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ABSTRACT

The cyclic behavior of lee wave systems, generated by stratified flow over mountains is investigated by the Advanced
Regional Prediction System (ARPS) model. The results show that, surface friction has a direct impact upon the number
and timing of mountain gravity waves cycle generation. Cyclic generation of mountain lee waves and down-slope winds
was found to be extremely sensitive to the magnitude of the surface drag coefficient, where mountain waves amplitude
and intensity varies with the magnitude of the drag coefficient, and the interaction of mountain waves and boundary
layer process determinates the wave characteristics. For the typical drag C, = 1073, surface friction promotes the forma-
tion of the stationary mountain lee waves and hydraulic jump, especially, promotes boundary layer separation, the gen-
eration of low-level turbulent zones and rotor circulation or reversal flow within boundary layer. When drag coefficient
becomes C, = 107, lee waves remain steady states and the first evolution cycle maintains much longer than that of C, =
107, In the case of the highest drag coefficient C, = 107, surface friction suppresses wave breaking and the onset of

hydraulic jump, and reduces greatly the amplitude and intensity of lee waves and down slope wind.
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1. Introduction

Although mountain lee waves have been studied exten-
sively from theoretical and numerical modeling studies
through to laboratory and observational experiments
[1-5], the influence of surface friction effects on these
waves has received little attention until recently, due
partly to the difficult of introducing surface friction in
theoretical models. Recent measurements and numerical
simulation results suggest that processes that have re-
ceived relatively little emphasis previously, such as sur-
face friction, may be important for lee wave generation
and development [6-10]. Richard [11] suggested that si-
mulations with friction were qualitatively more realistic
than simulations without surface friction, that the genesis
of strong winds on the lee slope was delayed when sur-
face friction was included, and that the downstream pro-
pagation of a mid-troposphere jump-like feature was im-
peded in the absence of friction. Olafsson and Bougeault
[12,13] showed that surface friction plays an active role
in suppressing wave breaking for the negative impact of
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surface friction on wave activity. Doyle and Durran [14]
demonstrate that the realistic rotors appear to develop
only in the presence of surface friction by using numeric
simulations with free slip and no slip lower boundary
layer conditions. Peng and Thompson [15] investigated
the effect of boundary layer including surface friction on
flow over mountains, and they suggested that the reduc-
tion in mountain wave amplitude in the presence of sur-
face friction is due to the reduction in the slope of the
boundary layer height as compared to the terrain height.
A wide body of studies has described the atmospheric
gravity wave dynamics, which play a significant role in
energy transport and hazard weather forecast [16-18].
These analysis, in general, conclude that surface fric-
tion reduces or suppresses wave breaking, and reduces
the amplitude and intensity of lee waves, however, sur-
face friction promotes the boundary layer separation, the
generation of low-level turbulent zones and rotor circula-
tion or reversal flow. On the other hand, meteorological
observations and experimental data seem to suggest other-
wise. It is thus of interest to study the effect of surface
friction on flow over topography. In the present study,
we seek to identify more specifically a mechanism that
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may provide an explanation for the effect of surface fric-
tion on lee waves. The numerical model used here is the
Advanced Regional Prediction System (ARPS), describ-
ed in Section 2. Section 3 is devoted to the numeric si-
mulations of flow over topography, exploring the inter-
action of the flow with topography including friction dis-
sipation. Our conclusions are presented in Section 4.

2. Model Description

The simulation experiments are conducted in there using
the Version 5.0.0.0lHOP5 of the Advanced Regional Pre-
diction System (ARPS), ARPS is a three-dimensional,
non-hydrostatic model developed for storm scale nume-
rical weather prediction in the University of Oklahoma.
For the simulations discussed herein, considering the Co-
riolis force is set to zero and the atmosphere is assumed
to be no surface sensible or latent heat fluxes exist, and
other physical processes, such as the radiation model and
the soil model are not included for the sake of simplicity.

The computational domain consists of 263 grid points
with 1 km horizontal grid spacing in the horizontal direc-
tion and 83 layers in the vertical with the Rayleigh damp-
ing applied over the top half depth. The vertical grid
spacing varies smoothly from 0.05 km at the ground stre-
tching to 0.25 km near the top of the domain via

Az . —Az 2a
Az(i) = Az min m_tanh -
(7) "t tanh(2a) an [1—a(l a)}

a:wforizl, 2,...,nz=3

M

where Az, is the average grid spacing 0.25 km, a is a
tuning parameter set to unity, and nz is the number of the
grid points in the vertical. In addition, radiation boundary
condition is applied in east-west direction, while periodic
boundaries are used in north-south direction, and the big
time step and small time step are 2 s and 0.5 s, respec-
tively.

