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Numerical Study on Mountain Waves Generated
by a Two-Dimensional Mountain and Their Effect
on the Transport of Yellow Sand*

Yoichi UTANOHARA™*, Shigeo KIMURA™** and Takahiro KIWATA***

We have studied the effect of ground topography, focusing on mountain waves, on the
transport of Yellow Sand by two-dimensional numerical simulation. An advection-diffusion
equation for scalar concentration is solved to simulate the transport of YelloYv Sand.. TwP
different models are employed: the first is a one-layer model in which the density gradient is
constant in the entire domain, and the other is a two-layer model in which the density gradient
changes at an altitude of 11km. In the both models stream lines at high altituQe desc'e_nd
greatly toward the ground along the lee side of the mountain as the atmospheric stability
increases. However, in the two-layer model, trapped mountain waves become stronger than
those in the one-layer model, and rotors are also generated on the ground. These become
stronger for larger mountain width, and the scalar concentration rapidly diffuses there. It
is found that the ground scalar concentrations for the two-layer model are generally much
larger, especially in the rotors, compared with those in the one-layer model.

Key Words: Mountain Waves, Rotor, Trapped Lee Waves, Stratified Flow, Yellow Sand,
Computational Fluid Dynamics

1. Introduction

Yellow Sand is a sand transport phenomenon in East
Asia, which originates from the Takla Makan Desert and
the Gobi Desert in China. The soil in the desert is often
blown up into the troposphere by strong surface winds and
then transported by westerly winds to be deposited over
East Asia. Yellow Sand phenomena are frequently ob-
served during the spring season in Japan, and it is known
that the dust comes in layers at heights between several
hundreds meters and Skm. Of concern is that Yel-
low Sand deposition may cause damage to agriculture and
stock-breeding, and that its radiative effect on the plane-
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tary heat balance is still not well understood. It has, how-
ever, also positive effects, such as neutralization of acid
rain and nourishment of phytoplankton in the sea. Hence
understanding the mechanism of the transport and the de-
position of Yellow Sand is important for evaluating the
environmental effects mentioned above.

Numerical modeling plays an important role in ana-
lyzing the transport mechanism of Yellow Sand. Severad
works have considered the long-range transport processes
of Yellow Sand from the Asian continent to Japan@-.
There seem to be, however, no small-scale simulations
that deal with local meteorology and topography in a
range from several kilometers to several tens of kilome-
ters, which is, we think, largely responsible for the depo-
sition mechanism of dust at high altitude in troposphere.

Mountain waves are a typical small-scale meteoro-
logical phenomenon. They are generated on the leeward
side of a mountain when the atmosphere is stably strati-
fied; they grow stronger as the stability increases and of-
ten cause strong downslope windstorms®. With moun-
tain waves, flows at high altitudes are often drawn down-
ward behind the mountain. Hence, there is a possibility
that mountain waves pull the Yellow Sand at high altitudes
down to the ground. The main purpose of this study is to
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apply a numerical simulation methodology to examine our
hypothesis that mountain waves are responsible for Yellow
Sand deposition.

2. Mathematical Formulation

Transient two-dimensional computations are per-
formed using the commercial CFD software FLUENT.
The governing equations are the continuity equation, the
Navier-Stokes equation, and transport equations for den-
sity disturbance and scalar concentration. The Boussinesq
approximation is applied to calculate a density-stratified
flow®- (™ The equations are
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where the u; is the velocity, especially v is the y-
component velocity, u.g is the effective viscosity which
is the sum of the molecular viscosity u,, and the eddy vis-
cosity u,, 6; is Kronecker’s delta (6 =1 if i =k and zero
otherwise, and k indicates y-direction.), g is the accelera-
tion due to gravity, C is the scalar concentration, pp and
p’ are the background density and the perturbation density
respectively, and p = pp+p’ is used for the atmospheric
density. The profile of the background density is assumed
to be linear and given by

@ =— NZ@, )

dy g
where N is the Brunt-Viisald frequency of an air parcel
oscillating adiabatically in stratified fluid, and pg is the
reference density. In this paper pp at y = 0.5k, where hg
is the mountain height (see Eq. (7)), is used as py.

