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Bar Formation around River Mouth
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Abstract: A three-dimensional beach evolution model was presented to predict morphodynamics around a river
mouth. The presented model was based on the depth-averaged (2DH) and quasi three-dimensional (Q-3D) nearshore
current modules, and the model took into account shoreline changes, the effect of advection diffusion of suspended
load and discharged sediments from the river. First, the 3D beach evolution model was applied to the formation of
sand spits and terrace at the river mouth in order to investigate the performance of the model. Secondly, the model
was applied to the river mouth at the Ara River, facing the Sea of Japan. The formation of sand spit at the Ara
River in winter season was reproduced. The computed result showed qualitatively agreement with field site
observation.
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1. Introduction

The flow field around the river mouth is extremely com-
plicated due to river discharges, waves, wave-induced cur-
rents and tidal currents of different densities, not to mention
the topographical changes from the hydrodynamics are also
complicated. In order to prevent flooding caused by heavy
rains and to maintain the function of the river mouth, the
control of river discharge and prediction of morphodynam-
ics around river mouths are required.

Many models for predicting 3D beach evolution have
1993, Kuroiwa et al.,
2004), and applied to many practical problems, such as

been proposed (e.g. de Vriend et al.,

beach evolution due to construction of coastal structures,
coastal erosion and so on. Ranasinghe et al. (1999) and
Kuroiwa et al. (2008) attempted to predict the morphody-
namics around the river mouth. The applicability to mor-
phodynamics involving the formation of river-mouth bars

and blockage of river mouth due to waves and nearshore
currents have not been fully investigated.

The purpose of this study is to develop a 3D numerical
model that can predict 3D morphodynamics around the
river mouth. In this study, the previous model (Kuroiwa et
al, 2008) was modified to take into account the effect of
advection and diffusion of suspended load and sediments
supplied from river. The model tests for the bathymetry
involving the river mouth were carried out. Furthermore, the
modified model was applied to the formation of river-mouth
bar at the Ara River facing the Sea of Japan East Sea.

2. Numerical Model

2.1 Outline of the Model

The presented model was based on the hybrid model with
2DH and Q3D nearshore current modes presented by
Kuroiwa et al. (2006). The model consists of three mod-
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Fig. 1. Flowchart of the presented model.

ules, which are computations of (1) waves, (2) nearshore
currents and (3) sediment transport and water depth change
as shown in Fig. 1. In the sediment transport module, the
depth-averaged advection diffusion equation for suspended

load was adapted.

2.2 Wave and Nearshore Current Models

The wave field is determined by the energy balance equa-
tion presented by Mase (2001). The nearshore current field
is determined by the depth-averaged mode or quasi-3D (Q-
3D) mode in the hybrid model, according to wave condi-
tion and prediction period. In stormy wave conditions, the
Q-3D mode was used to consider the effect of undertow in
the surf zone.

2.3 Sediment Transport and Water Depth Change

The total sediment transport rate is defined as the sum of
bed load and suspended load. The water depth and shore-
line changes were computed by the continuity equation as
follows:

AR

_ 1 1 JO oh), 0 Oh
- m(_Qs)+m{a_x(qu+Es|qbX|5);) +a/(qb}’+E.¥|qhy|5J-)} (1)
where /4 is the water depth, E| is the dimensionless coefti-
cient. g,, and g, are the bed loads, which are estimated
based on Watanabe et al.(1985). The bed loads are given
by

@ = Gu+4. Q)

— . . . - .
q,, is due to wave orbital velocities at bottom. ¢. is due

to steady currents. These are estimated by

.
T = A, 2w )in/g, 40 = A —u. ) U/g 3)

where 4,, and A, are dimensionless coefficients, u. is the
friction velocity, u., is the critical friction velocity, and is
the steady current vector with river flow. In case the Q3D
mode use, the bed load due to neashore current velocities at
sea bottom is determined. The coefficients A4, and 4, are
given by a function of the median diameter ds, (Shimizu et
al., 1996).

In this study, the friction velocity presented by Sawaragi
et al. (1985) is used to consider the river flow:

0= %wai (f,=0.02) &)
2 2
=12 0202 qucos o)+ sing)y + (L) (5)
2 T 4

0, is the difference between the upward sediment flux F,
and the down ward flux w,C, which is proposed by
Sawaragi et al. (1985), and given by

Qs:Fz_WfC (6)

The upward sediment flux F, is determined by

uzwe:y=0

F=a-pGa(a) ()

us<wy i y=1

where a(0<a<1.0) is the dimensionless coefficient, Cis
the concentration at reference point (Sawaragi et al., 1983).
The concentration of suspended load C is determined by
solving the depth-averaged advection diffusion equation, as
given by

4 y2C, y2C - (€Y, 0(596) £ 3
ot ox dy ox\"ox/ oy\’oy/ Tth

where U and V are the depth-averaged current velocities. & and g,

are the diffusion coeficients, givenby & = g, = 0.5u.(7+h) .
In this model, the sediment transport rate in the run-up

region is taken into account in order to predict the shoreline

changes.

