enters the HP passages and is subsequently distributed over the two
parts of the NC. Moreover, it can be seen from the difference of river
water transport (panel f) that the amount of river water transported by
the HP mostly goes back to the SC, although the amount is small.
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Fig. 7. a. Difference between tidal elevation amplitude during the wet and the dry season versus position in the network. b. As a, but for tidal elevation phase. c. As a, but for
tidal discharge amplitude. d. Difference between the horizontal tidal current amplitude in the South Channel (SC) during the wet and the dry season in the 𝑥-𝜁 plane. Colour
denotes the difference in the tidal velocity amplitude. e. As d, but for the North Passage (NP). f. As d, but for the South Passage (SP).
3.5. Effects of the Deep Waterway Project (DWP)

The DWP altered the geometric characteristics of the North Passage
(NP) in two aspects: the construction of two training walls that sig-
nificantly reduced the channel convergence and dredging from 7m to
11m (Jiang et al., 2012).

The effects of the DWP on the friction parameters are mainly in
the NP itself (SI Fig. 5). Before the DWP, eddy viscosities for both
tide and river in the NP were about 58% smaller than the reference
case because eddy viscosities scale with depth. The relative changes in
friction parameters in other channels are small.

Tidal elevation amplitudes in all channels were slightly lower than
those in the present-day situation (SI Fig. 6a) and the tidal waves
9

travelled slower in most channels (panel b), except for the seaward part
of the NP. The upstream amplification of tidal current amplitude was
much stronger in the NP (panel c), due to the strong width convergence.
Elevation (panel d), velocity (panel e) and the transport (panel f) due
to river were similar to those of the reference case. The effects of DWP
on the horizontal and vertical structure of tidal current amplitudes are
shown in Fig. 10. Panels (a) and (c) are for the South Channel and for
the South Passage, in both of which the differences are small. In the NP
(panel b), tidal velocity amplitudes in the seaward part significantly
increased after the DWP, while in the landward part they decreased.
Before the DWP, the near surface tidal velocity amplitude in the NP
was more than 0.2m∕s larger at the branching point and about 0.2m∕s
smaller at the sea.
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Fig. 8. As Fig. 7, but for the difference between spring tide and mean tide.
3.6. Effects of sea level rise

In this study, 2m seal level rise (SLR) is simplified to a 2m increase
in water depths in all channels. Here, 2m is the suggested maximum
SLR based on the study of Kuang et al. (2014b). Tidal limit moves
further upstream due to larger water depth. However, this does not
affect the tidal characteristics in the downstream channels. The eddy
viscosities for both tide and river increase (SI Fig. 7). The increases in
the eddy viscosity for the river flow are slightly larger than that for
the tidal flow for all channels with a maximum increase of over 56%
in the NB and a minimum increase of about 14% in the NP. The slip
parameters for river flow slightly decrease in the NP and the SP and
increase in other channels.
10
With the same tidal forcings, tidal elevation amplitudes within
the estuarine network will be enhanced by 2m SLR (Fig. 11 a) and
the amplification is stronger upstream. There is a fair agreement be-
tween modelled tidal amplitudes and those obtained with the numerical
model of Kuang et al. (2014b) under 2m SLR. The tidal waves travel
faster than those in the reference case (panel b). For example, the
high water arrives about 32 minutes earlier at the first branching point
𝑥 = 0. However, the numerical results from Kuang et al. (2014b) predict
the advancement of time of high water due to 2m SLR is about 45
minutes. This difference is mostly likely the consequence of simplified
geometry. Changes in tidal current amplitudes are small except for
that in the North Branch (NB) (panel c). Due to 2m SLR, tidal current
amplitudes increase in the upstream of the North Branch and the South
Branch and decreases in the North Passage are consistent with the
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Fig. 9. As Fig. 6, but for the relative changes in friction parameters including the HP with respect to the reference case.
Fig. 10. As Fig. 7 d–f, but for the difference between horizontal tidal velocity amplitudes prior to and after the Deep Waterway Project (DWP).
findings of Kuang et al. (2014b). Surface elevation due to river (panel d)
and the river flow velocity (panel e) slightly decrease. The NB and
the SP receive a larger fraction of river water, about 100 m3∕s, after
SLR compared to the reference case (panel f). Horizontal tidal current
amplitudes slightly decreases in the SC, the NP and the SP (Fig. 11),
with a maximum decrease of 0.1m∕s at the sea boundary of the SP at
the surface. (Fig. 12)

SI Fig. 8 shows variables, as in SI Fig. 2, as continuous functions
of imposed sea level rise. As the sea level rises, up to 2m, the tidal
elevation amplitudes increase (panel a) and the river set-ups (panel c)
11
decrease, tidal waves travel faster (panel b) and river water transport
is hardly affected by sea level rise (panel d).

