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ABSTRACT

The National Taiwan University/Purdue (NTU/PU) nonhydrostatic model
is used to study mountain waves, hydraulic jumps, and lee vortices. The NTU/PU
model is based on a compressible and three-dimensional system of equations with a
terrain-following vertical coordinate. A major advantage of the model is the use of a
modified forward-backward integration scheme that retains internal gravity waves but
suppresses unwanted sound waves. In flow around an isolated ideal elliptical moun-
tain, the simulated flow from the NTU/PU model spreads broadly in the crosswind
direction with a well-defined stagnation point at the windward side of the mountain.
Two semi-idealized downslope wind cases were conducted using the real topography
at White Sand Missile Range (WSMR), New Mexico, USA. Our simulated flows
including hydraulic jumps and vortex shedding in the lee of the Organ Mountains
agree very well with observations for the case on 25 January 2004, at 15 UTC, but
the discrepancy is somewhat larger for the case on 19 January 2004, at 15 UTC. This
paper shows that the model results are sensitive to the detailed numerical schemes,
filters, and physics, etc. It also suggests that more observations and improvements are

required for a model to realistically simulate the flow over complex terrain.

1. INTRODUCTION

Studies of airflow are often complicated by the wide
range of horizontal scales of motion that must be consid-
ered. For example, to properly simulate large-scale weather
systems, a large computation domain must be used, and at
the same time high spatial resolution is needed in order to
resolve motions with smaller scales. Thus, meteorologi-
cal modeling can be a very demanding problem in terms
of computing resources. This is especially the case for air-
flow over mountains. In addition to the complicated length
scales over complex terrain, several natural length scales of
atmospheric systems are also important, such as the varia-
tion of stratification and wind in space, the thickness of
the atmospheric boundary layer, the distance of downwind
drift during a buoyancy oscillation, the distance associated
with the inertial oscillation, the formation and propagation
of lee-vortices and hydraulic jump, etc. (Smith 1979). It is
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also noted that lee vortices, hydraulic jumps, and lee waves
simulated from a free-slip surface can be quite different
than those from a viscous surface (Sun and Hsu 2005), but
it is also difficult to find an appropriate surface friction and
roughness over mountains.

Developing a capability to predict wind flows in and
around complex terrain is important to the US. Army as well
as to aviation and many other civilian activities. Such a ca-
pability ought to apply to both high wind phenomena such
as strong downslope wind flows, lee waves, and hydraulic
jumps and low wind situations in which very complex flows
are often seen. Several observational programs have been
conducted for high wind events (e.g., Mobbs et al. 2005;
Sheridan et al. 2007; Grubisi¢ et al. 2008) while several other
programs have been done for light wind complex flow envi-
ronments (e.g., Whiteman et al. 2008; Fernando et al. 2015,
2018). Because these programs are by necessity of limited
time extent, they may not fully sample the wide variety and
extrema of possible complex terrain flow situations.
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White Sands Missile Range (WSMR) located in south-
ern New Mexico is a US Army testing area covering almost
3200 square miles. WSMR conducts year round tests of mis-
sile and other systems for the US military and foreign coun-
tries. In support of these test activities, WSMR operates a
network of about 30 instrumented 10 m meteorological tow-
ers which is distributed over the entire WSMR test range; a
few of the towers are located external to WSMR in nearby
areas. This network is called the Surface Atmosphere Mea-
surement System (SAMS) and it produces 5 minute average
(15 minute averages prior to 2010) surface meteorological
values at the standard measurement levels.

WSMR headquarters (HQ) is located in the southwest-
ern part of WSMR lies about 5 - 8 km north and east of a very
steep mountain range that rises as much as 1500 m above
it. During late winter and spring, fairly frequent downslope
wind events occur there and sometimes these include lee
waves and even rotor flow. A recent WSMR in-house study
found that, on average, there are 7 or more events in which
the average surface wind at the WSMR HQ SAMS site ex-
ceeds 50 knots for at least 15 minutes (Thomas 2014). These
high wind events are concentrated in the February through
April time period when there are many additional windy
days in which the average wind speed, although high, does
not exceed 50 knots for at least 15 minutes. Maximum winds
for shorter time periods and gusts can be substantially high-
er. Throughout the year when winds are low and especially
at night, the wind flow in and near these mountains is of-
ten very complex. Besides presenting considerable predict-
ability challenges to numerical weather prediction (NWP),
the complexity of these events is generally not completely
shown in the SAMS data because the spacing of the SAMS
sites is not sufficiently dense. However, in 2004, five fully
instrumented 10 m Army Research Laboratory (ARL) MET
towers were collocated with the four SAMS’ sites close to
WSMR HQ. Thus, there was a fairly dense network oper-
ating for an extended period then. In addition to the MET
towers, there was a Wind Profiling radar located downwind
of the mountains and a Remote Automatic Weather Stations
(RAWS) surface MET station located on the windward side
of the mountains.

