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Groyne-Induced Effects on Channel-Shoal Exchange
and Saltwater Intrusion in Estuarine Environments

Zaiyang Zhou, Ph.D.1; Jianzhong Ge, Ph.D.2; D. S. van Maren3; Yu Kuai4;
Pingxing Ding5; and Zheng Bing Wang6

Abstract: Existing knowledge about groyne-induced effects is primarily based on riverine or coastal environments where salinity gradients
are absent or limited. However, in estuaries, salinity gradients drive physical processes such as longitudinal and lateral residual flows.
The effect of groynes is much more complex because they can modulate channel hydrodynamics and directly affect lateral salinity gradients.
In this study, an idealized model is applied to investigate the effects of groyne layouts in estuarine environments, including effects on
(1) channel hydrodynamics, (2) lateral water exchange, (3) Coriolis effects, and (4) saltwater intrusion. Model results show that the aspect
ratio (the width of groyne fields to the length of groynes) of groyne fields plays an important role. Groynes also induce asymmetry of lateral
flows, for example, increasing near-bottom shoal-to-channel flows during low water slack. The aspect ratio has opposite effects on horizontal
and vertical components of water exchange. A large aspect ratio strengthens horizontal exchange and weakens density-driven currents.
For a large-scale groyne field (several kilometers), Coriolis effects introduce a substantial difference in exchange mechanisms along the
north and south banks. A medium range of aspect ratio (2.0–3.0) leads to the strongest saltwater intrusion during both neap and spring
tides. DOI: 10.1061/JHEND8.HYENG-13500. © 2023 American Society of Civil Engineers.

Practical Applications: Dikes and groynes are common engineering structures in waterways designed to increase along-channel flow
velocities and prevent sediment deposition, thereby maintaining navigability. However, especially in estuarine environments, cross-channel
flow velocities resulting from these structures may generate sediment transport toward the channel, in contrast to their original intention.
Another important impact of these structures is on saltwater intrusion, which is crucial to freshwater resource management. Therefore, this
research investigates the groyne-induced effects on cross-channel flows and the saltwater intrusion problem by comparing different layouts of
groynes and their consequences. Two important findings may benefit practical applications. First, the interaction between saltwater and
freshwater in estuaries enhances cross-channel flows during certain periods, thereby influencing sediment transport. Second, the maximal
saltwater intrusion occurs for intermediate width-to-length ratios of the groynes, with lower saltwater intrusion for either very small or very
wide groyne fields.

Introduction

Dikes and groynes have been widely used around the world to
regulate and modify hydrodynamics, sediment dynamics, and mor-
phodynamics in rivers, estuaries, and coasts (Yossef and de Vriend
2011). They are hard coastal protection structures that aim to pro-
mote navigation and to protect the shoreline from coastal erosion.
In riverine and estuarine environments, dikes are usually long struc-
tures parallel to flow direction, whereas groynes are perpendicular
to flow direction and have a relative shorter length compared
with dikes.

Groynes are mostly used in rivers and coastal zones. In river
channels, they are mainly used to narrow the channel and increase
the flow velocity, thereby increasing the sediment transport capac-
ity, and consequently improve the channel navigability. In coastal
zones, they are usually constructed perpendicular to shorelines,
functioning as a protection for coasts and beaches from being
eroded by alongshore wave-driven currents. Up to now, the ef-
fects of groynes were primarily investigated in the context of
(1) two-dimensional (2D) hydrodynamic exchange mechanisms,
e.g., horizontal eddy (Sukhodolov et al. 2002), turbulence and
shear (Uijttewaal 2005), water exchange (Uijttewaal et al. 2001),
(2) sediment related issues, e.g., sediment exchange (McCoy et al.
2007; Yossef and de Vriend 2011), sedimentation and morphody-
namics (Glas et al. 2018; Sukhodolov et al. 2002), and (3) three-
dimensional (3D) flow patterns within the groyne fields (Biron
et al. 2005; Ouillon and Dartus 1997) influencing the residence
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time within the groyne field (Tritthart et al. 2009). But although
groynes are more and more constructed in estuaries, one aspect of
groynes that has not been systematically investigated is the role of
salinity-driven exchange flows.

Groynes are also applied in estuaries to modulate hydrody-
namics and alleviate sediment siltation problem, for example, the
Changjiang Estuary, the Ems Estuary, and the Weser Estuary
(Hesse et al. 2019; Hu et al. 2009; van Maren et al. 2015). An im-
portant difference in estuarine environments compared with coastal
and riverine environments is the existence of a salinity gradient
in both longitudinal and lateral directions. The longitudinal salinity
gradient is important for gravitational circulation and is closely re-
lated to saltwater intrusion. Construction of groynes influences the
geometry of the main channel, for example, the equivalent width or
depth, which impacts channel hydrodynamics and possibly the de-
gree of saltwater intrusion. Additionally, the salinity gradient com-
plicates hydrodynamics in and around groyne fields, strengthening
lateral flows and influencing sediment transport patterns (Chen
et al. 2020; Chen and de Swart 2018; Zhou et al. 2019, 2021). Tem-
porary storage of salt in the groyne fields during high tide generates
a salinity gradient between the groyne fields and the main channel,
which drives a near-bed flow toward the channel during low water
slack. Our understanding of groyne effects in estuarine environ-
ments needs to be expanded because of the baroclinic processes.

