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CHARACTERISTICS OF WIND FIELD OVER AN ARTIFICIAL STRAIGHT DUNE
AT KASHIMA COAST, JAPAN

Tsukasa Kuribayashii, Keiko Udo? and Takanori Uchida®

Abstract

This study conducted Large Eddy Simulation (LES) on wind characteristics around an artificial straight dune which was
divided into smaller dunes by aeolian sediment transport during more than ten years at the Kashima Coast. The results
show that the time mean wind velocity was found to be large at the top of the dune and small at the lee of the dune when
the inflow wind direction was close to vertical to the dune. On the other hand, the mean wind velocity was found to be
relatively large at the lee of the dune locally when the inflow wind direction was north and southeast which was close to
parallel to the dune. The places where the mean wind velocities were large corresponded to the places where the dune
was divided when the inflow wind direction was southeast, but did not correspond when the inflow wind direction was
north.
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1. Introduction

Coastal dunes have a function as an embankment to prevent the intrusion of waves and aeolian sand into the
inland as well as having a rich ecosystem. Dune is deformed by drift sand whose external force is wave and
by aeolian sand whose external force is wind. There are many studies about aeolian sand on dune (Salmon
et al., 1988, Castro et al., 2003, Walker and Nickling, 2003, Baddock et al., 2007, Bechmann and Serensen,
2010). More studies have been conducted on drift sand compared with aeolian sand in the coastal engineering
field because the influence of drift sand on the topography change of dune is larger than aeolian sand in a
short term. However, it is indicated by Udo et al. (2003) that the Kashima dune, an artificial straight dune in
Ibaraki Prefecture, is eroded from behind and divided into small dunes roughly every 100 m over ten years
by the influence of wind. Figure 1(a) shows the aerial photograph of the Kashima dune (provided by
Geographical Survey Institute), and Figure 1(b) shows the change of the dune contour from 1984 to 1999
(Udo et al., 2003). It is indicated by Jackson et al. (2011) that wind flow across dunes results in a wide range
of turbulent processes at the lee of dune, such as flow separation and reattachment. Long-term deformation
of sand dunes impairs their function as an embankment, and the risk of disasters such as tsunami, storm surge
and aeolian sand increases. It is necessary to clarify the mechanism of division of dunes and to manage dunes
efficiently.

Reynolds Averaged Navier-Stokes (RANS) and LES are often used for numerical calculations of complex
topography such as a dune (e.g., Jackson et al., 2011). RANS handles time-averaged fields and does not
consider features such as irregular turbulence and vortex structures occurring in complicated topography,
whereas LES deals with space-averaged fields and calculates large vortices directly. It was found by Kim
and Patel (2000) and Silva Lopes et al. (2007) that the mean wind velocity numerically calculated using LES
corresponded better with the measured value in the places where the wind flow decelerates and reverses,
than using RANS.
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Figure 1. (a) Aerial photographs taken by GSI in 1984 and (b) dune morphology change from 1984 to 1999

(Udo et al., 2003).

The objective of this study is to reproduce wind fields around the straight dune divided into small dunes
(Udo et al., 2003), by using LES, aiming to clarify the characteristics of wind field.

2. Methods

2.1 Wind field analysis model

RIAM-COMPACT® (Uchida, 2014), the numerical fluid analysis software based on LES, was used for the
numerical calculations of wind fields. In LES, vortices were divided into two groups, a grid scale group (GS)

and a sub grid scale group (SGS) by filtering the

turbulent field. GS was calculated directly and SGS

influence was modelled. The governing equations, the continuous equation and the Navier-Stokes equation

with the filtered flow, were the following equations.
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where 1 is wind velocity of the filtered flow, p s air density, P is pressure of the filtered flow, v is kinematic

viscosity coefficient, and 7; is the deviatoric part
following standard Smagorinsky model:

of the SGS stress tensor. 5
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where J; is Kronecker delta, S;; is GS component of the strain rate tensor, vggg is SGS eddy viscosity
coefficient, f, is characteristic length, u= is friction velocity, C; is model constant,and A is mesh size. The
characteristic length was used with the decay function method in order to correct the SGS turbulence on the
wall.

The convection term of the Navier-Stokes equation was discretized with the third-order accuracy (upwind
differencing scheme), and time term, pressure term, and viscosity term were discretized with the second-
order accuracy (central differencing scheme).