4. Discussion

This section will first summarise the key finds of each experiment
and explain the observed changes where necessary. Meanwhile, results
will be compared with those reported in other studies. Finally, some
limitations of the model will be discussed.
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Fig. 11. As Fig. 7, but for the difference between values of variables in the situation for 2m sea level rise and those in the reference case.
4.1. Key findings

4.1.1. Wet versus dry season
Volumetric river discharge is proportional to the cross-sectionally

averaged current, channel width and depth (𝑄 = 𝑈𝐵𝐻). In our study,
𝐵 was assumed to be independent of discharge and mean depths in
the river channels were adjusted manually according to information
provided by Cai et al. (2019). Hence the results are for velocity and its
vertical structure. Our results (Fig. 6) reveal that the vertical profiles
of the river current are hardly affected by the larger discharge. This is
12

because friction parameters affecting river flow hardly change between
the wet and dry season. However, the eddy viscosities and slip param-
eters affecting the tide are larger during the wet season due to both
enhanced internal stress and bottom stress generated by the tide–river
interaction. This can be seen from Eq. (A.7): the contribution of river
velocity shear to the internal stress of tidal flow is three times larger
than its contribution to the internal stress of the river flow. Due to this
increased friction, the tidal wave decays faster and it travels slower
when river discharge increases. These findings are consistent with those
of earlier studies (e.g. Guo et al., 2015; Cai et al., 2019).

The effect of enhanced tidal decay due to enhanced frictions during
the wet season is especially notable in the more upstream branches
(Fig. 7a). In the branches close to the sea, such as the NP, the fixed
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Fig. 12. As Fig. 7d–f, but for the difference between horizontal tidal velocity amplitudes after 2 m sea level rise and those in the reference case (no sea level rise).
boundary condition (tidal amplitude) and enhanced friction lead to an
enhanced local pressure gradient, which tends to increase the velocity
amplitude (Fig. 7c). The combined effect of enhanced friction and local
pressure gradients means that the velocity does not change much in the
NP.

Mean energy dissipation in each channel (Eqs. (5) and (11)), aver-
aged over both one tidal cycle and over the entire channel, increases
for larger river discharge (SI Fig. 9). This is consistent with earlier
findings by Zhu et al. (2016). It turns out that the contribution due
to the internal stress is one order of magnitude smaller than that due
to the bottom stress.

4.1.2. Spring tide versus mean tide
When tidal forcing increases, the ratio of friction to inertia in-

creases, so tidal waves become more dissipative. Therefore, whether
or not the tidal elevation amplitude becomes larger depends on the
location. For the Yangtze Estuary, tidal elevation amplitudes increase
with larger tidal forcing (Fig. 8a). Larger tidal forcing also causes
enhanced tidal velocity shear (Fig. 8d–f), which results in larger eddy
viscosities (Eqs. (6)–(7)) and hence larger internal friction. The fact
that tidal waves travel slower in the network when tidal forcings are
increased is thus caused by the increases in both sources of friction.

4.1.3. The Hengsha Passage (HP)
The overall effects of the Hengsha Passage on tide, river and river

water transport are small and local, as was found in Section 3. There is
an additional amount of river water that flows from the South Channel
(SC) into the HP and flows back to the SC through the upstream part of
13
North Channel (NC2) (SI Fig. 4f). This explains that the most significant
changes in friction parameters are in the NC2 (Fig. 9), i.e., the upstream
part of the North Channel.

This model yields the same flow direction as that of Kuang et al.
(2014a): water mass is transported from the NP to the NC during
maximum flood and from the NC to the NP during the maximum
ebb. The tidal current amplitudes in the HP are smaller than those
from Kuang et al. (2014a). This is because the configuration of the
HP is slightly different in this study: the HP is not only connected to
NP, but also the NC, the SP and the SC. This is done to simplify the
network configuration; otherwise the NP is split into a downstream
part and an upstream part. With this configuration, the tidal elevation
amplitudes difference between the two endpoints of the HP, which in
general determines the tidal current amplitudes in the HP, is smaller
than what is found by Kuang et al. (2014a). Consequently, the tidal
current amplitudes in the HP are underestimated.