The Changjiang Estuary in China provides an example of dikes
and groynes within the transition zone between freshwater and
salt water. Two 50-km-long dikes were constructed along both
banks of the main navigation channel (North Passage), together
with 1−2-km long groynes about every 5 km. The impact of the
groynes on hydrodynamics and sediment transport was investigated
by Zhou et al. (2019, 2021) using a realistic 3D numerical model.
However, due to the bathymetric complexities, channel bends, and
longitudinal variability of groyne size, it is difficult to identify the
contribution of general and specific aspects of the groyne fields
(length, width, depth, aspect ratio, and so on) in those studies.
In this work, we aim to unravel the effects induced by groynes on
(1) lateral exchange between groyne fields and the main channel,
and (2) saltwater intrusion. For this aim, we set up an idealized
hydrodynamic model in which we can systematically modify chan-
nel and groyne dimensions.

Method

An Idealized Model

An idealized model was developed using the Finite-Volume
Community Ocean Model (FVCOM). FVCOM is a 3D primitive
equation coastal ocean model with unstructured triangular gird
in the horizontal and terrain-following σ coordinate in the verti-
cal. It has been extensively used for hydrodynamics, sediment dy-
namics, and biogeochemistry studies in both complex geometries
(Beardsley et al. 2013; Ge et al. 2015a, 2022; Shore 2009) and
schematized environments (Wu et al. 2011). The overall accuracy
of numerical scheme has been validated by Huang et al. (2008).
In this study, an idealized model is developed to investigate the
effect of groynes on hydrodynamics, especially on lateral flow
and salinity transport, in a schematized tidal channel-shoal system
(Fig. 1). The schematization of the geometry and hydrodynamic
characteristics in the model are based on those of the North
Passage, the main navigation route of the Changjiang Estuary
[Fig. 1(a)].

The model domain includes a 300-km river channel (0 <
x < 300 km) and a 120 × 78-km2 sea (300 < x < 420 km,

−39 < y < 39 km) which includes a 90-km main channel (300 <
x < 390 km) with groyne fields on both sides [Fig. 1(b)]. Here,
the main channel is defined as the area between north and south
groyne tips, and the deep channel means the deepest flat part in
the middle of the main channel. Two series of groynes with two
long dikes are constructed in the model [Fig. 1(c)] with a lateral
depth gradient in the groyne fields [Fig. 1(d)]. The dikes and
groynes are treated as impermeable walls in FVCOM. This method
has successfully resolved the geometrical structures and ambient
flows around the dikes, groyne, or similar coastal defense construc-
tions, from flume experiments to realistic cases (Ge et al. 2012,
2020; Wei et al. 2014). In the idealized experiments, the groynes
and dikes are all set as walls without overtopping. The main chan-
nel width (B) remains constant in this study (5 km) with a deep
channel of constant width 1 km. The length of groyne (L) can be
adjusted. At the most upstream (x ¼ 300 km) and downstream
(x ¼ 390 km) areas, there is no groyne.

The model uses unstructured grid including 63,546 triangular
cells and 10 uniform σ layers in the vertical direction. A constant
river discharge of 3,000 m3=s is applied at the upstream river boun-
dary [Fig. 1(b)], uniformly flowing into the domain through all six
cells at the river boundary. Tidal amplitudes and phases of eight
major astronomical tidal constituents (M2, S2, N2, K2, K1, O1, P1,
and Q1), derived from model results of a well validated FVCOM
model of the Changjiang Estuary (Ge et al. 2012, 2013, 2015b,
2020, 2022; Zhou et al. 2019, 2021), are specified at 15 nodes
along the open sea boundary [Fig. 1(b)]. Specifically, the water
elevation 30 km downstream from the end of the dikes in the
Changjiang Estuary model is used for tidal analysis because it is
also 30 km from the dike end to the sea boundary in this study.

Subsequently, these tidal amplitudes and phases are obtained
and applied in the model. A salinity nudging boundary condition
is applied at the downstream boundary with a target salinity speci-
fied as 35 psu, and a Blumberg and Kantha (1985) implicit radi-
ation condition is used to calculate the perturbation of salinity.
A semi-implicit solver is applied in this model using a time step
of 12 s (with a spin-up time of 10 days) to avoid the adjustment
between two-dimensional and three-dimensional models when
using mode-split solver (Chen et al. 2013). It can provide better
prediction of vertical salinity profiles and influenced saltwater
intrusion.

In this model, the horizontal eddy viscosity is calculated follow-
ing Smagorinsky (1963). Because the eddy viscosity is an impor-
tant parameter for exchange flows between the main channel and
the groyne fields, we have performed a sensitivity analysis on the
horizontal mixing coefficient C in Smagorinsky eddy parameteriza-
tion (Supplemental Materials), suggesting C only limitedly influ-
ences exchange flows. The vertical eddy viscosity, as well as the
thermal/salt diffusion, are calculated using the Mellor-Yamada
level 2.5 turbulent closure scheme (Mellor and Yamada 1982).

The bed level in the river channel is from −8 m (x ¼ 0 km) to
−12 m (x ¼ 300 km). The bathymetry in the coastal area (x >
300 km) becomes steeper along two gradients: (1) a 0.5-m increase
of water depth in the groyne field area (300 < x < 390 km), and
(2) a 2.5-m increase in the offshore (390 < x < 420 km). The depth
of the deep channel (−12.5 m in standard Case 0) can be adjusted
by changing the slope from the groyne tip to the edge of the deep
channel. The definition of model dimensions and relevant notations
are summarized in Table 1. The dimensions of the groyne fields
and the main channel of the standard case (Case 0) is shown in
Fig. 1(d). The transverse area of the groyne field is 1.5 × 104 m2,
whereas that of the (half) channel [Fig. 1(d)] is 2.675 × 104 m2.

The idealized model was developed with the aim to study effects
of groyne fields on hydrodynamics in the channel-shoal system.