Surface friction is included in the ARPS surface phys-
ics package, which includes parameterization of surface
fluxes as momentum stresses at the lower boundary:

= pC, [[V|u-|7|a] 2)

_Tl?’ surface

Ty

= pC, [ [V|v=|7]7] (3)

where 713 is the momentum stress on the constant x plane
and 3 is the momentum stress on a constant y plane in
the vertical direction, C, is the non-dimensional drag
coefficient, |V] is wind speed, and over-bars represent the
base state. And the parameterization of the vertical tur-
bulent diffusion follows the 1.5-order turbulent Kinetic-
energy closure.

The basic state velocity U = 20 ms™ and static stability

surface
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N?=0.01 57, and the mountain profile used in here is the
bell-shaped mountains, given as

2
hmax a

max® 4
1+(x—x0)2 @

h(x,y)=

where hnqy is the maximum height of mountain, the half
width of mountain ¢ = 10 km, and the mountain center
location in horizontal direction xy = 72 km.

3. Results and Interpretations

We first consider the atmosphere to be uniform with
height far upstream of the mountain to identify the evo-
lution of lee wave systems. In the absence of surface
friction, vertically propagating gravity waves typically
form when the maximum height of mountain %, = 0.5
km. However, when the maximum height of mountain
increases to Ayax = 2 km, then the airflow may be blocked
on the upwind slope and the trapped lee waves form on
the downstream lee side, accompanied by the hydraulic
jumps.

When surface friction is activated, the flow pattern in
the lower atmosphere becomes quite different from that
of free slip case. When choosing /4. = 0.5 km, it is ex-
tremely sensitive to the distance Z, between the surface
(v = v =w = 0) and the first model grid point layer. Such
as Z, = 25 m, the influence of surface friction on the ver-
tical propagating waves is relatively minor compared
with the free-slip case. However, if Z, increases from 25
m to 125 m, due to the deeper depth of the positive ver-
tical wind shear in the boundary layer, surface friction is
known to reduce the tendency toward wave breaking,
apart from the general reduction of the near surface
winds speed, these results are consistent with previous
work [6,11,12,15], especially under no slip conditions.

However, if choosing /.« = 2 km, surface friction has
a direct impact upon the number and timing of lee wave
cycles. In the first cycle of wave evolutions, the results
are consistent with the simulations of Richard [11] and
others work, but involved in cyclic generation of lee wave
systems in our run, the results are different from others
for the regeneration of lee waves in the second cycle.
Most significantly, the effect of surface friction on lee
wave amplitude and intensity varies with the magnitude
of drag coefficient, especially, cyclic generation of lee
waves and down slope winds in our runs was found to be
extremely sensitive to the magnitude of drag coefficient.
In addition, surface friction promotes the boundary layer
separation and the forming of rotors within the boundary
layer.

For the typically surface friction drag coefficient C, =
1073, the cyclic regeneration of lee wave systems is ap-
parent and allows the wave systems to undergo one tran-
sition of two cycles in the whole integration of 144,000 s,
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in which lee wave system begin to dissipate and com-
plete one cycle after the integration of almost 26,000 s
and they begin to regenerate and intensify again after in-
tegration of almost 36,000 s, the interaction of lee waves
and rotors circulation finally determine the flow charac-
ters. Firstly, we can see that from Figures 1 and 2, in the
first cycle stage, lee waves intensify and low level closed
rotor circulation form after integration of almost 12,000 s,

96 128 160 192 96 128 160 192

Figure 1. Potential temperature (K) for the simulation of
flow over a 2 km mountain with surface friction of Cyq = 107,
after integration of (a) 12,000 s; (b) 26,000 s; (c) 36,000 s; (d)
76,000 s.
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Figure 2. Streamlines for the simulation of flow over a 2 km
mountain with surface friction of Cy = 1073, after integration
of (a) 12,000 s; (b) 26,000 s; (c) 36,000 s; (d) 76,000 s.
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where the low level rotors and rotor circulation play a
negative role in the amplitude and intensity of lee waves,
and lee waves vanish for surface friction after integrating
of almost 26,000 s. In the second cycle stage, lee waves
begin to occur in the middle and upper atmosphere after
integrating of 36,000 s. As time increases, then hydraulic
jump, large amplitude lee waves, lee vortex, organized
rotor and rotor circulation regenerate after integrating of
76,000 s. Secondly, surface friction reduces the magni-
tude of the down slope wind, suppresses the amplitude
and intensity of lee waves in the first cycle. However, in
the second cycle, the influences of surface friction upon
the magnitude of the down slope wind appears to be rela-
tively minor, and surface frictions have a minimal impact
upon the structures of lee waves in the middle and upper
above the boundary layer. Such as, the maximum cross
ridge speed attains 80.2 ms™ in free-slip condition, but
for the drag coefﬂuent C, = 107, it almost attains the
value 57.8 ms™ in the first cycle and almost the same
value 78 ms™ in the second cycle, respectively.