4.1.4. Effects of the Deep Waterway Project (DWP)
The results for depth-independent variables are similar to those

of Alebregtse and de Swart (2016) and are also consistent with data
presented in Jiang et al. (2013). Therefore the results are not presented
in depth but are included in the SI.

Although the geometrical changes of the DWP are local (larger
water depth and less width variation in NP), the intervention affected
tides and river water transport in the entire network. Since the DWP
involves changes in both depth and width, their effects on depth-
independent variables (tidal elevation amplitudes, phases, river set-up,
river current and river water transport) are shown separately in SI Fig.
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10. The effects of channel deepening and narrowing were comparable
in magnitude but opposite and hence compensated each other. This is
because their opposite effect on the channel cross-sectional area.

4.1.5. Sea level rise
In this study, sea level rise (SLR) scenario isolates the effect of

depth increase only, ignoring some of the other effects of SLR. For
example, Kuang et al. (2017) show that when SLR is 2m, there will
be about 0.2m increase in the tidal forcing amplitudes at the open
sea. In this manuscript, effects of the varying tidal forcing amplitudes
have been investigated in the spring–neap modulation and therefore
boundary conditions are not changed for SLR. It is also assumed that
the stratification effect on eddy viscosity remains the same under SLR,
and therefore the same calibration parameter as the reference case is
used.

Due to a 2m SLR and under above assumptions, the eddy viscosities
for both tide and river increase. This is because the eddy viscosity scales
with the water depth (Eq. (6)). Despite the larger friction parameters,
the tidal waves travel faster. The reason is that the increased undis-
turbed water depth leads to an increase in the shallow water wave
speed 𝑐 =

√

𝑔𝐻 , the speed that tidal wave travels in the absence of
friction. Additionally, a reduction of the set-up induced by river is
observed for 2m SLR (SI Fig. 11). Eq. (16b) shows that the surface
gradient is proportional to eddy viscosity coefficient, but inversely
proportional to the depth cubed. The latter effect is stronger than the
former and therefore the surface gradient decreases. Since the set-up
is fixed to be 0 at the sea, smaller surface gradient leads to smaller
river set-up. For this reason, the changes in the mean depth inside
the estuarine network are smaller than the imposed SLR (SI Fig. 12).
Finally, SLR leads to weaker river velocity, because the cross-sections
become larger, while the river water transport division in the network
is hardly affected.

4.2. Model advantages and limitations

The exploratory nature of this model allows a fast and semi-
analytical way to gain fundamental insight into the global tidal motion
in networks. It has been used here to better understand the interaction
between tidal propagation and friction. Additionally, it includes the
distribution of river discharge, which is a contribution to the net water
transport. However, idealised nature of the model also imposes some
restrictions on the interpretation of the model.

Lateral processes are omitted. These are important in estuaries that
are partially to poorly mixed and that have significant lateral depth
variations (e.g. Scully et al., 2009). Significant lateral flow has also
been observed in the Yangtze Estuary (Li et al., 2019). The length scale
being considered in this model is the tidal wavelength. This means
that model results are representative for the average motion in width-
averaged sense and over length scales of the order of at least 10 km.
Smaller details are not resolved. Tidal flats are neglected in this model,
which are sinks for along-channel momentum (Hepkema et al., 2018)
and have large impact on the dynamics in the inner delta region of the
Yangtze Estuary (Zhu et al., 2016).

The effect of density stratification on values of eddy viscosities (Bur-
chard, 2002) is not accounted for. As is shown in e.g. Chen and de Swart
(2016), this affects the vertical structure of the tidal current. It may
result in a maximum current that does not occur at the surface, which is
what is observed in e.g. the North Passage of the Yangtze Estuary (Jiang
et al., 2013).