© ASCE 04023056-2 J. Hydraul. Eng.
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Therefore, the dimensions of the groyne fields and the main chan-
nel are systematically adjusted for different scenarios. Within the
centric area (300 < x < 390 km, −8 < y < 8 km), a right triangle
with a resolution of 250 m is used, i.e., for the standard case
(Case 0), there are 480 cells in a 6,000 × 2,500-m2 groyne field.
This resolution has been widely used in the North Passage (Ge
et al. 2012, 2015b; Zhou et al. 2019, 2021). A sensitivity test on
grid resolution (discussed in the Supplemental Materials) suggested

that the grid cell size starts influencing saltwater intrusion for
values exceeding 250 m, but a value of 250 m still largely corre-
sponds to smaller grid cell size results (the groyne fields in the
North Passage are much larger than conventional groyne fields).
Outside the centric area, the domain was discretized using varying
triangular mesh, with a resolution varying from about 1,200 to
250 m in the river channel, and from about 250 to 6,500 m from
the end of main channel to the open sea boundary.

Fig. 1. (a) Bathymetry of the Changjiang Estuary and adjacent regions, where solid lines in the river mouth represent dikes and groynes around the
North Passage; (b) model domain and bathymetry of the idealized model; (c) zoom-in view of the main channel with construction of dikes and groynes
of the idealized model; and (d) bathymetry of cross-transect in the main channel. Panels (a–c) share the same color bar.

© ASCE 04023056-3 J. Hydraul. Eng.
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Scenario Description

The effect of groynes is systematically investigated through nine
model scenarios summarized in Table 2. Case 0 provides a refer-
ence case, which best represents the present-day North Passage of
the Changjiang Estuary. Case 1 is set up to quantify the effect of
salinity-driven exchange flows. Cases 2–7 have different distances
between groynes while sharing the same length of groynes, provid-
ing a comparison on the effect of different aspect ratios of the
groyne field. In this study, the aspect ratio is defined as S=L (ratio
of the distance between adjacent groynes to the groyne length).
Case 8 considers Coriolis force (using 31° N, the latitude of the
Changjiang Estuary).

Results

Results of Reference Case

Water Level, Salinity, and Along-Channel Flow Velocity
Because this idealized model is based on the North Passage in the
Changjiang Estuary, we compare results from our idealized model
(reference Case 0) with the main hydrodynamic characteristics of
the North Passage using observational data and a well-validated
process-based model (Zhou et al. 2019, 2021).

The water levels in the main channel reveal a clear neap-spring
tide variation [Fig. 2(a)] with a period of about 10 days. The maxi-
mum tidal range is about 2.6 m during spring tide. The tidal form
factor [F ¼ ðK1 þO1Þ=ðM2 þ S2Þ] calculated along a longitudinal
transect in the channel is 0.26–0.29, indicating mainly semidiurnal
tides, in agreement with the semidiurnal tides in the North Passage.
Fig. 2 also shows preliminary results of the grid-resolution sensi-
tivity test with resolutions of 125, 180, and 500 m, where a reso-
lution of 250 m does not substantially differ in water elevation,
salinity, or flow velocity from model realizations with a resolution
less than 250 m.

Under a constant river discharge (3,000 m3=s), the salinity
variation is in dynamic equilibrium, varying over the tidal cycle and
over the spring-neap cycle but without an apparent decreasing/
increasing trend. Over the spring-neap cycle, the salinity varies
between 8 and 20 psu in the surface layer, and 13 and 22 psu
in the bottom layer [Fig. 2(b)]. During neap tides (Days 10–12), the
salinity variation was relatively small compared with other periods.
Moreover, the difference of salinity between surface and bottom
layers is also much larger during neap tides. These stratified neap
tidal conditions reflect stronger saltwater intrusion during neap
tides, in agreement with the situation in the North Passage.

The computed bottom along-channel velocity is in the range of
about −1.1 to 1.0 m=s [Fig. 2(c)], which agrees with the typical
along-channel velocity in the North Passage (Lin et al. 2021;
Zhou et al. 2021). The surface along-channel velocity is ebb-
dominant, whereas the bottom along-channel velocity is slightly
flood-dominant. This vertical variation of current velocity results
from salinity-driven gravitational circulation.

Stratification
A bulk Richardson number (Rib) is used to quantify stratifying and
mixing conditions as follows:

Rib ¼
gDΔρ

ρwjus!2j ð1Þ

where D = water depth; Δρ = bottom-surface density difference;
ρw = vertically averaged density; and us

! = surface current velocity.
A high Rib [log10ðRib=0.25Þ > 0] indicates strong stratification
(and lower values indicate mixing). During high-water slack
(HWS), the whole channel is strongly stratified, and stratification
is more pronounced in the deep channel and around groyne tips
[Fig. 3(a)]. The main channel becomes well-mixed during peak
ebb, but the groyne fields remain highly stratified [Fig. 3(b)].
During low-water slack (LWS), the groyne fields are vertically
well-mixed, except at the interface between the groyne fields and
the main channel [Fig. 3(c)]. The strong stratification along the
interface is induced by salinity-induced shoal-to-channel (STC)
lateral flow (with salt water from the groyne field being transported
to the main channel as a near-bed density current). In the main
channel, there is a transition between mixing and stratifying con-
ditions from upstream to downstream. During peak flood, the main
pattern of stratification is similar to that during peak ebb [Fig. 3(d)],
although mixing in the main channel is weaker and stratification in
the groyne fields is stronger compared with peak ebb. The patterns
of stratification in Fig. 3 show high similarity with the stratification
distribution in the North Passage reported by Zhou et al. (2021) in
the following aspects: (1) the order of magnitude of Rib, (2) the
spatial patterns of Rib (especially the difference between the groyne
fields and the main channel) at characteristic time periods, and

Table 2. Scenario summary

Name S (km) L (km) S=L H1–H2 (m) H3 (m) Compared with Case 0

Case 0 6.0 2.5 2.4 4–8 12.5 —
Case 1 6.0 2.5 2.4 4–8 12.5 Barotropic
Case 2 1.0 2.5 0.4 4–8 12.5 Aspect ratio of groyne

fields (number of groynes)Case 3 2.5 2.5 1.0 4–8 12.5
Case 4 5.0 2.5 2.0 4–8 12.5
Case 5 7.5 2.5 3.0 4–8 12.5
Case 6 10.0 2.5 4.0 4–8 12.5
Case 7 — — — 4–8 12.5
Case 8 6.0 2.5 2.4 4–8 12.5 (With) Coriolis force

Note: In all scenarios, the main channel width (B) remains 5 km. Other notation is defined in Table 1.