When the drag coefficient is smaller than the typically
value C, = 107 that is, the drag coefficient reduced by
C, = 10™, except low level rotors and rotor circulations
are established in the first cycle, compared with the free-
slip case, the influences of surface friction upon the mag-
nitude of lee waves and down slope wind appears to be
relatively minor, but the regeneration of lee waves is de-
layed greatly compared with the case C, = 10 The po-
tential temperature, streamline and horizontal velocity
given by Figures 3 and 4 show that, in the first cycle,
hydraulic jump lee waves and lee vortex occur above the
boundary layer with lee rotors within the boundary layer,

10

Figure 3. Same as Figure 2 but for the case with surface
friction of Cy = 107,
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Figure 4. Same as Figure 2 but for the case with surface
friction of C4 = 1072

and the maximum cross ridge speed is attains 82.2 ms™
in the first cycle. However, it is quite different from the
free-slip case and the case C, = 107, lee wave systems
have dissipated for surface friction after integrating of
36,000 s, and they will begin to regenerate slowly again
after integrating of 126,000 s, the time interval between
the two cycles is apparent elongated, and the life span of
the first cycle increases nearly 18,000 s and the second
cycle is delayed nearly 76,000 s compared with the case
C, = 1073, This sensitivity of lee wave to drag coefficient
suggests that there is an optimum value of surface fric-
tion (approximately C, = 10™) that maximizes the strength
of the mountain wave systems for this particular simula-
tion.

When surface friction drag coefficient is increased, for
the case of C, = 107, surface friction suppresses wave
breaking and the onset of hydraulic jump, and reduces
greatly the amplitude and intensity of lee waves and
down slope wind, wherein the lee waves show the small
amplitude of non-hydraulic jump type with the maximum
cross-ridge wind only 20 ms™ in the first cycle and 40
ms™ in the second cycle. The potential temperature,
streamline and horizontal velocity given by Figures 5
and 6 show that, in the first cycle stage, the duration of
wave systems are shortened greatly and lee waves have
dissipated after integrating of 12,000 s. In the second
cycle stage, the small amplitude lee waves regenerate
above the boundary layer after integrating of 36,000 s, as
time increases, the amplitude and intensity of lee waves
of the boundary layer aloft increase greatly, accompanied by
the rotors and reversal flow in the boundary layer after
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Figure 5. Same as Figure 1 but for the case with surface
friction of Cy = 107,
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Figure 6. Same as Figure 2 but for the case with surface
friction of C4 = 1072

integrating of 76,000 s. Finally, the lee waves of non-
hydraulic jump type have dissipated after integrating of
126,000 s and complete the second cycle stage.

4. Discussion and Conclusion

The stratified flow over mountain is investigated by the
Advanced Regional Prediction System (ARPS) model,
the results show that the regeneration of lee wave sys-
tems is apparent and allows the wave systems to undergo
one transition of two cycles. Most significantly, the ef-
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fect of surface friction on lee wave amplitude and inten-
sity varies with the magnitude of the drag coefficient, es-
pecially, cyclic regeneration of lee waves and down slope
winds in our runs was found to be extremely sensitive to
the magnitude of the drag coefficient. For the typical
drag values C, = 107, surface friction promotes the for-
mation of the stationary mountain lee waves and the sta-
tionary hydraulic jump, especially, promotes the bound-
ary layer separation, the generation of the low-level tur-
bulent zones and rotor circulation or reversal flow within
the boundary layer. When the drag coefficient is smaller
C, =10, the lee waves remain steady states and the first
cycle maintains much longer than that of the case C, =
107. In the case of the highest drag coefficient (C, =
107?), surface friction suppresses wave breaking and the
onset of hydraulic jump, and reduces greatly the ampli-
tude and intensity of lee waves and down slope wind. It
can be concluded that, the interaction of lee waves and
the boundary layer process, lee waves induce rotors and
rotors induce lee waves, finally determine the characters
of lee wave systems.

Extending to the case of three-layer flow over moun-
tain, that is, the static stability of the lower (below 2.5
km), middle layer (2.5 km - 5 km) and upper atmosphere
(above 5 km) are 0.02, 0.01 and 0.015, respectively, and
keep the same physical domain and the other parameters
as before. The results show that the train of lee waves
becomes the dominant feature, and lee waves and rotors
show the same characters of cyclic regeneration as the
uniformly stratified flow over mountain. However, ex-
tending to the mean state critical layer flow over moun-
tain, the base state wind is 20 ms™ below 5 km and is
reduced from 20 ms™ at 5 km to zero above 7 km. It
suggests that the critical layer increases the amplitude
and intensity of lee waves and surface friction promotes
the forming of lee rotors, but the evolution of lee waves
is relatively minor as time increases both with and with-
out surface friction. The responses of flow to topography
are mainly determined by the factors of the topography,
stratification and wind configuration.
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