2.2 Calculation condition

The inflow boundary was set to be perpendicular to the inflow wind direction. The inflow wind condition
follows the power law of 1/7.

(10)
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where 7, is the wind velocity at the height z (m/s), Vj is the representative wind velocity (m/s), and zj is
representative length (m). The side boundary surfaces and the upper boundary surface are slip conditions,
the outflow boundary surface is a convection type outflow condition, and the ground is a non-slip condition.
The dimensionless time increments are At=1.2 x10~, and 50000 steps of numerical calculations are
performed. The dimensionless time is T*= 30 because the simulation handles the latter half of 25000 steps.
The dimensionless time T* is available by the following equation.

T'=T/H/U) (11)

where T is the dimensioned time (s), H is the representative length, and U is the representative wind velocity.
From Equation (11), the time of the numerical calculation is approximately 15 seconds. The representative
length is the difference between the maximum elevation and the minimum elevation in the calculation area,
and the representative wind velocity is the inflow wind velocity at the height of the maximum elevation.

Typhoon is a tropical cyclone whose maximum wind velocity exceeds 17 m/s. Thus, the representative
wind velocity u, was set to be 20 m/s.

2.3 Target Area

The target area of this study is part of the Kashima dune, which is a straight dune artificially made along the
coast from Kashima City to Kamisu City in Ibaraki Prefecture. It was repaired in 2005. The length of the
target dune is about 350 m. The coastal forest spreads over the inland side of the dune, and the elevation is
higher than at the lee of the dune. In this study, numerical calculations were performed using a digital
elevation model of 2 m mesh (Figure 2) measured by the Geographical Survey Institute in 2005. The angle
from cross the dune direction is 8. The angle of wind vertically traversing the sand dune is 0°.

Distribution of elevation along the top of the dune was extracted from the digital elevation model of 2 m
mesh measured by the Geographical Survey Institute in 2005 (Figure 3). The maximum height of the dune
top is 9.7 m, the minimum height is 8.7 m, and the standard deviation is 0.16 m. The elevation of top of the
dune decreases towards the south slightly with a slope of -0.001.
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Figure 2. Digital elevation model measured by GSI in 2005.

9,8

9,6 ]
s |k ghyf -
92 |A Nogally =-0,001x +9,3258 ——celevation of top of the dune

9
8,8 \
8,6
8.4
8,2

linear approximation

elevation (m)

0 100 200 300 400
distance from the northern edge of the dune (m)

Figure 3. Elevation of the dune

356 points were set at the top and at the lee of the dune (line B and C in Figure 2, respectively) with 1 m
intervals and the simulation results for different calculation areas and mesh intervals were compared at the
height z=0.17 so as to decide appropriate conditions. The calculation area and the grid number is 200 m and
50 vertically. The grid number is concentrated near the ground. The mesh interval varies depending on the
representative length of the calculation area. For example, the mesh interval is 0.032 to 10 m when the
calculation area is 500 m x 500 m horizontally.

Comparison of calculation areas was performed for three cases: When the area was 500 m x 500 m, 750
m x 750 m, and 1000 m x 100 m horizontally. The number of grids in the horizontal direction was 500 x 500
at maximum due to the performance of computers. Therefore, the minimum mesh interval of the three cases
was 1 m, 1.5 m, and 2 m respectively. Mesh interval of 2 m was used in this comparison.

Comparison of mesh intervals was performed for three cases: When the mesh interval was 1 m, 1.25 m,
and 1.67 m. The calculation area of the comparison was 500 m x 500 m.

Comparison of the calculation area and the mesh interval was performed for two cases: When the inflow
wind direction is north-northeast (NNE) and east-southeast (ESE), which are the dominant wind directions
of the target area (Figure 4). The changes in the time mean wind velocities of the dimensionless time T*= 30
at the lee of the dune were compared.

Detailed analysis using appropriate calculation area and mesh interval was performed for seven cases:
When the inflow wind was North (N), north-northeast (NNE), northeast (NE), east-northeast (ENE), east (E),
east-southeast (ESE), and southeast (SE) considering the dominant wind directions (see Figure 4).