We use a standard & — e turbulence model to evaluate
the eddy viscosity. However, it should be emphasized that
the main purpose of this study is to know how low Yel-
low Sand is pulled down by mountain waves. Turbulence
is generally a much smaller scale phenomenon and has
only a secondary effect on the mountain waves in the tro-
posphere. In fact, vigorous turbulence cannot develop in
stable atmosphere. On the contrary, once the dust comes
into the atmospheric boundary layer, turbulent flow greatly
prompts the diffusion process there.

The Froude number, Fr, given by

U
= Nho’ (6)
is introduced as a parameter to indicate the atmospheric
stability. The atmosphere becomes more stable as N in-

Fr
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Fig. 1

Computational domain and boundary conditions

creases, that is, Fr decreases. On the other hand, the at-
mosphere approaches a neutral state as Fr increases.
Figure 1 shows the computational domain and the
boundary conditions. It covers a space —45 km~45km in
the x-direction and up to 27 km in the y-direction. Gen-
erally it is known that the height of tropopause is about
11 km and the computational domain we use here is much
higher than that. The reason for this is to minimize the
influence of numerical disturbances generated by wave re-
flections from the top boundary. A bell-shaped mountain
known as “Witch of Agnesi”, whose profile is given by
ho

1+(x/a)? @
is set at ground level in the middle of the domain; here hg =
900 [m] is the height of the mountain and a = 1000 [m] is
the half-width. In section 3.3 a =500 and 2000 [m] are
assigned for the half-width in order to investigate the ef-
fect of the mountain shape on flow patterns. The origin of
the x- and y-axes is set on the ground at the center of the
mountain. 251 x 201 grid points in x- and y-directions are
employed when a = 1000 [m], while 401 X201 points are
used for a =500 [m] and 251%201 points for a =2 000 [m].
To obtain a finer resolution, grid points are closely spaced
near the mountain and the ground. The boundary condi-
tions are as follows: uniform velocity U = 10 [m/s] at the
inlet boundary, §/9x = 0 at the outlet boundary, symme-
try boundary (8/dy =0, v =0) at the upper boundary, and
logarithmic velocity profile on the ground. An impulsive-
start is used for the initial condition, which is a sudden
acceleration of the flow from rest over the entire space. A
time step of Ar=1[s] is fixed for all the computations.
We employ two different atmospheric models: one is
a one-layer model in which the density gradient is constant
over the entire height; the other is a two-layer model in
which the density gradient changes at an altitude of 11 km.
Yellow Sand is assumed to be released in layers of
width 200 m at 10 km upstream from the mountain at al-
titudes of 1 and 2km. The transport of Yellow Sand is
simulated by an advection-diffusion equation for a passive
scalar concentration (Eq. (1)). Gravitational settling is not
considered®; this is due to the fact that, from observed
data of Yellow Sand over Japan, the particle diameters are
less than the order of several um®®, hence the gravitational
settling effect is negligibly small in the present problem.
For the source of scalar concentration, the amount of emis-

h(x)=
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sion per second for unit volume is set to Co = 1 [m™3s~1]
in a 200 m x 200 m area.

The calculations are carried out by the finite volume
method using the SIMPLE algorithm for pressure-velocity
coupling. The time integration is done by an implicit sec-
ond order accurate method. The convection term is dis-
cretized using the QUICK scheme, and the diffusion term
is discretized by second-order central differences.

We validated our code by comparing our computa-
tional results with previously reported ones®.

3. Results

3.1 One-layer model

Here the results for only Fr = 1.0 are shown and dis-
cussed, although we have found that other cases for differ-
ent values of Fr are not so different from those for Fr=1.0.
In Figs. 2 and 3 we show the stream lines and the contour
lines for the horizontal velocity at =5 000 [s]. Mountain
waves are an unsteady phenomenon so that they develop
with time and propagate in the obliquely upward direc-
tion. Over the lee side of the mountain, the horizontal ve-
locity becomes greater, which is a typical effect of moun-
tain waves and is clearly seen from the converging stream
lines.

Figure 4 shows the distribution of the scalar concen-
tration at ¢ = 5000 [s] released from the point source lo-
cated at x = —10[km] and y = 1000 ~ 1200[m]. The
stream of the scalar concentration is pulled lower behind
the mountain due to the downward wind, but it ascends
again as the flow changes its direction upward and is trans-
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Fig. 2 Stream lines in the one-layer model for Fr=1.0. (a)
t=1000[s], (b) t=5000s]
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Fig. 3 Horizontal velocity for Fr=1.0 at t=5000 [s]
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ported downstream in a wave-like manner. The concentra-
tion diffuses slightly as it passes over the mountain, as is
seen from the diffused image of the concentration streak.

