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Abstract

The exchange flow structure was examined in the North Passage of Changjiang River Estuary, where a deep
waterway project (DWP) was carried out to improve the navigability. Before the construction of the DWP, the
friction effect played a significant role in shaping the transverse structure of the exchange flow. The turbulent
eddy viscosity generated near the seabed can be transferred to the upper water column, which facilitated vertical
momentum exchange. As a result, the landward inflow extended to –2 m below the water surface and the seaward
outflow was concentrated on the shallow shoal on the southern side of the cross section. After the construction of
the DWP, the turbulent mixing was suppressed as a result of density stratification. The friction felt by the water
was constrained in the lower half  of  the water column and the vertical  momentum exchange was reduced.
Meanwhile, the channel became dynamically narrowed with a Kelvin number of 0.52. Therefore, the Coriolis
played a minor role in shaping the transverse structure of the exchange flow. As a consequence, the exchange flow
featured a vertically-sheared pattern,  with outflow at  the surface and inflow underneath.  Additionally,  the
gravitational circulation was enhanced due to increase in along-channel density gradient and stratification. The
exchange flow components associated with the lateral processes (residual currents induced by eddy viscosity-
shear covariance and lateral advective acceleration) were reduced, which suggests that lateral processes played a
minor role in modifying the along-channel dynamics when the estuary becomes dynamically-narrowed.
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1  Introduction
Estuaries have experienced severe human intervention be-

cause of their unique geophysical locations, which caused severe
geomorphological and physical changes. For example, tidal
range was amplified in the West River network after a dredging
project in the Zhujiang River (Pearl River) Estuary (Yuan and
Zhu, 2015). The deepening of the Newark Bay has led to an en-
hancement in density stratification and a doubling of the ex-
change flow (Chant et al., 2018). The altered estuarine circula-
tion further induced an increase in turbidity, sediment trapping,
and migration of turbidity maximum zone (Winterwerp, 2011).
These trapped sediments have become hinders for navigations
channels and expensive dredging were carried out to maintain
the navigability. In addition, large amounts of pollutants were
also accumulated inside estuaries since many of them were ad-
here to fine sediments (Lesueur et al., 2015), which posed
threatens for water quality and estuarine ecosystem (Astrahan et
al., 2017). Therefore, it is necessary to understand the response of
estuarine circulation to channel modification.

The Changjiang River Estuary is a typical example, which was
subject to intensive morphological evolution because of con-
struction of navigation channels and reduction of sediment load

from the river catchment (Zhu et al., 2016). Wang et al. (2010)
found that the water age increased for nearly 5 d near the bottom
after the construction of the Deep Waterway Project (DWP). The
landward circulation was found to be intensified in the North
Passage due to the newly-built navigation works (Wu et al., 2010).
The change in circulation further altered the sediment transport
and accretion/erosion processes of the estuary. The intensive cir-
culation resulted in sediment accumulation, which was highly
contributed to the navigation siltation (Liu et al., 2011). The
newly-built project obstructed the sediment exchange between
channel and shoal, which induced severe deposition along the
training walls (Luan et al., 2018).

Although the change in estuarine circulation induced by the
engineering works has been well-studied, the mechanism that
leads to such changes has not yet been fully investigated. Most
studies in the North Passage still focus on the two-dimensional
(longitudinal and vertical) estuarine exchange flow along the
deep channel, which neglected the transverse structure of the
flow pattern. Many studies have shown that the exchange flow
structure in an estuary is essentially three-dimensional and the
transverse variability is also important in driving the dispersion
of salt and other materials. Fischer (1972) found that it is the  
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transverse shear acted as the dominant mechanism for disper-
sion. Huzzey (1988) also detected the transverse variation in
density structure in York River estuary. Thus, it is necessary to
consider the transverse structure of exchange flow in diagnosing
estuarine dynamics. Wong (1994) employed an analytical model
to detect the effect of cross-channel variation in bathymetry on
the exchange flow pattern. He examined the exchange flow in a
triangular basin and found that the inflow was concentrated in
the channel and extended to the surface, while the outflow was
restricted on the side shoals. However, the inflow spread widely
in the lower layer with a flat bottom estuary. Kasai et al. (2000)
further explained the exchange flow pattern was determined by
friction, which is measured by the Ekman number (Ek). When
friction is dominant, the exchange flow presents the same pat-
tern as Wong’s results. With small value of Ekman number, the
rotating effect is prominent and the flow pattern shows a two-
layer structure with inflow near the bottom and outflow on the
upper layer. The ratio between basin’s width and the internal
Rossby deformation radius, which is expressed by the Kelvin
number (Ke), is also important in determining the exchange flow
pattern (Valle-Levinson, 2008). When an estuary is dynamically
wide (Ke>1), the exchange flow pattern is characterized as later-
ally sheared with inflow in the channel and outflow over the
shoals.