3. Model Tests for Formation of Sand Bar

3.1 Topographic Features around River Mouth
Topographic features around river mouths are roughly clas-
sified into three types by Sawaragi (1995). In a wave dominat-
ing type (Type A), symmetric and asymmetric bars are
formed under normal wave conditions. In a river flow domi-
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Fig. 2. Typical topographic patterns around a river mouth: (a) river-mouth bars, (b) asymmetric river-mouth bar (sand spit), (c) terrace and

(d) longshore bar.
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Fig. 3. Computational domain and bathymetry.

nating type (Type B), deltas and terraces are formed in front of
the river mouth. A longshore bar is formed under an extreme
wave condition (Type A). In a tidal current dominating type
(Type C), sand bars are formed in the river under high tide and
high wave conditions. Fig. 2 illustrates typical topographic
patterns associated with the topographic features of types (A)
and (B). Asshown in Fig. 2 (a) and (b), river-mouth bars such
as sand spits occur in river mouths connecting to sea areas
with low tidal range mainly due to wave action. If the river
discharge is small, then the river mouth closes.

3.1 Model Setup

In this model test, the waves, nearshore currents with
river flow and river-mouth bar formations were computed
in the idealized bathymetry with a river mouth, as shown in
Fig. 3, in order to examine the numerical model perfor-
mance against several cases. The computational domain

Table 1. Wave conditions and dimensionless coefficients for each case

covered an area of 700 m x 500 m, with a grid interval of
10 m; and the gradient of beach slope was set to 1/50. The
computations of 5 cases as shown in Table 1 were carried
out. In CASE 1, 2, 3 and 4, normal wave condition was
used and then steady current field was computed using
2DH mode. In CASE 4, in order to investigate the influ-
ence of discharged sediment from river mouth, the concen-
tration of sediment at the up-stream boundary at x = 700 m
was charged. In the case of normal wave condition,
bathymetry after 40 days was computed. The computations
of the wave and nearshore current were carried out every 2
days to obtain the final bathymetry, namely the number of
feedback into the hydrodynamic computation was set to 20.
Table 1 lists dimensionless coefficients ¢, C,, and a, associ-
ated with the sediment transport. In CASE 5, Q3D mode,
which is three-dimensional computational mode, was used
in order to perform formation of offshore sand bar as shown
in Fig. 2 (d). The final bathymetry after 2 days was simu-
lated. The computations of wave and nearshore current
models were carried out twice a day.

3.2 Computed Results

3.2.1 Wave Dominating Type without River Flow

Fig. 4 shows computed wave and nearshore current fields
against the initial bathymetry, and bathymetry after 40 days,
for Case 1. As can be seen, a symmetric circulation pattern
in front of the river mouth was computed, and then sand
spits on both sides of the river mouth were reproduced. The
width of the channel at the river mouth became narrow. Fig.

CASE Type H,;(m) T5(s) 0 U, (m/s) Mode E, C, a
1 (@) 1.5 7.0 0.0 0.0 2DH 20 0.1 0.0001
2 (b) 1.5 7.0 20.0 0.0 2DH 20 0.1 0.0001
3 (b)+(c) 1.5 7.0 20.0 0.2 2DH 20 0.1 0.0001
4 (b)+(c) 1.5 7.0 20.0 02 2DH 20 0.1 0.0001
5 (d) 2.5 8.0 20.0 0.0 Q3D 20 1.0 0.001

*Discharged sediment from river was considered
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Fig. 4. Computed results for Case 1.
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Fig. 5. Computed results for Case 2.
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Fig. 6. Computed results for Case 3.
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Fig. 7. Computed bathymetries after 40 days with discharged sediment at up-stream boundary (Case 4).

5 shows computed results under oblique incident wave for
Case 5. From this figure, longshore current was computed
and a sand spit was gradually reproduced, and then block-
age of river mouth occurred after 36 days. These computed
results indicate that the presented model might be able to
predict the formation of sand spit and the blockage of a

river mouth.

3.2.2 Wave Dominating Type with River Flow

99

Figs. 6(a) and (b) show computed steady current field and
bathymetry with river flow of 0.2 m/s for Case 3. Sediment was
not trapped at the river mouth as can bee seen from the results.
Therefore, the magnitude of sand spit at the river mouth became
smaller than that in Case 2. A terrace in front of the river mouth

was reproduced due to river flow. Fig. 7(a) and (b) show the
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computed bathymetries with the consideration of discharged
sediment concentration of C'=0.00035 and C=0.001, respec-
tively. The sediment concentration C at the up-stream boundary
(x =700 m) was set. We found that the contour line of 2 m in the
case of C=0.001 differs from that in the case of C=0.00035.
The contour line of 2 m in Fig. 7(b) was advanced, and then the
terrace for C=0.001 is larger than that for C=0.00035. These
computed results are due to the effect of suspended sediment
transport computed by advection and diffusion model.