Figure 5 shows the ground scalar concentration at
t=5000[s]. The value is divided by the concentration C;
near the release point at x=-9900[m] and y=1 100 [m].
The concentration rises behind the mountain, and the val-
ues are the order of 1078, The ground scalar concentration
for Fr=0.75 is typically of the order of 107".

3.2 Two-layer model

According to Scorer!%-(!D_in the region where the

Scorer parameter, /, defined by
N

I= T (®)
decreases with height, mountain waves cannot propagate
in the upward direction. As a consequence they are
trapped in the lower layer, where the Scorer parameter [
is a non-decreasing number. The trapped mountain waves
produce long and intensive wave trains, thus it is conceiv-
able that they might diffuse the scalar concentration more
efficiently than non-trapped mountain waves. For simplifi-
cation, we employ a two-layer model in which the density
gradient changes abruptly at an altitude of 11 km. Figure 6
shows the profiles of the background density pg. In the up-
per layer, dpg/dy is set to 0 which makes /=0.

Figure 7 (a) and (b) shows the horizontal velocity for
Fr=0.75 at t=2 500 and 5 000 [s], respectively. Mountain
waves propagate obliquely upward with time as in the one-
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Fig. 4 Scalar concentration for Fr=1.0 at t=5000 [s]
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Fig. 5 Ground scalar concentrations for Fr=1.0atr=2 500 [s]
(Cs=13.2)and t=5000[s] (C;=12.4)
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Fig.7 Reflection of mountain waves at the interface of the two-
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layer model, but when the waves reach the interface of the
two layers, they reflect back into the lower atmosphere,
and at =15 000 [s] the flow field develops a net-like struc-
ture. It should be also noted that there are regions where
the horizontal velocity has negative values on the ground
on the leeward side of the mountain. They are recircula-
tion regions known as rotors("-(12,

In Figs. 8 and 9 we show the flow field and the scalar
concentration for Fr=0.75 and 0.5 at =5 000 [s], respec-
tively

e Fr=0.75
Mountain waves grow strongly and breaking waves,
as well as rotors, are visible behind the mountain. A strong
rotor is generated at around x = 6 [km] and relatively weak
ones at around x = 16 [km] and 21 [km]. The scalar con-
centration released at the height y = 1000 ~ 1200 [m]
reaches the ground and diffuses rapidly behind the rotors.
On the other hand, the scalar concentration released at
y=2000~ 2200 [m] diffuses downstream of the mountain
at around x = 10 [km], corresponding to the region where
developing waves start to break.
Fr=05

In Fig. 9 (a), the mountain waves are even stronger
than those for Fr = 0.75, and wave-breaking regions are
observed at y =4 [km] and 7 [km]. Rotors develop at x =
8 [km], 13 [km] and 18 [km]. As for Fr=0.75, the scalar
concentration released at y = 1 000 ~ 1 200 [m] reaches the
ground and diffuses strongly behind the rotors, and the one
from y =2 000~ 2200 [m] is trapped into a wave-breaking
region in the air and accumulates there.

Figure 10 shows the ground scalar concentration
when released at y = 1000 ~ 1200 [m] corresponding to
Fig. 5 obtained from the one-layer model. The concentra-
tions on the ground for Fr > 1.0 are negligible compared
with those for Fr = 0.75 and 0.5. The leading edge of
the concentration rise for Fr =0.75 is observed at about
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Fig. 8 Flow field and scalar concentration streak for Fr=0.75 at =5 000 [s], (a) Stream line,
(b) Horizontal velocity, (c) Scalar concentration released from y = 1000 ~ 1200 [m],

(d) y=2000~ 2200 [m]
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the rotor as seen in Fig. 8 (a). The concentration drops at
about 20 [km], corresponding to a termination of the 3rd
weak rotor at x =21 [km] in Fig. 8 (a). The concentration
for Fr = 0.5 also rises at the front of the first rotor and
decreases at the end of the third rotor. From the above ob-
servation, it can be said that rotors generated by mountain
waves have a significant impact on the falling and diffu-
sion of the scalar concentration at high altitude.
3.3 Effect of the mountain width