In addition to the gravitational circulation, the nonlinear ad-
vective acceleration associated with lateral circulation (flow that
is normal to the channel orientation) has been found to be
important on estuarine exchange flow. Based on the tidally aver-
aged along-channel momentum balance in an idealized model,
Lerczak and Geyer (2004) found that lateral advection accelera-
tion is comparable to or larger than the pressure gradient force
and stress divergence. Spatially, the lateral advection term acts as
a seaward driving force for surface water and landward driving
force for bottom water, thus, augmenting the strength of
exchange flow. The modeling study in the Hudson River Estuary
has shown that the nonlinear lateral advection acts in concert
with the baroclinic pressure gradient force under variable for-
cing conditions, reinforcing the landward residual flow (Scully et
al., 2009). Many studies also focused on the covariance of the tid-
al fluctuation of eddy viscosity and the vertical shear of velocity,
which is another important driver for exchange flow (Burchard
and Hetland, 2010). The covariance can be generated by peorid-
ic mixing during a flood-ebb period (Jay and Masiak, 1994). In
wide estuaries with transverse variation in bathymetry, lateral
processes are more important in generating the covariance
(Burchard and Schuttelaars, 2012). More recently, Dijkstra et al.
(2017) proposed the concept eddy viscosity-shear covariance
(ESCO) to describe the variance terms.

Previous studies of estuarine circulation in the North Passage
of the Changjiang River Estuary mostly focused on the two-dimensional
(longitudinal and vertical) structure. Based on in-situ observa-
tions, Shen et al. (1986) figured out the two-layer structure of
estuarine circulation, in which barotropic force drives a seaward
flow at the surface and a density-driven landward flow near the
bottom. Combined with sediment settling and resuspension pro-
cesses, a turbidity maximum was formed near the landward limit
of saltwater intrusion (Li and Zhang, 1998). The estuarine circu-
lation also exhibited seasonal variation in response to river dis-
charge, with bottom landward velocity in the order of 0.05–0.10 m/s
in the dry season and 0.15–0.20 m/s in the wet season (Pu et al.,
2015). Many studies also examined the change in estuarine circu-
lation due to the construction of the DWP. The estuarine circula-
tion was found to be intensified as a result of enhanced stratifica-

tion and increased longitudinal density gradient (Wang et al.,
2010; Jiang et al., 2012). These studies have improved our under-
standing of the estuarine circulation in the North Passage and its
response to channel modification. However, the transverse struc-
ture of estuarine circulation has been neglected in previous stud-
ies. The Changjiang River Estuary has a complex channel-shoal
bathymetry and estuarine circulation may exhibit significant
variation over a transverse section. Moreover, the transverse
structure of estuarine circulation should be largely altered due to
channel modification. Thereby, the objectives of this study are:
(1) to investigate the transverse structure of estuarine circulation
and its alteration induced by the construction of the DWP; (2) to
demonstrate the behind mechanism that controls the change in
estuarine circulation.

2  Study site
The Changjiang River Estuary is located along the central

eastern coast of China (Fig. 1a), with a latitude ranging from
30°40 ′  to 31°11 ′N and a longitude ranging from 120°55 ′  to
123°00′E. The Changjiang River Estuary is a complex estuarine
system with three-level bifurcation and four outlets (i.e., North
Branch, North Channel, North Passage and South Passage). It is
first divided into the South Branch and North Branch by the
Chongming Island, and then the South Branch is divided into the
South Channel and North Channel by the Changxing Island and
Hengsha Island. The South Channel further branches into South
Passage and North Passage with Jiuduan Shoal in the middle.
The estuary receives large amounts of freshwater and sediment
input from the Changjiang River. The annual river runoff and
suspended sediment load between 1950–2010 are approximately
900×109 m3/a and 390×106 t/a at Datong Station, about 640 km
upstream of the river mouth, where daily discharge and sedi-
ment concentration are measured. The Changjiang River Estuary
is a meso-tidal estuary, with a mean tidal range of 2.66 m at the
estuary mouth. The tidal range decreases toward the upstream.
Symmetric semidiurnal tides are observed outside the mouth
and asymmetric tides are observed inside the mouth. Under the
combined influence of a large freshwater input and tide, the tidal
currents in the estuary are strong. The maximal current is greater
than 3.0 m/s. The estuary is a partially mixed estuary. However, it
may change to a highly stratified or mixed estuary depending on
tidal ranges and river discharge (Pu et al., 2017; Shao et al., 2017).