Table 1. Dimension definition and notations in the model

Notation Definition

S Length of groyne field
L Length of groyne
B Width of the main channel (between

two opposite groynes)
n Number of groyne fields
H1 Depth of groyne (at the groyne root)
H2 Depth of groyne (at the groyne tip)
H3 Depth of the deep channel

© ASCE 04023056-4 J. Hydraul. Eng.
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Fig. 2. (a) Water elevations; (b) surface and bottom salinity; and (c) surface and bottom flow velocity at the middle of the main channel (x ¼ 345 km,
y ¼ 0 km) in Case 0 with four grid resolutions. Typical velocities are marked in panel (c).

Fig. 3. Distribution of bulk Richardson number [log10ðRib=0.25Þ] and velocity vectors in the channel for (a) high-water slack [Case 0, Day 13 -
02:40:00 (HWS)]; (b) peak ebb currents [Case 0, Day 13 - 06:20:00 (peak ebb)]; (c) low-water slack [Case 0, Day 13 - 08:20:00 (LWS)]; and (d) peak
flood currents [Case 0, Day 13 - 12:40:00 (peak flood)]. High-water slack and low-water slack conditions are based on flow velocity reversal. Results
are from Case 0.

© ASCE 04023056-5 J. Hydraul. Eng.
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(3) the strong stratification around the groyne tips during LWS.
These similarities further suggest that the idealized model cap-
tures the major characteristics of the North Passage, Changjiang
Estuary. A more detailed comparison is given in the Supplemental
Materials.

Lateral Flow and Effects of Salinity
During moderate and the following spring tides, the retention of salt
water in groyne fields during ebb leads to pronounced lateral flows
during low-water slacks. Shoal-to-channel density-induced lateral
flows may occur or be enhanced, especially in the bottom layer
of water column. To further investigate lateral flow and potential
effects on mass exchange between groyne fields and the main chan-
nel, results of bottom lateral current velocities from Case 0 during
moderate tide at four characteristic time periods are shown in
Fig. 4. The lateral velocities are presented in a converging direction,
i.e., positive for shoal-to-channel (STC) currents and negative for
channel-to-shoal (CTS) currents.

In this section, we use a north groyne filed, where 354 < x <
360 km, to illustrate lateral flows in the bottom layer [Fig. 4(a)].
During HWS, STC lateral currents with a velocity between 0.1 and
0.2 m=s occur upstream of the groynes, whereas the other parts
are dominated by channel-to-shoal (CTS) currents [Fig. 4(a)]. For
the weak hydrodynamic conditions around HWS, these transverse
flows are relatively small. During peak ebb currents, stronger lat-
eral flows (0.2–0.4 m=s) exist both landward and seaward of the
groynes, and CTS currents exist in the main channel [Fig. 4(b)].
During LWS, significant bottom STC currents occur seaward of the
groynes, with a maximum velocity exceeding 0.7 m=s [Fig. 4(c)].
This result agrees with findings by Zhou et al. (2019, 2021).

Effects of salinity gradient joint with existence of groynes result
in asymmetric lateral flows during HWS and LWS. During peak
flood currents [Fig. 4(d)], the lateral flows are relatively weak, sim-
ilar to the period with peak ebb currents. Fig. 4 indicates an obvious
difference of bottom lateral flows related to the relative position in

groyne fields to groynes. Therefore, lateral flows on three cross-
channel transects in the groyne field at different positions (1 km
downstream to a groyne, at the middle of a groyne field, and 1 km
upstream to a groyne) are shown in Fig. 5 [Fig. 4(a) shows a plan
view position of these transects].

During HWS, a STC pattern is observed in the groyne field at
the surface layer, with a progressive increase in magnitude (from
0.05 to 0.4 m=s) [Figs. 5(a, e, and i)]. CTS currents occur at greater
depths and in most areas in the main channel. During the follow-
ing ebb maximum, STC currents (0.1–0.2 m=s) dominate in the
groyne field in Transect A (whole water column) [Fig. 5(b)],
whereas Transect B is mainly characterized by CTS currents
[Fig. 5(f)] and a lateral circulation structure can be found in Tran-
sect C [Fig. 5(j)]. During LWS, the groyne field and the low-water
column in the main channel have strong STC currents (up to
0.4 m=s) in Transect A [Fig. 5(c)]. In Transects B and C, CTS
currents dominate [Figs. 5(g and k)]. During peak flood currents,
Transects A and B have weak CTS currents with a magnitude
below 0.2 m=s [Figs. 5(d and h)], whereas STC currents occur in
Transect C [Fig. 5(l)]. The pattern of lateral flows during flood
maximum shows a consistency with the pattern of HWS.

The lateral flows and channel-shoal water exchange are strongly
influenced by groyne fields and salinity gradients. Effects of
salinity gradients are shown in Fig. 6. During the ebb period, salt
is kept in the groyne fields due to retention effects of groynes
[Figs. 6(a and b)]. Then, the salinity gradient between the groyne
fields and the main channel drives the lateral flow during LWS
[Fig. 6(c)]. Fig. 6(d) shows the transport of salt into the groyne
fields. In the barotropic case (Case 1), the lateral flow during LWS
is much lower compared with Case 0 (not shown here).