Internally generated overtides are not modelled, which alter the
semi-diurnal tidal elevation and usually arise from the nonlinear advec-
tion term and friction. Other tidal constituents such as S2 and diurnal
components are not included in the model, but can be added. The
model only considers river water transport; it does not yield informa-
tion about net water transport. The latter also involves net (Stokes)
transport by tides, as well as transport due to residual currents induced
14
Fig. 13. a. Observed vertical structure of the horizontal current near 𝑥 = 100 km in
the NP during the wet season for spring tide (Wan and Zhao, 2017). b. Time series
reconstructed from the model under the same conditions as of a.

by horizontal density gradients, tidal advection, tidal straining and
wind, which are important in estuaries (Geyer and MacCready, 2014;
Cheng et al., 2019) and will be considered in a future study.

The time series of the horizontal flow velocity at one location in
the North Passage during the wet season for spring tide is constructed
from the model and compared to the measurement made by Wan and
Zhao (2017) (Fig. 13), which is also comparable to the observation
made by Li et al. (2019). Overall, there is a fair agreement between
the modelled current vertical structure with that from observation,
when taking into account the above mentioned model limitations. First,
the maximum flood and ebb currents from our model are smaller
than observation. This is because the result from the model is width-
averaged. The measurement was made in the middle of the channel
and the current near the wall is supposed to be much smaller. Second,
the maximum flood current in the middle of the water column near
6 h cannot be reproduced by our model. This is most likely due to the
exchange flow, while the only residual flow in our model is river. Third,
the second slack tide near 8 − 8.5 h was not depth uniform. The phase
difference at different water depth is mostly likely the consequence of
overtides, which is not revolved in the present model.

5. Conclusions

This study focused on the hydrodynamic response of estuarine net-
works to imposed tidal forcing and river discharge, as well to changes
in the response due to changes in forcing (including sea level rise)
and geometrical characteristics of the network. For this, a generic,
idealised 2DV estuarine network model was developed and applied to
the Yangtze Estuary. The model describes primary tides and river water



Continental Shelf Research 225 (2021) 104476J. Wang et al.

w
r
s

w
t
c
e
e
C
t
y

w

S

𝜏

transport and accounts for river–tide interaction in the turbulence
dissipation term. Various local and global modifications were explained
via the interaction between eddy viscosity, bottom friction and tidal
propagation in the network.

It turns out that the modelled tides and distribution of river water
transport in the networks agree fairly well with observations and other
model studies, as well as the current vertical structure. The behaviour
of tides can be understood in terms of competition between friction
and channel width convergence, while the distribution of river water
transport is mainly controlled by the geometrical characteristics of each
channel.

When river discharge is increased, the tidal wave travels slower
and tidal elevations are dampened due to both larger bottom stress
and internal stress. River flow is hardly affected by larger discharge;
elevation and current due to the river homogeneously change with the
prescribed river water discharge.

Varying the amplitude of tidal forcing at the seaward boundaries,
that represents the spring–neap modulation, leads to the changes of
friction parameters whose values are positively correlated to the tidal
forcing amplitude. When tidal forcing amplitude is increased, the tidal
wave travels slower due to larger friction. The changes in tidal ele-
vation amplitudes depend on the location, they are enhanced in the
downstream part of the Yangtze Estuary. River water transport is nearly
unaffected by the variation of tidal forcings.

Results are sensitive to the network geometry. If a connecting chan-
nel (Hengsha Passage) is added, changes are mainly local: it reduces
the differences in both tidal elevation amplitudes and river set-up
in adjacent channels and a net river water transport from the North
Passage (NP) to the South Channel (SC) is observed. The effect of
the Deep Waterway Project (DWP), a major intervention in which
one of the channels (NP) was deepened and straightened (almost no
width variations), were global. The effect of deepening was dominant
while compensated by the straightening. Noticeable here is the strong
increase of tidal currents in the seaward part of NP and a decline in its
landward part.

Finally, a 2m sea level rise results in larger tidal elevation ampli-
tudes, larger phase speed of the tidal waves and reduced river set-up
with respect to the undisturbed water depth. River water transport is
not sensitive to sea level rise.
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Appendix A. Harmonic decomposition of internal and bottom
stresses

To estimate the values for friction parameters, the energy dissipa-
tion at each harmonic component using the space- and time-dependent
turbulence closure will be derived. For clarity, the formulations of eddy
viscosity and slip parameter are repeated