The turbidity maximum zone, formed under the combined
effects of estuarine circulation (Shen et al., 1986), sediment floc-
culation (Guo et al., 2017), and sediment resuspension (Li and
Zhang, 1998), is located in the lower reach of the South Passage,
North Passage and North Channel. The long-term sediment
accumulation in the turbidity maximum zone results in a large-
scale sand bar within the estuary mouth, which has a mean
water depth of about 7.0 m (Chen et al., 1999). In order to im-
prove the navigable capacity, the DWP was constructed during
1998–2010 (Fig. 1b). It consists of two along-channel training
walls, nineteen groins and diversion works at the inlet. The
navigation channel is about 50 km long, 350–400 m wide, and the
main channel was deepened to 12.5 m. The project is divided to
three stages. Phase 1 (1998–2001) involved construction of two
training-walls, ten groins in the North Passage and diversion
work at the inlet. During the Phase 2 (2001–2004), the training-
walls were extended seaward and the groins were lengthened.
Nine new groins were added and the navigation channel was
dredged to 10 m. The water depth was increased to 12.5 m at the
end of 2010 by local adjustment and massive dredging during the
Phase 3 (2006–2010). Following the completion of the project,
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unexpected siltation occurred in the middle reach of the North
Passage. The routine maintenance of the navigation channel has
become a heavy burden. It is expected that the circulation pro-
cesses have been altered, which will contribute to the siltation.

3  Methodology

3.1  Numerical modeling
The environmental fluid dynamics model (EFDC) was used in

this study to investigate the hydrodynamic change in the estuary.
The model solves the Navier-Stokes equation for a domain with
free surface assumption. The modified Mellor and Yamada level
2.5 turbulence closure scheme was implemented in the model to
obtain the vertical viscosity and diffusivity (Mellor and Yamada,
1982; Galperin et al., 1988). The model uses a structured ortho-
gonal curvilinear grid in the horizontal and sigma coordinate in
the vertical. The model resembles the widely used Blumberg-
Mellor model in both the physics and the computational scheme
utilized (Blumberg and Mellor, 1983).

Because of frequent water exchanges between Changjiang River
Estuary and its adjacent seas, the model domain covers the Bo-
hai Sea, Yellow Sea and East China Sea (Fig. 1a). The use of a
large-domain model can also remove the errors caused by the in-
fluence of the open sea boundary. There are 25 922 cells in the
horizontal plane with cell length varying from 150 m to approxima-
tely 30 000 m at the open sea boundary. Sixteen layers of water
column of the same thickness using sigma coordinate were spe-
cified vertically. In order to represent the complex geometry in
the estuary, the grids follow the deep channels and high-resolu-
tion grid cells are placed inside the North Passage. The upstream
river boundary is located at the tidal limit of the Changjiang River
Estuary, where daily river discharge is measured. Nine harmonic tidal
constituents, namely M2, S2, N2, K2, O1, K1, P1, M4 and MS4, are
forced at the open sea boundary. The tidal constituents were
extracted from the global tidal data from the Delft Dashboard
(http://delft-dashboard.software.informer.com/). To better sim-
ulate the hydrodynamics in the shallow shoals, the wetting-dry-
ing method are switched on during the simulation. The constant
salinity of 34 is used at the model open boundary since the salin-
ity at the open boundary is primarily saline water with little influ-
ence from the freshwater. Over the model domain, the temperat-
ure is treated as a constant of 20°C as we focus inside the estuary,

where the temperature contributes little to the stratification. The
hydrodynamic roughness z0, varying from 0.002 m to 0.008 m,
is used in the model based on model calibration.

In order to compare the hydrodynamics prior to and after the
construction of DWP, the numerical simulations are conducted
for scenarios based on the bathymetries in 1997 and 2010. The
multi-year (1950–2010) averaged river discharge, 29 000 m3/s,
was used at the riverine boundary. For the 2010 simulation, the
training walls and groins were simulated by blocking specified
faces of the grid cells. These configurations of numerical models
enable us to distinguish the estuarine circulation changes caused
by the DWP. For each of the scenario, the model was run for 180 d
and only the results for the last 29 d were used. As this study fo-
cus on change in exchange flow pattern induced by the newly-
built navigation works, model outputs of salinity and tidal cur-
rent were averaged during a 29-d period to remove tidal signal
(Boon, 2004) and the spring-neap variation of exchange flow was
neglected. To fully investigate the changes in flow pattern, a lon-
gitudinal section, from CS1 to CS5 (Fig. 1b), and a transverse sec-
tion at CS3 were selected since it locates at the core zone of the
turbidity maximum and suffers heavy siltation following comple-
tion of the DWP. The longitudinal section helped exhibiting the
saltwater intrusion and along-channel variation in exchange
flow. The transverse section was selected to represent the changes
in exchange flow pattern, lateral flows and salinity profile.