Horizontal Eddy Structure
The idealized model reflects the formation and breakdown of a
horizontal eddy structure in the groyne field. Here, we take the bot-
tom layer as an example (Fig. 7). At 02:40 (HWS), the streamlines

Fig. 4. Bottom lateral current velocities and velocity vectors at (a) HWS [Case 0, Day 13 - 02:40:00 (HWS)]; (b) ebb maximum [Case 0, Day 13 -
06:20:00 (peak ebb)]; (c) LWS [Case 0, Day 13 - 08:20:00 (LWS)]; and (d) flood maximum [Case 0, Day 13 - 12:40:00 (peak flood)]. A positive value
indicates a direction from groyne fields to the main channel (STC, from both sides). These results are from Case 0 in moderate tidal conditions. Three
cross-channel and one along-channel transects are marked with dashed lines.
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Fig. 5. Lateral flows on three cross-channel transects in Case 0: (a–d) Transect A at x ¼ 355 km (1 km downstream to a groyne): (a) Day 13 -
02:40:00 (HWS); (b) Day 13 - 06:20:00 (ebb maximum); (c) Day 13 - 08:20:00 (LWS); and (d) Day 13 - 12:40:00 (flood maximum); (e–h) Transect B
at x ¼ 357 km (at the middle of a groyne field); and (i–l) Transect C at x ¼ 359 km (1 km upstream to a groyne) at (a, e, and i) HWS; (b, f, and j) ebb
maximum; (c, g, and k) LWS; and (d, h, and l) flood maximum. The four time periods are identical with those in Fig. 4. Dashed lines indicate position
of groynes.

Fig. 6. Bottom salinity distribution in Case 0 at four moments corresponding to time periods in Fig. 4: (a) HWS (Day 13 - 02:40:00); (b) peak ebb
(Day 13 - 06:20:00); (c) LWS (Day 13 - 08:20:00); and (d) peak flood (Day 13 - 12:40:00).
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indicate that weak ebb currents enter the groyne field but flow
out of the groyne field without the development of a pronounced
eddy structure [Fig. 7(a)]. A pronounced eddy develops in the
groyne field at 07:00 during the ebb period [Fig. 7(b)]. Near
the end of the ebb period, the streamlines show similarity with
those during HWS [Fig. 7(c)]. Figs. 7(d–f) illustrate a process
of formation, extension, and breakdown of an eddy during the
flood period. The streamlines’ pattern is periodic, and after 14:40
[Fig. 7(f)], a new cycle starts with an eddy similar to that during
HWS [Fig. 7(a)].

The eddy structure in the groyne field featured a primary eddy
and dynamic eddy near the groyne tip. The dynamic eddy mainly
occurs at the beginning of ebb and flood processes (not shown in
Fig. 7). The eddy structure presented here is not the same as that
in the laboratory experiments of Uijttewaal et al. (2001), lacking a
secondary eddy. The main reason for this difference is the effect of
roughness in the groyne field. In laboratory experiments, the water
depth (a few centimeters) in shoal areas are much smaller than
the setting in our idealized model (and in the groyne fields in the
Changjiang Estuary) and therefore, frictional effects in the labora-
tory experiments are larger than that in our idealized model. In the
model, the drag coefficient Cd is calculated as follows:

Cd ¼ max

 
k2

ln
�zab
z0

�
2
; cbcmin

!
ð2Þ

where zab = height above the bottom; k ¼ 0.4 is the von Karman
constant; and bottom roughness parameter z0 ¼ 8 × 10−5 m to
achieve similar flow velocities comparable to in situ velocities in
the North Passage while keeping the convergence and stability of

the model; and the minimum bottom roughness cbcmin ¼ 5×
10−5, which is small enough to ensure a z0-calculated Cd.

Scenario Comparison

Tidal Propagation
Construction and different layouts of groynes are expected to in-
fluence tidal propagation. These tidal modulations by groyne field
layouts need to be known to understand more detailed hydrody-
namics within the channel such as channel-shoal exchange proc-
esses. The effects of groynes on tidal propagation are therefore
investigated using Cases 2–7 (and the reference Case 0).

The major velocity of the M2 tide [computed using the T-Tide
toolbox version 1.3 (Pawlowicz et al. 2002)] near the outlet of the
main channel (x ¼ 405 km) is about 1.1 m=s. Just seaward of the
channel (x from 405 to 390 km), the tidal velocity decreases due to
flow resistance effects induced by the landward located dikes and
groynes (Fig. 8). The flow velocity increases again (x from 390 to
380 km) within the channel enveloped by groynes, due to flow con-
traction. Halfway the main channel (x from 350 to 320 km) theM2

velocity amplitude slightly increases again for scenarios with a
small groyne field aspect ratio (Case 2 and 3). The fluctuation in
Cases 4–6 is directly related to the aspect ratio, i.e., at locations
where groynes are constructed, there is an increase of velocity be-
cause the channel is locally narrowed by groynes.

Case 7 is an extreme case without any groyne in the channel,
which essentially corresponds to a widened channel and a situation
before construction of groynes. This results in a smaller tidal veloc-
ity in the channel, but a larger velocity in the up-estuary tidal river
(Fig. 8). Case 7 demonstrates that the construction of groynes

Fig. 7.Velocity vectors (gray arrows) in the main channel and streamlines (lines) in the groyne field during moderate tides at (a) 02:40:00 (high-water
slack); (b) 07:00:00; (c) 08:20:00 (low-water slack); (d) 11:00:00; (e) 12:00:00; and (f) 14:40:00 in Day 13. Other arrows are length scales for velocity
vectors. Velocity data are from the bottom layer of Case 0.
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modulated the velocity distribution in the whole system, including
the velocity increase in the main channel. This agrees with the
common designing purpose of groynes in a navigational channel,
i.e., to maintain channel depth by increasing the current velocity.