Figures 11 and 12 show the horizontal velocity when
the mountain width is shortened to a = 500 [m] or ex-
tended to @ =2 000 [m]. When a =500 [m] and Fr=0.75
(Fig. 11 (a)), a separation region behind the mountain is
clearly visible with a negative value for the horizontal ve-
locity, while for Fr=0.5 the separation is somewhat sup-
pressed and a region of stronger wind covers the down
slope. This trend has been also reported by previous nu-
merical studies™ (3. When a =2 000 [m] and Fr=0.75,
separation does not occur and the flow is parallel to the
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Fig. 12 Horizontal velocity contour lines for a=2 000 [m] at
t = 5000 [s], with two different Froude numbers (a)
=0.75, (b) Fr=

down slope behind the mountain. When Fr=0.5, the flow
structure is essentially unaltered, although the rotors de-
velop more strongly. In general, it is known that mountain
width affects the leeward flow separation structure in the
stratified fluid"¥. For instance, when the mountain width,
A, (where Ay = 2a), is short and NA,/U =I1A; <, sepa-
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Fig. 13  Scalar concentration streak when it is released at y =
1000 ~ 1200 [m] with @ =500 [m], for two different
Froude numbers, (a) Fr=0.75, (b) Fr=0.5
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Fig. 14 Scalar concentration streak released at y = 1000 ~
1200 [m] with a =2 000 [m], for two different Froude
numbers, (a) Fr=0.75, (b) Fr=0.5

ration occurs behind the mountain. On the other hand, for
NA,4/U 2 r, the separation is suppressed and the rotors are
generated on the leeward side. These characteristics are
reproduced in the present simulation.

Figures 13 and 14 show the distribution of scalar con-
centration released at y = 1000 ~ 1200 [m]. The scalar
concentration for a = 500 [m] and Fr =0.75 goes around
the separation region behind the mountain, but when Fr=
0.5 it goes along the down slope and starts diffusing in the
rotor regions. When a = 2000 [m] the scalar concentra-
tion is drawn closer to the down slope and diffuses more
quickly in the rotor regions. The ground scalar concentra-
tion is shown in Figs. 15 and 16. The concentration rises
in rotor regions as mentioned in section 3.2, but it is much
higher for a = 2000 [m] than for a = 500 [m]. Hence, it
is concluded that the mountain width has a significant ef-
fect on the overall transport of scalar concentration, and
that the development of rotors is particularly important for
defining a mechanism for falling high-altitude dust.

4. Conclusion

In this paper, we examined the effect of mountain
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Fig. 15 The ground scalar concentration with a = 500 [m], for
two different Froude numbers
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Fig. 16 The ground scalar concentration with a =2 000 [m], for
two different Froude numbers

waves on the transport of Yellow Sand by employing
an unsteady two-dimensional numerical model for the
density-stratified flow over a mountain.

In the one-layer model, where the Scorer parameter,
1, is constant over the entire domain, mountain waves de-
velop behind the topographical ridge and it is shown that
the high altitude scalar concentration is pulled towards the
ground. However, the rise in ground scalar concentration
is found to be negligibly small. In the two-layer model, on
the other hand, mountain waves reflect at the interface be-
tween the two layers, and are trapped and intensified in the
lower atmosphere. Under Fr =0.75 rotors are produced on
the ground and high ground scalar concentrations are ob-
served in the rotor regions. It is also shown that the con-
centrations increase as the atmosphere stabilizes. There-
fore, there is a good possibility that Yellow Sand at high
altitudes is pulled towards the ground and subsequently
scattered due to the presence of the rotors. The topog-
raphy has also a great influence on rotor strength, which
intensifies for larger mountain width.

We have mainly focused in this work on the relation-
ship between mountain waves and their effect on the trans-
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port of Yellow Sand, and hence the effect of turbulence has
not been our primary concern. Turbulence probably has,
however, a significant influence on the behavior of Yellow
Sand once it is pulled down into the atmospheric boundary
layer, especially in the rotors. A more elaborate study of
the turbulent diffusion in the rotors may be needed to pre-
dict more precisely the amount of dust that actually falls
on the ground.
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