3.2  Model calibration
The model was validated for its capability for simulation of

both tidal currents and salinity before and after the construction
of the DWP. Field data of tidal current and salinity during the
summer in 2000 and 2009 were collected. These two data sets can
be representatives of the hydrodynamics before and after the
channel modification. The measurement sites are named CS1 to
CS5 and at the same locations for both 2000 and 2009. Both of the
two in-situ measurements were conducted during spring tides
and lasted for more than 25 h.

The comparisons between tidal currents and salinity between
the simulated results and observations are shown in Figs 2 and 3.
We evaluated the model skill quantitatively against the meas-
ured tidal current and salinity time series. The model skill score
(SS) utilized by Allen et al. (2007) was adopted here, which is
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Fig. 1.   Sketch of the Changjiang River Estuary and model grid (a); and bathymetry in the North Passage and its adjacent area (b). In a,
A, B and C represent Changxing Island, Hengsha Island and Jiuduan Shoal, respectively. In b, black stars indicate the measurements
sites, red dashed line denotes the CS3 transverse section and black dashed line denotes the longitudinal transect, the black solid and
red solid arrows denote the orientations of the along-channel and lateral flows, respectively; the directions are defined as: positive
landward and negative seaward in the along-channel direction, positive toward the northern dike and negative toward the southern
dike in the lateral direction.
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SS = −

N∑
i=

(Xm − Xo)


N∑
i=

(Xo − X̄o)


, (1)

X̄where X is the variables of interest and  is the time mean, m and
o represent the value is modeled or observed, respectively. The
skill score shows an index of model-data agreement, with a value
of 1 indicating perfect agreement and a value of 0 indicating
complete disagreement. Maréchal (2004) categorized an SS>0.65
as “excellent”, 0.50–0.65 as “very good”, 0.20–0.50 as “good”, and
<0.20 as “poor”.

The modeled tidal currents follow the observations reason-
ably well for both 2000 and 2009, and the model skill scores are
greater than 0.5 at most stations, which are within the score levels
of “excellent” and “very good”. The ebb tidal currents in 2009
were generally stronger than that observed in 2000, which may be
induced by the river discharges, 35 500 m3/s and 43 600 m3/s for
the 2000 and 2009 observations, respectively. The modeled salin-
ity varied in almost the same range as the observed salinity with-

in a flood-ebb tidal cycle. It is notable that the salinity difference
between the surface and bottom layers was larger for the 2009
measurement, indicating that the stratification was enhanced.
Some discrepancies occurred during peak flows, probably due to
the complex bathymetry and the flow division between the chan-
nels (e.g., North Passage and South Passage). The skill score of
salinity simulation varies from 0.52 to 0.91 and has a better skill
near the bottom than the surface. Overall, the model results are
acceptable and allowed us to conduct numerical simulations to
diagnose the dynamics in the Changjiang River Estuary.

4  Results

4.1  Exchange flow
The field measurements of salinity showed that an enhance-

ment of stratification after the construction of the DWP, which
has a major influence on exchange flow (Hansen and Rattray,
1965). However, the buoyancy inputs from the upstream were
not identical because the differences in river discharges. There-
fore, the following investigations about the exchange flow and
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Fig. 2.   Comparisons between modeled (solid lines) and observed (dots) tidal current.
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Fig. 3.   Comparisons between modeled (solid line) and observed (dots) salinity.
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the associated driving mechanisms were mostly analyzed based
on model results, which was forced by the same boundary condi-
tions except for the bathymetry. Model simulation before the
construction of the DWP showed that the freshwater/saltwater
interface was located 15 km downstream of the CS1 station (Fig. 4a).
The interface of freshwater/saltwater was pushed 11 km up-
stream after the completion of the DWP (Fig. 4b). The salinity
structure for both of the two model scenarios showed a classical
pattern of a partially mixed estuary, with a weak pycnocline from
the surface to bottom as exhibited in the mean salinity profile
(Valle-Levinson, 2010). Compared to the salinity structure prior
to the DWP, a sharp salinity front, where the salinity ranged from
6 to 16, was formed following the completion of the engineering
works. A two-layered exchange flow manifested in the North Pas-
sage, with inflow at the bottom and outflow at the surface. Coin-
ciding with the changes in salinity, increase in landward residual
current was most vigorous inside the salinity front. Near the sur-
face, the seaward outflow increased by 0.1 m/s as the flow con-
centrated in the main channel after channel deepening.