Effects of Aspect Ratio
To quantify water exchange between the groyne field and the main
channel, a decomposition method (Vanlede and Dujardin 2014)
was used in this study (details are given in the Supplemental
Materials)

vðx; z; tÞ ¼ vtidal þ vhor þ vver þ vres ð3Þ
The cross-transect velocity [i.e., vðx; z; tÞ in the y-axis direction]

can be decomposed into (1) tidal filling and emptying (vtidal),
(2) the horizontal component of cross-channel exchange (vhor,
inflow and outflow in the x-y plane), which has no variation over
the vertical, (3) the vertical component of cross-channel exchange
(vver, inflow and outflow in the y-z plane), which has no variation
over the horizontal, and (4) a residual component (vres), respec-
tively. These parameters reflect the channel-shoal exchange mech-
anisms in response to groyne field dimensions. The aspect ratio
can affect the eddy structure in groyne fields (Sukhodolov et al.
2002; Uijttewaal 2005; Uijttewaal et al. 2001) and determine the
amount of salt that can be transported into and stored in groyne
fields. Therefore, the aspect ratio may have a considerable impact
on channel-shoal exchange, from both vertical- and horizontal-
circulation perspectives.

For different aspect ratios, the cross-sectional areas where ex-
change between a groyne field and the main channel take place
differ in size, and therefore the total exchange flux cannot be used
for a scenario comparison. As a result, vver and vhor are used to
discuss effects of aspect ratio on lateral exchange. For each sce-
nario, a groyne field to conduct the calculation is determined by the
averaged salinity in the groyne field from Day 10 to Day 25 (aver-
aged over both time and volume).

The water level is provided in Fig. 9(a) for reference to the
tidal cycle. Here, vfhor;outg and vfver;outg represent the outflow-
ing vhor and vver from the groyne field to the main channel. It was
found that vfhor;outg is stronger for a larger aspect ratio [Fig. 9(b)].

The maximum vfhor;outg was about 0.23 m=s in all scenarios.
In particular, vfhor;outg was obviously smaller (about 0.17 m=s) for
the smallest aspect ratio (Case 3) compared with other scenarios.
The positive correlation between the aspect ratio and vfhor;outg is
also reflected in the time-averaged value (Table 3). During both
flood and ebb periods, vfhor;outg decreased as the aspect ratio de-
creased, indicating a smaller aspect ratio can constrain the horizon-
tal exchange.

For the vertical component vver, vfver;outg and the net vver showed
opposite patterns compared with vhor [Figs. 9(c and d)]. A smaller
aspect ratio can lead to a larger peak of vfver;outg (about 0.09 m=s) at
the end of flood tide [Fig. 9(c)]. However, the net vver was smaller
compared with other scenarios [Fig. 9(d)], indicating that a smaller
aspect ratio can lead to stronger cross-channel vertical circulation,
i.e., inflow (in the surface layer) and outflow (in the bottom layer)
are all stronger with a smaller aspect ratio. This is also evident from
values of vver averaged over the flood and ebb period (Table 3):
a smaller aspect ratio strengthens gravitational circulation in the
lateral direction. This inverse influence of the aspect ratio on vver
and vhor is probably related to the impact of vhor on residence times.
With a large aspect ratio, the horizontal flow component is large
and salt water is flushed out of the groyne field by horizontal flows.
This weakens the transverse salinity gradient between the main
channel and the groyne fields, and consequently the salinity-driven
vertical exchange flows. For smaller aspect ratios, salt water needs
to be flushed out by gravitational currents.

In summary, aspect ratio can cause opposite effects on horizon-
tal exchange and gravitational circulation. A small aspect ratio can
enhance gravitational circulation but prohibit horizontal exchange.
Although the horizontal component is usually much larger than the
vertical component (Fig. 9 and Table 3), the vertical effects may be
amplified when calculating the transport of materials that have a
vertical gradient of concentrations, for example, the suspended
sediment. More investigation is needed, and caution should be
taken when designing the aspect ratio.

Effects of Coriolis Force
Coriolis force can influence salinity transport and lateral exchange
in the channel-shoal system. The influence is from two aspects:

Fig. 8. Longitudinal distribution of major velocity of M2 tide in scenarios with different numbers of groynes, by harmonic analysis for depth-
averaged longitudinal velocity. Dashed lines indicate the upstream and downstream boundaries of the channel.

© ASCE 04023056-9 J. Hydraul. Eng.

 J. Hydraul. Eng., 2024, 150(1): 04023056 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
11

/0
7/

23
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



(1) the difference caused by Coriolis force compared with the
standard case, and (2) the asymmetry induced by Coriolis force
between the north and south groyne fields. Therefore, a groyne
field on the north side in Case 0 and two symmetric groyne fields
in Case 8 (with Coriolis force) are compared in terms of tidal
filling–induced exchange velocity and the vertical component of
exchange velocity (the horizontal component is mainly determined
by the aspect ratio, and effects of Coriolis force are limited from
both aspects mentioned previously). For groyne fields on the north
side, a positive value of the exchange velocity represents inflowing

velocity, whereas for groyne fields on the south side (Fig. 10),
it represents outflowing velocity.

In Case 8, the Coriolis force causes stronger inflowing velocity
induced by tidal filling on the north groyne field compared with
the south groyne field [Fig. 10(b)]. However, for Cases 0 and 8,
the Coriolis force shows negligible effect on the north side groyne
field. The Coriolis force obviously decreases vfver;outg in the north
groyne field, especially during neap tide [Fig. 10(c)]. However,
the Coriolis force results in a larger vfver;outg on the south side,
forming a significant asymmetry between the north and south sides.