𝐴 = 𝑙2
|

|

𝜕𝑢 |
|, and 𝑠 = 𝐶 |𝑢 |. (A.1)
15

𝑣 |

|
𝜕𝑧 |

|

𝑓 100 𝑏
Here, 𝑙 is the mixing length given in Eq. (7), 𝑢 is the local velocity that
contains all harmonic frequencies and 𝑢𝑏 is the local velocity at the
bottom. The averaged subtidal energy dissipation is

𝐷 = 𝐴𝑣

( 𝜕𝑢
𝜕𝑧

)2
= 𝜏 𝜕𝑢

𝜕𝑧
and 𝐷𝑏 = 𝑠𝑓 𝑢2𝑏 = 𝜏𝑏𝑢𝑏, (A.2)

where an overline is the averaging over both one tidal cycle and over
the channel, defined in the main text (Eq. (5)) and 𝜏 and 𝜏𝑏 are the
kinematic internal stress and bottom stress respectively,

𝜏 = 𝑙2
|

|

|

|

𝜕𝑢
𝜕𝑧

|

|

|

|

𝜕𝑢
𝜕𝑧

and 𝜏𝑏 = 𝐶100|𝑢𝑏|𝑢𝑏. (A.3)

Both of them are of the following form

𝑓 (𝒙, 𝑡) = 𝛼|𝑔(𝒙, 𝑡)|𝑔(𝒙, 𝑡), (A.4)

here 𝒙 is the independent variable for space and the coefficient 𝛼 is
equired to be time independent. Using the harmonic truncation, the
tate variable 𝑔 ∈

{

𝜕𝑢
𝜕𝑧 , 𝑢𝑏

}

is written as

𝑔 = 𝑔0(𝒙) + 𝑔1(𝒙, 𝑡) = 𝑔0(𝒙) +
1
2
(

�̂�1(𝒙)𝑒−𝑖𝜔𝑡 + �̂�1(𝒙)∗𝑒𝑖𝜔𝑡
)

, (A.5)

here the subscript denotes the harmonic component, a hat implies
he complex amplitude and the superscript (⋅)∗ denotes the complex
onjugate. Here, 𝑔0 and 𝑔1 are the solutions obtained using constant
ddy viscosities 𝐴𝑣0,1 and constant slip parameters �̌�0,1. Then the nonlin-
ar function 𝑓 can be approximated by spectral methods such as using
hebyshev polynomials (Godin, 1999). The procedure is identical to
hat of Alebregtse and de Swart (2016). Truncate the results after M2
ields

𝑓 = 𝛼|
|

𝑔0||𝑔0 ≈ 𝑓0(𝒙) + 𝑓1(𝒙, 𝑡)

= 16𝛼
15𝜋

𝐺
[

1 + 6
𝐺2

(1
3
𝑔20 +

1
2
|

|

�̂�1||
2
)

]

𝑔0
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑓0

+ 16𝛼
15𝜋

𝐺
[

1 + 6
𝐺2

(

𝑔20 +
1
4
|

|

�̂�1||
2
)

]

Re
{

�̂�1𝑒
−𝑖𝜔𝑡}

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑓1

.

(A.6)

where 𝐺 = |

|

𝑔0||+ |

|

�̂�1|| is the scale of 𝑔. Therefore, the M0 (residual) and
M2 components of the local internal stress are

𝜏0 =
16𝑙2
15𝜋

𝐺𝐼

[

1 + 6
𝐺2
𝐼

(

1
3

(

𝜕𝑢0
𝜕𝑧

)2
+ 1

2
|

|

|

|

𝜕�̂�1
𝜕𝑧

|

|

|

|

2
)]

𝜕𝑢0
𝜕𝑧

, (A.7)

𝜏1 = Re
{

𝜏1𝑒
−𝑖𝜔𝑡}

= Re

{

16𝑙2
15𝜋

𝐺𝐼

[

1 + 6
𝐺2
𝐼

(

(

𝜕𝑢0
𝜕𝑧

)2
+ 1

4
|

|

|

|

𝜕�̂�1
𝜕𝑧

|

|

|

|

2
)]

𝜕�̂�1
𝜕𝑧

𝑒−𝑖𝜔𝑡
}

, (A.8)

here 𝐺𝐼 = |

|

|

𝜕𝑢0
𝜕𝑧

|

|

|

+ |

|

|

𝜕�̂�1
𝜕𝑧

|

|

|

is the magnitude of the local velocity shear.