Because of the transverse variation in bathymetry and hydro-
dynamics, the exchange flow may differ largely between the
channel and the shoal. Here we present the transverse structure
of the exchange flow at CS3 transect (Fig. 1b). The exchange flow
and salinity showed that the heavier salt water intruded from the
deep channel on the right (looking upstream) and low salinity
was observed on the shallow part prior to the DWP (Fig. 5a). In
accordance with the salinity structure, the net inflow tended to
concentrate on the deep channel of the cross-section and exten-
ded to 2 m below the water surface in the northern bank (Fig. 5c).
On the contrary, the net outflow concentrated on the shallow
area of the left side and the inflow-outflow interface inclined to
the left in accordance with the pycnocline. The exchange flow
pattern featured a laterally-sheared structure as defined by Valle-
Levinson (2008). After the construction of the DWP, the salinity
profile was nearly flattened over the transverse section, thus the
water column became more stratified (Fig. 5b). Similar to the sa-
linity profile, the inflow was compressed in the lower half of the
water column and the seaward outflow was in the upper layer
(Fig. 5d). The exchange flow changed to a vertically-sheared pat-
tern. It is notable that the inflow on the left shoal was not taken
into account, since it was resulted from the sheltering effects of
the groins instead of density-driven current (Ge, 2010).

4.2  Lateral flows
In this section, we present the change in lateral flows before

and after the construction of the DWP. For the 1997 simulation,

saltier water was transported upstream via the deep channel and
a strong transverse salinity gradient was generated during the
flood slack (Fig. 6a). The along-channel showed a baroclinic sig-
nal, with maximum current speed presenting in the middle of the
water column instead of at the surface (Fig. 6e). A strong lateral
shear in the along-channel was exhibited. The lateral flow was
greater in magnitude than the along-channel flow because the
along-channel flow was weak during flood slack. The lateral flow
showed a two-layer structure with surface water flowed north-
ward and near-bottom flow directed southward. Fresher water
was advected to the right side of the channel by the northward
lateral flow through the upper layer, generating distinct trans-
verse salinity gradient. During the ebb slack, the salty water was
observed on the lateral boundaries (Fig. 6b), which is caused by
the rapid downstream movement of water parcel in the deep
channel (Fig. 6f). The salinity variation during a flood-ebb tidal
cycle indicated distinct periodic stratification, which has been
proved to be induced by both the along-channel and lateral tidal
straining processes (Chen et al., 2020). This suggests that the
ESCO is important in driving the estuarine circulation, for which
we will discuss later. The lateral flow was reduced and had a
divergent structure during the ebb slack, which featured the
characteristics of lateral flow driven by differential advection
(Nunes and Simpson, 1985).

After the construction of the DWP, the water column was
stratified with distinct salinity gradient during the flood slack
(Fig. 6c). The mixing effect was constrained close to the seabed.
In accordance with the salinity structure, the high-speed zone
moved to the lower layer of the water column (Fig. 6g). The mag-
nitude of lateral flow reduced over most part of the transverse
section, because the water exchange between the shallow shoal
and channel was largely blocked after by the newly-built training
walls (Jiang et al., 2012). Surface lateral currents were convergent
and bottom lateral currents were divergent. The convergence
center located consistently with the maximum along-channel
current, suggesting close links between longitudinal and lateral
hydrodynamics. During the ebb slack, stratification was de-
veloped over the entire transverse section with a flattening salin-
ity profile (Fig. 6d). The surface and bottom longitudinal tidal
currents were out of phase and flowed in opposite directions (Fig. 6h).
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The lateral flow exhibited a convergent structure similar to the
simulation for 1997, however, the magnitude of lateral flow was
dramatically reduced.

4.3  Subtidal along-channel momentum balance
The dominant force for estuarine exchange flow was

assumed to be the pressure gradient force and it was balanced by
stress divergence (Hansen and Rattray, 1965; Trowbridge et al.,
1999; Geyer et al., 2001). However, recent studies demonstrated
that the lateral advective acceleration can be another driving
mechanism for exchange flow by transversely adjusted the along-
channel momentum (Lerczak and Geyer, 2004; Scully et al.,
2009). On subtidal time scales, the along-channel momentum
balance can be expressed as:


ρ

⟨
∂P

∂x

⟩
+

⟨
u
∂u

∂x

⟩
+

⟨
v
∂u

∂y

⟩
+

⟨
w

∂u

∂z

⟩
= −

⟨
∂

∂z

(
Az

∂u

∂z

)⟩
,

(2)

ρ

where Az is the vertical eddy viscosity; P is the pressure gradient;
u, v, and w are the velocity components along the directions of x,
y, and z, respectively; and  is the water density. The angle
brackets denote tidal average. The first term on the left-hand-
side is the pressure gradient force, which consists of both baro-
tropic and baroclinic components; the second term on the left
hand-side is the along-channel advective acceleration; the fourth
and the last term on the left-hand-side is along-channel advect-
ive acceleration; the term on the right-hand-side is stress diver-
gence. The momentum balance at subtidal time scales is approx-
imately steady with little contribution from the tendency term
and Coriolis force, which have been neglected in Eq. (3). Be-
cause of the velocity was nearly homogeneous along the channel
(Fig. 4), the magnitude of along-channel advective acceleration is
far less than the lateral advective acceleration and will not be ac-
counted in the momentum balance.