Table 3. Average value of outflowing horizontal component, outflowing vertical component, and net vertical component of exchange velocity on the flood
and ebb periods, respectively

Case
Aspect
ratio

vfhor;outg (m/s) vfver;outg (m/s) Net vverð×10−4 m=sÞ
Flood Ebb Flood Ebb Flood Ebb

3 1.0 −0.066 −0.067 −0.036 −0.044 −1.15 −2.75
4 2.0 −0.106 −0.092 −0.034 −0.039 −2.23 −5.17
0 2.4 −0.120 −0.099 −0.029 −0.037 −2.73 −6.39
5 3.0 −0.136 −0.106 −0.021 −0.035 −3.88 −7.99
6 4.0 −0.145 −0.103 −0.017 −0.033 −5.73 −9.61

Fig. 9. (a) Water level in Case 0 averaged on an along-channel transect [Transect D in Fig. 4(a)]; (b) horizontal component of exchange velocity,
outflowing from a groyne field to the main channel in different scenarios (for each scenario, the specific groyne field has a downstream groyne
at x ¼ 360 km) (vfhor;outg); (c) vertical component, similar to panel (b) (vfver;outg); and (d) net vertical component of exchange velocity across the
interface between a groyne field and the main channel (net vver).
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This asymmetry is more significant during neap tides; the daily
averaged vfver;outg is about twice as large on the south side than on
the north side (Table 4).

For the net vver, the difference between Cases 0 and 8 is rela-
tively small [Fig. 10(d)]. Although the highest values of the net vver
is larger in the southern groyne field, the second peak (during ebb
tide) is much smaller, resulting in a smaller daily-averaged net
vver (Table 4). These findings illustrate that for large-scale groyne
fields (several kilometers), such as those in the Changjiang Estuary,
Coriolis force introduces a substantial difference in exchange
mechanisms along the south and north banks.

Saltwater Intrusion
Because groynes strongly influence channel hydrodynamics, they
also influence saltwater intrusion. In this section, we compare
saltwater intrusion for scenarios with different groyne configura-
tions (Cases 2–7, including Case 0). The degree of saltwater
intrusion is represented with the 1-psu contour line in Fig. 11. From
Figs. 11(a–n), the amount of groynes decreases. The saltwater
intrusion first increases with a decreasing amount of groynes
[Figs. 11(a–c and h–j)], but decreases again when the amount of
groynes further decreases [Figs. 11(d–g and k–n)] in both neap and
spring tidal conditions. These results indicated that (1) the amount

Fig. 10. (a) Water level in Case 0 averaged on an along-channel transect [Transect D in Fig. 4(a)]; (b) tidal filling component of exchange velocity,
inflowing from the main channel to groyne fields (vftidal;ing); (c) vertical component of exchange velocity outflowing from groyne fields to the main
channel ðvfver;outgÞ; and (d) net vertical component of exchange velocity (net vver).

Table 4.Average value of inflowing tidal filling component, outflowing vertical component, and net vertical component of exchange velocity during neap tide
(Days 11 and 12) and spring tide (Days 15 and 16)

Case Location

vftidal;ing (m/s) vfver;outg (m/s) Net vverð×10−4 m=sÞ
Neap Spring Neap Spring Neap Spring

0 North 0.009 0.018 −0.032 −0.029 −1.61 −5.09
8 North 0.009 0.017 −0.012 −0.022 −1.82 −4.81
8 South −0.007 −0.012 0.037 0.046 1.14 4.02

© ASCE 04023056-11 J. Hydraul. Eng.

 J. Hydraul. Eng., 2024, 150(1): 04023056 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
11

/0
7/

23
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



of groynes has a nonlinear effect on saltwater intrusion, and (2) a
specific number of groynes exists for which saltwater intrusion is
maximal.

The difference of saltwater intrusion between neap tides and
spring tides is reflected most clearly by high-salinity contour lines
(Fig. 11). During neap tides, the 10-psu contour lines show an
opposite pattern compared with the 1-psu contour lines (minimal
intrusion for intermediate aspect ratios). However, during spring
tides, the 1- and 10-psu contour lines are more consistent in terms
of intruding distance. This is illustrated more clearly in Fig. 12. The
most significant saltwater intrusion occurs when 12–18 groynes are
constructed on each side of the channel, corresponding to aspect
ratio about 2.0–3.0. This is opposite for the 10- and 15-psu salinity
contour lines computed during neap tides (Fig. 12).

Summarizing, it is demonstrated that groynes influence the salt-
water intrusion. Groynes may enhance saltwater intrusion with 12.8

to 16.0 km (for neap to spring tides) compared with Case 7 (without
any groyne).

Discussion

Effects of Groynes on Saltwater Intrusion: Tidal
Dynamics

The effects of groynes on tidal propagation was evaluated for
the M2 and S2 tides. Groynes substantially increased tidal veloc-
ities in the channel, compared with the nongroyne case [Figs. 13
(a and b)]. The aspect ratio (also the number of groynes) non-
linearly influenced the degree of velocity increase, in agreement
with the nonlinear effects on saltwater intrusion shown in Fig. 12.
The S2 tide was most strongly influenced by the aspect ratio in