imilarly, the M0 and M2 components of the local bottom stress are

𝑏0 =
16𝐶100

15𝜋
𝐺𝑏

[

1 + 6
𝐺2

𝑏

( 1
3
𝑢2𝑏0 +

1
2
|

|

�̂�𝑏1||
2
)

]

𝑢𝑏0, (A.9)

𝜏𝑏1 = Re
{

𝜏𝑏1𝑒
−𝑖𝜔𝑡} = Re

{

16𝐶100

15𝜋
𝐺𝑏

[

1 + 6
𝐺2

𝑏

(

𝑢2𝑏0 +
1
4
|

|

�̂�𝑏1||
2
)

]

�̂�𝑏1𝑒
−𝑖𝜔𝑡

}

,

(A.10)

where 𝐺𝑏 = |

|

𝑢𝑏0|| + |

|

�̂�𝑏1|| is the magnitude of the local bottom velocity.
Next, applying harmonic truncation Eq. (A.5) to the subtidal energy

dissipation and using the results of decomposed stresses yields

𝐷 =
(

𝜏0 + 𝜏1
)

(

𝜕𝑢0
𝜕𝑧

+
𝜕𝑢1
𝜕𝑧

)

= 𝜏0
𝜕𝑢0
𝜕𝑧

⏟⏟⏟
+ 𝜏1

𝜕𝑢1
𝜕𝑧

⏟⏟⏟
, (A.11)
𝐷0 𝐷1
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𝐷𝑏1

. (A.12)

Here, the cross terms vanish due to the averaging over one tidal cycle.
The subtidal energy dissipation due to both internal stress and bottom
stress contain two parts: the contribution of M0 river flow (𝐷0 and 𝐷𝑏0)
nd M2 tidal flow (𝐷1 and 𝐷𝑏1). These dissipation contributions are
ssumed to be the same as when using constant friction parameters
̌𝑣0,1 and �̌�0,1, i.e.,

𝑛 = �̌�𝑛 and 𝐷𝑏𝑛 = �̌�𝑏𝑛, (A.13)

where �̌�𝑛 and �̌�𝑏𝑛 are given in Eqs. (5) and (11). These criteria give
he expressions for constant friction parameters, the results are

̌𝑣0 =
𝜏0

𝜕𝑢0
𝜕𝑧

(

𝜕𝑢0
𝜕𝑧

)2
, 𝐴𝑣1 =

Re
{

𝜏∗1
𝜕�̂�1
𝜕𝑧

}

|

|

|

𝜕�̂�1
𝜕𝑧

|

|

|

2
, (A.14)

�̌�𝑓0 =
𝜏𝑏0𝑢𝑏0

𝑢2𝑏0
, �̌�𝑓1 =

Re
{

𝜏∗𝑏1�̂�𝑏1
}

|

|

|

�̂�2𝑏1
|

|

|

. (A.15)

Appendix B. Solutions

B.1. Solutions for river flow

The river flow is governed by Eqs. (2) of the main text, assuming
𝑛 = 0. To obtain the solutions, integrate the momentum equation for
river flow from some depth 𝑧′ = 𝑧 to the linearised free surface 𝑧′ = 0
and apply the boundary condition yielding

0 = 𝑔𝑧
𝜕𝜂0
𝜕𝑥

− 𝐴𝑣0
𝜕𝑢0
𝜕𝑧

. (B.1)

Integrate again from the bottom 𝑧′ = −𝐻 to some depth 𝑧, which gives

𝑢0 =

(

𝑧2 −𝐻2)

2𝐴𝑣0
𝑔
𝜕𝜂0
𝜕𝑥

+ 𝑢0||𝑧=−𝐻 . (B.2)

he slip condition at the bottom implies

𝑢0||𝑧=−𝐻 =
𝐴𝑣0
�̌�𝑓0

𝜕𝑢0
𝜕𝑧

|

|

|

|𝑧=−𝐻
= −

𝑔𝐻
�̌�𝑓0

𝜕𝜂0
𝜕𝑥

. (B.3)

Hence

𝑢0 =
𝑔𝐻2

𝐴𝑣0

⎡

⎢

⎢

⎢

⎣

(

𝑧
𝐻

)2
− 1

2
−

𝐴𝑣0
𝐻�̌�𝑓0

⎤

⎥

⎥

⎥

⎦

𝜕𝜂0
𝜕𝑥

. (B.4)

ntegration of continuity equation and application of the boundary
onditions at the bottom and surface gives Eq. (15) in the main text.
pplication of boundary condition at the river head implies

𝜕𝜂0
𝜕𝑥

= −
𝑄𝐴𝑣0

𝑔𝑏(𝑥)𝐻3
1

1
3 + 𝐴𝑣0

𝐻�̌�𝑓0

. (B.5)

qs. (B.4)–(B.5) are Eqs. (16) in the main text. Note that the vertical
elocity is everywhere zero.