For both the simulations, the lateral advective acceleration
was in comparable magnitude with the pressure gradient force
and stress divergence (Fig. 7). Before the construction of the
DWP, the landward pressure gradient force occupied most re-
gion of the transverse section (Fig. 7a). The stress divergence was
almost acted in the opposite direction, which directed seaward in

the main channel and oriented landward on the southern shal-
low shoal (Fig. 7b). As indicated by the lateral flow in Fig. 6e,
water parcels on the left shoal was advected to the channel by the
northward lateral flow during flood tide. The lateral flow became
divergent and led to movement of water to the shallow regions
during ebb tide. In tidal average, the lateral advective accelera-
tion directed landward over the deeper channel areas on the
right part and seaward in the left portion over the shallow shoal
(Fig. 7c). After the construction of the DWP, the landward pres-
sure gradient force was augmented because of increase in both
along-channel salinity gradient and water depth (Fig. 7d). As a
result of enhanced stratification, the stress divergence was con-
strained in the lower half of the water column (Fig. 7e). The
water concentrated in the main channel led to an enhancement
of seaward barotropic pressure gradient force. Therefore, both
the inflow and outflow were strengthened (Fig. 5d). After the con-
struction of the DWP, the lateral circulation featured a conver-
gent structure during the flood tide and a divergent structure
during the ebb tide. The asymmetry of lateral circulation (amp-
litudes of lateral circulation during the flood tide greater than
that during the ebb tide) results in a landward lateral advective
acceleration in the main channel. In the lower part of the water
column, the lateral advective acceleration acted as a significant
force that accelerates the landward residual current. Meanwhile,
the seaward pressure gradient force near the surface was
retarded. It is notable that the amplitude of lateral advective
acceleration decreased because of reduction in both lateral flow
and lateral shear of along-channel current (Fig. 6).

4.4  Lateral dynamic balance
In order to address the driving force of the lateral current, we

implemented the lateral momentum balance over the transverse
section. The transverse momentum balance is expressed as:

∂v

∂t
+u

∂v

∂x
+v

∂v

∂y
+w

∂v

∂z
+fu =−g

∂η
∂y

− g
ρ

∫
∂ρ

∂y
∂z− ∂

∂z

(
Az

∂v

∂z

)
,

(3)

η
where f  is the Coriolis parameter, g means gravitational accelera-
tion and  is the free surface elevation. The first term on the left-
hand-side is the tendency; the following three terms are advect-
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ive acceleration; the last term on the left-hand-side is Coriolis
force. The three terms on the right-hand-side are barotropic,
baroclinic pressure gradient force and stress divergence, respect-
ively. In this study, the above acceleration terms were calculated
in a cross-average sense to simplify the analysis.

In many estuaries, the lateral momentum balance was largely
geostrophic with the pressure gradient forces balanced by the
Coriolis forcing during most of a tidal cycle (Forrester, 1970; Li et
al., 2017). In this study, the lateral momentum balance was also
largely dependent on the asymmetry in bathymetry. Before the
construction of the DWP, the cross-averaged baroclinic pressure
gradient forces consistently directed to the south because saltier
water intruded in the main channel (Fig. 8a). During the flood
tide, the Coriolis force of the tidal flow dominated over the lateral
pressure gradient force, which drove a strong northward lateral
flow on the surface (Fig. 6e). The southward bottom lateral flow
was associated with the lateral baroclinic forcing that driven by
differential advection. The Coriolis force turned southward dur-
ing ebb tide and has a magnitude smaller than the northward
barotropic pressure gradient force. Therefore, the lateral flow
directed to northward for most of the transverse sections (Fig. 6f).
During the whole tidal cycle, the stress divergence term was
generally stronger than the nonlinear advection and acted as a
compensation to achieve momentum balance in the transverse
section (Fig. 8b).