3.2.3 Wave Dominating Type under Stormy Wave

In the case of stormy wave condition, offshore sand bar is
formed (Fig. 2(d)). Therefore, to reproduce such sand bar, the
Q-3D module, which takes into account undertow in the surf
zone, is required. Figs. 8(a), (b) and (c) show computed wave
height distribution, current vectors at mean water surface and
bottom, respectively. From Figs. 8(b) and (c), we found that

the direction of current vectors at mean water surface is
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slightly shore-wards, on the other hand, the current vector at
bottom is offshore-wards. Fig. 9 shows computed bathyme-
tries and cross-shore profiles. A sand spit was developed and
the steep slope between 4 m and 6 m was reproduced as can
be seen in Figs. 9(a) and (b). Furthermore, Fig. 9(c) con-
firmed that offshore sand bar was reproduced. Not only the
longshore current but also undertow was generated under
stormy wave condition. Consequently, sand bar was repro-
duced by undertow effect. This computed result qualitatively
agree with the sand bar formation as shown in Fig. 2(d).

4. Field Verification

4.1 Field Site

The Ara River is located in Niigata Prefecture, facing the
East Sea. Figs. 10(a) and (b) show aerial photos taken in
1985 and 2002, respectively. A sand spit at the river mouth
was seen in 1985. In 1985, a jetty on the left bank side and
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groins on the right bank side were constructed. After the
construction of the groins on the right bank side, the width
of the sand spit became smaller by interruption of along-
shore sediment transport. The median diameter d50 around
the sand spit was 0.5 mm. The dominating direction of inci-
dent wave during winter season is NNW. Therefore, the along-
shore sediment transport is contributed from the right hand
side of the Ara River.

4.2 Model Setup

In this study, a simulation of formation of the sand spit as
seen in 1985 was attempted. Because of the lack of a
detailed bathymetry data, however, a modeled bathymetry
as shown in Fig. 11 was prepared to investigate the model
applicability. Kuroiwa et al.(2008) have simulated a sand
bar formation without coastal structures. The simulation
results confirmed that winter waves contributed the forma-
tion of the sand bar. Therefore, morphological change dur-
ing winter season was computed. The wave height and
period used in this simulation were 2.4 m and 7.6 s, respec-
tively, which are energy-averaged values during winter
period from Dec. to Feb., except for the wave height less
than 1 m. Wave direction of NNW was set. The total period
of wave action was set to 70 days. To obtain the bathyme-
try after 70 days, the computation of hydrodynamic mod-
ules was carried out every 10 days. 2DH mode was used in

the nearshore current computation.
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Fig. 11. Initial Bathymetry.
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4.3 Computed Results

Figs. 12(a) and (b) show computed wave height distri-
bution and the depth-averaged nearshore current field,
corresponding to the initial bathymetry as shown in Fig.
11. Fig. 13 shows computed bathymetries after 20, 30, 60
and 70 days. As can be seen from these computed
bathymetries, a small sand spit first was formed after 20
days and it was grown with time, then the sand spit almost
reached to the left bank of the Ara River, finally the width
of channel at the river mouth became narrow. Although
this computed result qualitatively agrees with the actual
sand bar shape in 1985, the direction of the computed
sand spit is slightly different from the one in 1985 as
shown in Fig. 10.

5. Conclusions

In this study, a three-dimensional numerical model for
predicting morphodynamics around a river mouth was pre-
sented. In this presented model, the advection and diffusion
of suspended load and discharged sediment from river were
considered using the depth-averaged advection diffusion
equation. Furthermore, according to wave condition, 2DH
or Q3D hydrodynamic model was used.

Firstly, the presented model was applied to a model
bathymetry with river mouth in order to investigate the per-
formance of the numerical model.

* Wave dominating type without river flow

2DH model was used under normal wave condition,
which reproduced remarkable river-mouth bar. In the
case of oblique incident wave, a sand spit was grown
and then the blockage of river mouth was occurred. On
the contrary, Q3D hydrodynamic model was used
under stormy wave condition. Not only sand spit at
river mouth but also offshore sand bar was developed.

We confirmed that the offshore sand bar was formed by

undertow effect.
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Fig. 12. Computed results at initial bathymetry.
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Fig. 13. Computed bathymetries around the ArRiver.

* Wave dominating type with river flow

The blockage did not occur under normal wave condi-
tion although river-mouth bar was reproduced. Instead,
a terrace in front of the river mouth was reproduced.
Furthermore, by considering the discharged sediment
from river, the deposition of the discharged sediment
became larger and then the depth contour in front of the
river mouth was advanced.

Secondly, the model was applied to a river-mouth bar forma-
tion at the Ara River, facing the East Sea. The river-mouth for-
mation under winter wave condition was simulated. The
results suggest that a sand spit was grown with time, the com-
puted sand spit was qualitatively similar shape to field site one.
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