3. Results and Discussion

3.1 Determination of calculation area and mesh interval

495



Coastal Dynamics 2017
Paper No. 073

Figure 4. Wind roses during 1985 to 1999 at the Oritsu beach in Ibaraki Prefecture, Japan (Udo et al., 2003).
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Figure 5. Change in the time mean wind velocity of the dimensionless time T*= 30 at the lee of the dune in case of
three different calculation area when the inflow wind direction is (a) NNE and (b) ESE.
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Figure 6. The changes in the time mean wind velocity of the dimensionless time 7= 30 at the lee of the dune in case of
three different mesh intervals when the inflow wind direction was (a) NNE and (b) ESE.

Figure 5 shows the comparison of three different calculation areas. The time mean wind velocity with a small
calculation area tended to be large in both cases. However, the trends of the changes were similar.
Figure 6 shows the comparison of three different mesh intervals. The approximate trends were consistent,
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Figure 7. Simulation results of the time mean wind velocity of dimensionless time T*= 30 when the inflow wind
direction is (a) NNE and (b) ESE.

(a)

Figure 8. Wind flow when inflow direction is (a) NNE, (b) ESE, and (c) ENE

but there were some different trends locally when comparing the mesh intervals of 1 m and 1.25 m. It was
impossible to perform numerical calculations when the grid number was more than 500 X 500 horizontally
due to the performance of computer. Therefore, a detailed analysis was performed with the calculation area
of 500 m x 500 m and the mesh interval of 1 m, the smallest analyzable interval when the calculation area
was 500 m x 500 m.

3.2 Simulation results

Figure 7 shows the simulation results of the time mean wind velocity at a height z= 0.07 m when the inflow
wind directions were NNE and ESE. The mean wind velocity increased at the top of the dune and decreased
at the lee of the dune when the inflow wind direction was NNE and ESE. The mean wind velocity near
northern edge of the dune was larger than other places at the lee of the dune when the inflow wind direction
was NNE. On the other hand, that near the southern edge of the dune was larger when the inflow direction
was ESE.

Figure 8 shows the wind flow when the inflow wind direction was NNE, ENE and ESE. The wind crossed
the dune vertically when the inflow direction was ENE. The wind direction did not change before crossing
the dune. The wind flowed south along the lee of the dune when the inflow wind direction was NNE. On the
other hand, the wind flowed north along the lee of the dune when the inflow wind direction was ESE. The
wind did not flow to a particular direction along the lee of the dune when the inflow wind direction was ENE.
It is considered that the wind flowed along the edge of the coastal forest.

3.3 Distribution of mean wind velocity and mean wind direction at the top and at the lee of the dune
Figure 9 shows the distribution of the time mean wind velocity and the time mean wind direction at the top

and at the lee of the dune in the cases of the seven inflow wind directions.
The mean wind velocity was large at the top of the dune near the northern edge of the dune when the
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Figure 9. Time mean wind velocity (a) at the top of the dune and (b) at the lee of the dune and the mean wind direction
(c) at the top of the dune and (d) at the lee of the dune.

inflow wind direction was N, NNE and NE. On the other hand, the mean wind velocity was large near the
southern edge of the dune when the inflow wind direction was E, ESE and SE. The smaller the angle & of
the inflow wind direction was, the larger the wind velocity tended to be at the top. The fluctuation of the
mean wind velocity became larger in the south part of the dune for all cases.

The fluctuation of mean wind direction at the top of the dune was small in the north part of the dune for
all cases, but the fluctuation was large in the south part when the inflow wind direction was other than ENE
and E. The wind direction was likely to change due to the influence of the terrain because the mean wind
velocity at the top of the dune was relatively small when the inflow wind direction was other than ENE and
E.

The smaller the angle 8 of the inflow wind direction was, the smaller the time mean wind velocity tended
to be at the lee of the dune. The wind obliquely crossing the dune has a gentler slope compared with the wind
vertically crossing the dune because the distance the wind flows towards the top of the dune is large. The
wind is likely to affect the lee of the dune in the case of gentle slope because it does not flow upward but
flows near the ground after crossing the dune (Hagino, 2012).

The distribution of the time mean wind velocity at the lee of the dune were different according to the
inflow wind direction. The mean wind velocity was large at the lee of the dune near the northern edge of the
dune when the inflow wind direction was N, NNE, and NE. The mean wind velocity was large near the
southern edge of the dune when the inflow wind direction was E, ESE, and SE. The mean wind velocity was
locally very large in the case of N and SE. The wind velocity tended to increase notably nearly every 50 m
in the north part of the dune when the inflow wind direction was N, and nearly every 100 m in the whole of
the dune when the inflow wind direction was SE.