After the construction of the DWP, the asymmetry in the
bathymetry was reduced. The momentum balance was still
geostrophic in the first order during flood tide (Fig. 8c), which
drove a convergent lateral flow near the surface and a divergent
flow near the bottom in response to the changed bathymetry. The

barotropic pressure gradient force was largely reduced during
ebb tide as shallow shoal resides on both side of the channel. The
lateral flow still featured a divergent structure and decreases in
magnitude. As a result of channel deepening, the stress diver-
gence effect decreased and the nonlinear advection contributed
more in momentum balance (Fig. 8d).

5  Discussion

5.1  Factors controlling the exchange flow structure
The results have shown that the landward inflow was

inclined to the northern side of the channel, while the seaward
outflow was concentrated on the shallow shoal of the southern
side before the construction of the DWP (Fig. 5c). Due to channel
deepening, the inflow was constrained near the bottom and out
flow was presented on the surface (Fig. 5d). In shallow coastal
regions, the vertical structure of tidal velocity is ultimately de-
termined by how the momentum from external force (e.g., baro-
tropic or baroclinic pressure gradient force) is vertically redistrib-
uted by friction (Souza and Simpson, 1996). The friction felt by
water is largely dependent on turbulent mixing, which can be
largely suppressed by stratification (Geyer, 1993; Vroom et al.,
2017). To quantitatively investigate the change in stratification,
the buoyancy frequency was calculated:

N = − g
ρ

∂ρ

∂z
, (4)

where N is the buoyancy frequency. The influence of stratifica-
tion on turbulent mixing can be evaluated by Richardson num-
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ber (Ri):

Ri =
N

[( ∂u/ ∂z) + ( ∂v/ ∂z)]
, (5)

∂u/ ∂z ∂v/ ∂zwhere  and  are the vertical shears in along-channel

and lateral flow. The squared buoyancy and Richardson number
was calculated based on the averaged salinity and subtidal
velocity. The critical value for active mixing is Ri=0.25, since it is a
necessary condition for the occurrence of shear instability.

The value of squared buoyancy frequency was typically less
than 10–2 s–2 over the cross section (Fig. 9a). The stratification was
vigorous in the deep channel with greater value of buoyancy fre-
quency. After the construction of the DWP, the region with low
value of buoyancy frequency was constrained close to the seabed
(Fig. 9d). In consistence with the salinity profile, the squared
buoyancy frequency had a value greater than 10–2 s–2 in the
upper water column, suggesting that the density stratification
was largely enhanced. By examining the change in Ri, we will
show to what extent the turbulent mixing has been altered by the
newly-built navigation works. Before the construction of the
DWP, the value of Ri was greater than 0.25 in the upper part of
the main channel (Fig. 9b), suggesting turbulent mixing was sup-
pressed there (Fig. 9c). In the near-bottom region, where local
production of turbulence was generated, the turbulent mixing
was active and extended to the upper water column through the
lateral boundaries. Turbulence was suppressed due to channel
deepening because the value of Ri was greater than 0.25 for most
portion of the transverse section (Fig. 9e). Active mixing was con-
strained close to the seabed and decreased for several mag-
nitudes within 2 m (Fig. 9f). The suppressed turbulent mixing led
to reduction of vertical momentum exchange, therefore, the
landward inflow was constrained at the lower water column after
the construction of the DWP.

Further studies pointed out that the transverse structure was
determined by friction and Coriolis force. The friction impacts on
exchange flow can be evaluated by Ekman number (Ek), which is
defined as (Kasai et al., 2000):

Ek =
Az

fH

, (6)

where H0 is the maximum water depth over the transverse section.
The thickness of the inflow is evaluated by the Ekman depth (d):

d =
√
EkH. (7)

The Kelvin number (Ke) is ratio between basin’s width with to
internal Rossby deformation radius:
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Ke =
B
Rd

, (8)

Rd = g′h/f g′ = gΔρ/ρ

where B is width of the channel, Rd is the internal Rossby deforma-
tion radius and , where  is the reduced
gravity, h is the depth of the buoyant part of the exchange flow.

The value of Ke decreased from 1.21 in to 0.52, suggesting that
the North Passage became dynamically narrowed after the con-
struction of the DWP (Chen and de Swart, 2016). When Ke de-
creased to less than 1, the Coriolis force played a minor role in
differentiating the exchange flow in the transverse section. Be-
fore the construction of the DWP, the calculated Ekman number
was 0.43 and the corresponding Ekman depth was 0.93H0. There-
fore, the landward inflow extended to the upper water column
and featured a laterally-sheared pattern, with inflow in the chan-
nel and outflow over shoal, in the dynamically wide channel
(B>Rd). The Ekman number decreased to 0.08 as the water
column became stratified after the construction of the DWP. As a
result, the thickness of the inflow, described by the Ekman depth,
decreased to 0.4H0. Consequently, the salinity profile was
flattened and the landward inflow was constrained in the lower
layer of the water column, in consistence with the vertically-
sheared exchange flow pattern described in Valle-Levinson
(2008).