.2. Solutions for tidal flow

Tidal flow can be solved by substituting non-transient periodic trial
olutions

𝑢 ,𝑤 , 𝜂
)

= Re
{(

�̂� , �̂� , �̂�
)

𝑒−𝑖𝜔𝑡
}

(B.6)
16

1 1 1 1 1 1
nto the governing equations and boundary conditions (Eqs. (2)–(4)) of
he main text for 𝑛 = 1:

𝑖𝜔�̂�1 = −𝑔
d�̂�1
d𝑥

+ 𝐴𝑣1
𝜕2�̂�1
𝜕𝑧2

, (B.7a)

0 =
𝜕�̂�1
𝜕𝑥

+
𝜕�̂�1
𝜕𝑧

+ 1
𝑙𝑏
�̂�1, (B.7b)

𝐴𝑣1
𝜕�̂�1
𝜕𝑧

= 0, �̂�1 = −𝑖𝜔�̂�1 at 𝑧 = 0, (B.7c)

̌𝑣1
𝜕�̂�1
𝜕𝑧

= �̌�𝑓1�̂�1, �̂�1 = 0 at 𝑧 = −𝐻. (B.7d)

The general solution of Eq. (B.7a) is

̂1(𝑥, 𝑧) = 𝐴1(𝑥)𝑒𝛾𝑧 + 𝐴2(𝑥)𝑒−𝛾𝑧 −
𝑖𝑔
𝜔

d�̂�1
d𝑥

, (B.8)

where 𝛾 =
√

− 𝑖𝜔
𝐴𝑣1

. The first boundary condition in Eq. (B.7c) gives

̂1(𝑥, 𝑧) = 𝐴(𝑥) cosh (𝛾𝑧) −
𝑖𝑔
𝜔

d�̂�1
d𝑥

. (B.9)

Finally, apply the partial slip condition at the bottom 𝑧 = −𝐻 to obtain

̂1(𝑥, 𝑧) =
𝑖𝑔
𝜔

[𝛽 cosh (𝛾𝑧) − 1]
d�̂�1
d𝑥

. (B.10)

here 𝛽 is defined in the main text. Next, substitute of Eq. (B.10) into
he continuity (B.7b), integrate over depth and use of the boundary
ondition �̂�1 = −𝑖𝜔�̂�1 at 𝑧 = 0 yields

̂ 1(𝑥, 𝑧) = −
𝑖𝑔
𝜔

[

𝛽
𝛾
sinh (𝛾𝑧) − 𝑧

](

d2�̂�1
d𝑥2

+ 1
𝑙𝑏

d�̂�1
d𝑥

)

− 𝑖𝜔�̂�1. (B.11)

The boundary condition at the bottom (𝑤1 = 0 at 𝑧 = −𝐻) implies that
the surface amplitude should obey the differential equation

𝑔
𝜔

[

𝛽
𝛾
sinh (𝛾𝐻) −𝐻

](

d2�̂�1
d𝑥2

+ 1
𝑙𝑏

d�̂�1
d𝑥

)

− 𝜔�̂�1 = 0. (B.12)

ts general solution is

�̂�1 = 𝐶1𝑒
𝑘1𝑥 + 𝐶2𝑒

𝑘2𝑥, (B.13)

here

1,2 = − 1
2𝑙𝑏

±

√

(

1
2𝑙𝑏

)2
+

𝛾𝜔2

𝑔 [𝛽 sinh (𝛾𝐻) − 𝛾𝐻]
(B.14)

re the two complex wave number. This expression is equivalent to
q. (18c) by factoring out − 1

2𝑙𝑏
in the complex wave numbers, which

describe the exponential decay of the tidal wave due to the variation

of channel width.
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Appendix C. Solution procedure

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.csr.2021.104476.
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