The tendency of the time mean wind direction at the lee of the dune varied depending on the inflow wind
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direction. The smaller the angle 8 of the inflow wind direction was, the larger the fluctuation of the direction
at the lee of the dune was.

3.4 Comparison of migration start threshold wind velocity and mean wind velocity

The threshold wind friction velocity is often calculated using the following equation by Bagnold (1941):

(1)

where ux is threshold wind friction velocity, p, is density of sand (2.65%x10°kg/m?), g is acceleration of
gravity (= 9.81 m/s?), d is particle size of sand, and 4 is experiment coefficient (= 0.1). The grain size of the
sand was set as 2.0x10™* m (Udo et al. 2009). Substituting the grain size in the Bagnold's equation gives
ux=0.21 m/s.

Then, the threshold wind velocity is calculated. This velocity is a wind velocity which generate wind
aeolian sand at a certain height. The threshold wind velocity u, at a certain height is often calculated using
the following equation

U= z
u= ?lln(z—o) (12)

where x is Karman coefficient (= 0.4), z is calculated height of wind velocity (= 0.07 m) and z) is roughness
length (= d/30 = 6.7x10°° m). Substituting the threshold wind friction velocity in the law gives u, = 4.8 m/s.

Figure 9(b) shows the comparison of the threshold wind velocity and the time mean wind velocity at the
lee of the dune. The wind velocity locally exceeded the threshold wind velocity when the inflow wind
direction was N and SE. However, there were few places where the mean wind velocity at the lee of the dune
exceeded the threshold wind velocity when the inflow direction is other than N and SE. Therefore, it is
considered that N and SE have the great influence on the division of the dune.

3.5 Relationship between the mean wind velocity and the mean wind direction at the lee of the dune

Figure 10 shows the relationship between the mean wind velocity and the mean wind direction at the lee of
the dune when the inflow wind direction was N and SE, respectively. The mean wind directions were close
to parallel to the dune at the lee of the dune where the wind velocities were large., whereas the wind directions
were oblique to the dune at the lee of the dune where the wind velocities were small when the inflow wind
direction was both N and SE.

3.6 Comparison between the places where the wind velocity exceeded the threshold wind velocity and the
places where the dune was divided

Figure 11 shows the comparison between the places where the wind velocity exceeded the threshold wind
velocity when the inflow wind direction was N and SE respectively and the places where the dune was
divided. The places where the dune was divided corresponded to the places where the wind velocity exceeded
the threshold wind velocity when the inflow wind direction was SE, whereas did not correspond when the
inflow wind direction was N.

4. Conclusions
In this study, the wind conditions around the straight coastal dune were reproduced using the numerical fluid

analysis software RIAM-COMPACT® based on LES. The obtained results are as follows:
- Time mean wind velocity was large at the top and small at the lee of the dune, and it fluctuated depending
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Figure 10. Relationship between the mean wind velocity and the mean wind direction at the lee of the dune when the
inflow direction is (a) N and (b) SE.
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Figure 11. Places where the wind velocity was large when the inflow wind directions are (a) N and (b) SE and the places
where the dune is actually divided.

on the inflow wind velocity.

- The time mean wind velocity tended to be large as the angle of the inflow wind direction was close to
vertical at the top of the dune. The wind direction relatively fluctuated in the south part of the dune at the top
of the dune when the inflow wind direction was N, NNE, NE, ESE, and SE.

- The time mean wind velocity locally tended to be large as the angle of the inflow wind direction was close
to parallel to the dune at the lee of the dune. The mean wind direction relatively fluctuated as the inflow wind
direction was close to vertical.

-The time mean wind velocities were locally large and exceeded the threshold wind velocity at the lee of the
dune when the inflow wind direction was N and SE. The mean wind velocity tended to be large nearly every
50 m in the north part of the dune when the inflow wind direction was N, and it tended to be large nearly
every 100 m in the whole of the dune when it was SE. The wind directions at the lee of the dune where the
mean wind velocities were large were approximately along the dune direction, whereas the mean wind
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directions at the lee of the dune where the wind velocities were small were oblique direction.

-The places where the velocities exceeded the threshold wind velocity corresponded to the places where the
dune was divided when the inflow wind direction was SE, whereas did not correspond when the inflow
direction was N.
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