5.2  Exchange flow components associated with the lateral
processes

A′
z
∂u′

∂z
u′ A′

z

A′
z

∂u′

∂z

The instantaneous salinity profile showed periodic stratifica-
tion under the combined effects of tidal straining and mixing.
Recent study also proposed that the lateral advective accelera-
tion was dominant in creating vertical current shear (Burchard
and Schuttelaars, 2012). It is expected that the lateral processes
can be an important factor on covariance between eddy viscosity
and current shear, which is important in driving the ESCO flow.
Here, we calculated the ESCO flow following the method pro-
posed by Cheng (2014) and Cheng et al. (2019). Before the con-
struction of the DWP, the ESCO flow showed a two-layer struc-
ture, with landward flow near the bottom and seaward flow at the
surface (Fig. 10a). Following the completion of the DWP, the
landward ESCO flow is distinct on the shallow shoal (Fig. 10b).
While in the main channel, the landward ESCO flow was con-
strained within a thin layer close to the seabed. The reduction in
ESCO flow is mainly induced by the change in ESCO stress

( , where  and  are the perturbations of instantaneous

along-channel velocity and eddy viscosity from the tidal mean
values). The deepened channel induced permanent stratifica-
tion in the upper part of the deep channel, which results in minor
variation in eddy viscosity within a tidal cycle. Moreover, the de-
crease in lateral advective acceleration was also expected to cre-
ate less variation in vertical shear (Burchard and Schuttelaars,

2012). The change in both  and  was expected to induce a

reduction in ESCO stress and the associated ESCO flow.
The model results also showed that lateral processes were

also important in adjusting the momentum transversely (Fig. 7).
The methods proposed by Cheng (2014) and Cheng et al. (2017)
was utilized in this study to evaluate the lateral advection
induced exchange flow. The lateral circulation and its associated
advective processes were largely dependent on the asymmetry in
bottom topography. Before the construction of the DWP, the
strong northward flow led to more water parcel transporting
landward via the channel on the right part of the transverse sec-

tion. As a result, the lateral advective acceleration drove a land-
ward flow in the deep part of the channel, with a maximal value
of 0.05 m/s (Fig. 10c). The seaward advection-induced flow was
constrained on the surface layer on the shallow shoal. After the
construction of the DWP, the advection-induced exchange flow
had a transverse structure that exhibited landward flow in the
deep channel in the middle part of the section and seaward flow
on both the shoals on norther and southern sides (Fig. 10d). The
advection-induced flow was highly related the convergent struc-
ture of the lateral circulation. However, this component of
exchange flow decreased in magnitude owing to reductions in
both lateral flow and lateral shear of along-channel current (Fig. 6).

These analyses suggested that the exchange flow compon-
ents associated with the lateral processes have reduced after the
channel narrowing. It is expected the enhanced exchange flow
due to channel modification was mainly induced by the en-
hanced stratification and gravitational circulation, which was
widely observed in other estuaries, for example, the Zhujiang
River Estuary (Yuan and Zhu, 2015) and the Tampa Bay (Meyer et
al., 2014). However, the estuarine exchange flow in an estuary
was quite complicated and can be driven by other physical pro-
cesses, such as the Stokes return flow and river-induced flow
(Cheng, 2014). Therefore, a comprehensive study is merited to
present each component of the exchange flow, by which an in-depth
understanding of the modification of exchange flow can be
obtained.

6  Conclusions
In this study, we examined the change in transverse structure

of exchange flow due to navigation construction in the North
Passage, Changjiang River Estuary. Both the measured salinity
and model results have demonstrated that density stratification
was largely enhanced after channel deepening. The turbulent
mixing was suppressed by the enhanced stratification. Therefore,
the vertical transfer of momentum was reduced and further mod-
ified the transverse structure of exchange flow. The landward in-
flow was restrained in the lower water column. The estuary be-
came dynamically-narrow as indicated by the Kelvin number.
Therefore, the Coriolis force became weak in differentiating the
transverse structure of exchange flow. As a consequence, the ex-
change flow transferred from a laterally-sheared structure to a
vertically-sheared structure. The enhanced along-channel salin-
ity gradient and stratification resulted in a reinforcement of grav-
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Fig. 10.   The ESCO induced (a, b) and advection-induced (c, d)
residual current for the 1997 (a, c) and 2010 (c, d) simulations.
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itational flow. By contrast, the advection-induced flow and ESCO
flow was reduced after the construction of the DWP in response
to the reduction in lateral advective acceleration and minor vari-
ation in periodic tidal mixing.
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