Fig. 11. Saltwater intrusion in different scenarios during neap tide and spring tide. Contour lines of 1, 5, 10, and 15 psu in the bottom layer are shown
with open lines: (a) Case 2, time = 11 03:00:00, S/L = 0.4; (b) Case 3, time = 11 03:00:00, S/L = 1; (c) Case 4, time = 11 03:00:00, S/L = 2; (d) Case 0,
time = 11 03:00:00, S/L = 2.4; (e) Case 5, time = 11 03:00:00, S/L = 3; (f) Case 6, time = 11 03:00:00, S/L = 4; (g) Case 7, time = 11 03:00:00;
(h) Case 2, time = 15 04:30:00, S/L = 0.4; (i) Case 3, time = 15 04:30:00, S/L = 1; (j) Case 4, time = 15 04:30:00, S/L = 2; (k) Case 0, time =
15 04:30:00, S/L = 2.4; (l) Case 5, time = 15 04:30:00, S/L = 3; (m) Case 6, time = 15 04:30:00, S/L = 4; and (n) Case 7, time = 15 04:30:00.
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Cases 4, 0, and 5 (aspect ratio = 2.0, 2.4, and 3.0, respectively).
The major velocities of the S2 tide increased more strongly (rel-
ative to the nongroyne case) than that of the M2 tide (Fig. 13).
The combinations of the M2 and S2 tides therefore introduce a
dependence of tidal propagation during neap and spring tides on
the aspect ratio. During neap tides, intermediate aspect ratios
(2.0–3.0) resulted in the lowest velocities, whereas during spring
tides, intermediate aspect ratios led to the highest velocities
[Fig. 13(c)].

Effects of Groynes on Saltwater Intrusion: Mixing and
Stratification

In this study, the idealized model also showed stronger saltwater
intrusion during neap tides. Because the salinity distribution is
closely related to mixing and stratification in the channel, we fur-
ther analyzed the stability of the water column. For this purpose the

logarithmic bulk Richardson number [log10ðRib=0.25Þ] was spa-
tially averaged for each part of the channel-shoal system to show
an overall level of stratification in the river, the main channel, and
the groyne fields, respectively (Fig. 14).

During neap tides, the whole system was more strongly strati-
fied than during spring tides (Fig. 14). Vertical mixing in the
main channel was most pronounced for aspect ratios from 2.0
to 4.0, corresponding to more pronounced saltwater intrusion as
well [Fig. 14(b)]. This indicates that during neap tides, saltwater
intrusion scales with vertical mixing rates in the main channel
(and not to flow velocities, which are lowest during these condi-
tions). During spring tides, mixing rates were higher (compared
with the neap tides) but are also less dependent on the aspect ratio
[Fig. 14(b)].

General Implications and Future Work

For environments characterized by unidirectional flows and limited
salinity gradient, such as the Rhine River researched by Yossef
and de Vriend (2010), the groyne fields experienced a net sediment
import that led to filled-up groyne fields as an equilibrium state.
However, the dynamic equilibrium state is affected by multiple
processes, e.g., ship navigation–induced sediment export (Ten
Brinke et al. 2004). The equilibrium is also influenced by human
interventions in the main channel, where intense dredging in the
main channel may weaken the channel-to-shoal net transport. This
study focused on the groyne-induced lateral effects in a tide-
dominated estuary, where salinity gradients and cross-currents play
a crucial role. Consistent with Yossef and de Vriend (2010), the
primary circulation cell dominated the flow and salinity transport
patterns in the groyne field, showing opposite directions during
ebb and flood periods. However, salinity-induced shoal-to-channel
flows were asymmetric during tidal cycles, thereby potentially
influencing net sediment transport. Furthermore, near-bed high-
concentration sediment can further affect the density gradient,
therefore complicating the flow asymmetry. We recommend exe-
cuting future model-based studies that incorporate sediment dy-
namics to explore how groynes impact residual sediment transport
through cross-shore exchange flows and a modified longitudinal
salinity distribution.

Fig. 12. Intruding distance of different salinity contour lines in con-
ditions of different groyne numbers. Intruding distance is the distance
from the seaward end of the channel (x ¼ 390 km) to the position of
each contour line. Solid and dashed lines indicate the intrusion in
spring and neap cycles, respectively.

Fig. 13. Averaged major velocity of (a)M2; (b) S2; and (c) subtraction and summation ofM2 and S2 from x ¼ 310 to 390 km. Results ofM2 are the
same as the results in Fig. 8, and results of S2 were obtained with the same method used for the M2 tide.
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Conclusion

This study set out to explore the impacts of groynes constructed
in estuarine environments on hydrodynamics, channel-shoal ex-
change, and saltwater intrusion. In addition to their longitudinal
effects, groynes in estuaries also exert significant influence on lat-
eral flow and channel-shoal exchange.

Due to the retention effect of groynes on salt water during the
early ebb, higher salinity in groyne fields will increase density-
driven lateral flows from groyne fields to the main channel dur-
ing the late ebb. The salinity gradient causes an asymmetry of
lateral currents during ebb and flood periods, for example,
enhancing lateral flow during low-water slack and weakening
that during high-water slack. When combined with the presence
of high mass concentration such as suspended sediment near
the seabed, these factors significantly influence the overall mass
transport, making lateral mass transport in a channel-shoal sys-
tem more complicated in estuarine environments compared with
riverine environments.

This study also revealed that saltwater intrusion does not lin-
early scale with the numbers of groynes (or aspect ratio of the
groyne field). Groynes impact both tidal dynamics (by influencing
horizontal dispersion) and vertical mixing (by influencing vertical
dispersion and density-driven flows), which jointly determine the
degree of saltwater intrusion in the channel-shoal system. Specifi-
cally, horizontal dispersion is more dominant during spring tidal
conditions, whereas vertical dispersion is more important during
neap tidal conditions. Saltwater intrusion is maximal for inter-
mediate aspect ratios, which is the result of an optimum in vertical
mixing during neap tides and an optimum in horizontal shear
dispersion during spring tides. The findings also demonstrated that
a smaller aspect ratio constrains horizontal exchange by eddies
but enhances lateral gravitational circulation; the opposite was ob-
served for a large aspect ratio. The Coriolis force can introduce
substantial variability in exchange mechanisms on the south and
north banks of the channel on the scale of a system such as the
North Passage and other similar estuarine channels.
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