During 2004, there was a notable downwind lee wave
event and several very complex low wind flow situations.
The National Taiwan University/Purdue University (NTU/
PU) nonhydrostatic model (Hsu and Sun 2001) is used to
study mountain waves, hydraulic jumps, lee waves and com-
plex wind flow such as vortices. This model is based on a
compressible three-dimensional system of equations with a
terrain-following vertical coordinate. The model employs
a modified forward-backward integration scheme that re-
tains internal gravity waves but suppresses unwanted sound
waves. In flow around an isolated ideal elliptical mountain,
the simulated flow from the NTU/PU model spreads broadly
in the crosswind direction with a well-defined stagnation

point at the windward side of the mountain. Two semi-ide-
alized downslope wind cases were conducted using the real
topography at White Sand Missile Range (WSMR), New
Mexico, USA. We would like find out whether the observed
phenomena can be simulated by the model with a resolution
of order of 1 km, which may not be good enough to fully re-
solve the detail of the terrain but is much better than current
operational models. If the model can reproduce the observa-
tions, then, we would like to understand the dynamics re-
sponsible for these phenomena as well as how to improve the
physics, mathematics, and numerical schemes of the model.
Our simulated flows including hydraulic jumps, lee waves
and vortex shedding in the lee of the Organ Mountains agree
very well with observations for the case on 25 January 2004,
at 15 UTC, but the discrepancy is somewhat larger for the
case on 19 January 2004, at 15 UTC. This paper shows that
the model results are sensitive to the detailed numerical
scheme, filter, and physics, etc. It also suggests that more
observations and improvements are required for a model to
realistically simulate the flow over complex terrain.

In section 2, we include a brief description of the nu-
merical model used along with several references, which
contain more detailed descriptions and background about the
model’s numerical and physical basis. In section 3, we show
and discuss the modelled results for flow over and around
an idealized elliptical terrain obstacle. In section 4, we show
the model simulations for the two real cases and discuss the
comparisons between the model results and the observations;
we also show the results for a uniform 5 m s westerly flow
impinging on the mountains. Finally, the conclusions of this
paper are given in section 5. In comparison to the observa-
tions, the current model has very good performance.

2.NUMERICAL MODEL

The NTU/PU Nonhydrostatic Numerical Model (Hsu
and Sun 2001; Sun and Hsu 2005) is used in this study.
The model solves a three-dimensional, compressible, and
nonhydrostatic system of equation with a terrain-following
vertical coordinate (Haines et al. 1997; Chen and Sun 2001).
The model is a semi-implicit model in terms of the time-
integration scheme. The algorithm is stable and does not
generate computational modes as shown in Hsu and Sun
(2001) and Sun (2011). In addition, using a time-splitting
scheme and parallel computing (Hsu et al. 2006; Shieh et al.
2006,2011), we also modify the 3D divergence equation as
discussed in Sun et al. (2012, 2013) to suppress unwanted
high-frequency sound waves while not damping internal
gravity waves in order to increase the time step according to
the CFL criterion.

We followed the work of Deardorff (1980) and Sun and
Chang (1986) for the turbulence scheme with the exception
that all spatial derivatives are corrected for the terrain fol-
lowing coordinate. An implicit scheme is used to calculate
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Earth’s rotational effect. As for the treatment of surface
friction, the similarity equations were applied. The basic
equations and the original forward-backward schemes can
be found in Hsu and Sun (2001). The semi-implicit scheme
developed by Sun (2011) is applied to solve the terms in-
volved in the various wave phenomena, and the advection
scheme in Sun (1993) is used to solve the advection terms.
Comparisons between the filtered acoustic waves by using
the implicit vertical scheme and the modified 3D divergence
equation applied in the NTU/PU model was discussed in Sun
et al. (2012, 2013). In addition to its basic dynamic frame-
work, the model takes into account many physical processes,
such as land/ocean processes, cloud microphysics, atmo-
spheric turbulence, etc., that are also included in the Purdue
Regional Climate Model (Sun et al. 2008).

3.FLOW OVER AN IDEALIZED MOUNTAIN

Although the simulation of a 2D bell-shaped mountain
generated by the NTU/PU model is comparable to the other
models’ output (Doyle et al. 2000), it is important to see
whether the model can handle the circulation moving around
and over a 3D mountain, including the separation of flow
and the stagnation at the inflow region, the vortex-shedding,
wake, and hydraulic jump on the lee side, as well as the grav-
ity waves and shock waves. Furthermore, the idealized case
is easy to compare with other theoretical results and numeri-
cal simulations (Hunt et al. 1988; Chern 1989; Smith and
Grgnas 1993). It is also noted that results generated from
a circular mountain produces a pair of vortices on the lee
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side instead of vortex shedding because of symmetric forces
generated by the mountain (Sun and Chern 1994). The NTU/
PU model is applied to simulate the flow over an idealized
elliptical bell-shaped mountain with a top at z = 2 km; the
half-width lengths are 10 and 5 km in the long and short
horizontal axis directions, respectively, and the major axis is
tilted by 30 degrees clockwise from the north. The incoming
westerly wind is a uniform 4 m s with a constant stratifi-
cation of N? = 10* s over a free-slip surface. Hence, the
Froude number is Fr = U/Nh = 0.2 for this flow, although
the Froude number derived from a 2D mountain based on
the Boussinesq fluid is an inappropriate parameter for the
air flow moving over a 3D mountain. Further discussion will
be presented later or is referred to Sun and Sun (2015). The
domain consists of (600, 300, 50) grids in the (X, y, z) direc-
tions respectively with Ax = Ay = 1 km and Az = 300 m.
The numerical simulations at 10 and 20 hr integrations
from the model are shown in Figs. 1 and 2, respectively.
Overall, the flow pattern after 10 hr-integration is similar
and comparable with the simulations shown in Chern (1989)
and Sun and Chern (1994), with a tilt elliptical mountain.
It is noticed that the stagnation point is well-defined in this
simulation. The vortex shedding after 20 hr-integration is
shown in Fig. 2. We can see that both cyclonic and anti-
cyclonic circulations in Fig. 1 move downstream with little
dispersion. Meanwhile, a new anti-circulation forms near the
mountain. They are similar to the vortex shedding discussed
in Sun and Chern (1994). In addition to the unsymmetrical
force created by the tilting mountain, generation of lee vortex
or vortex shedding from a 3D mountain also requires friction
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Fig. 1. NTU/PU simulated surface streamline after 10-hr integration.
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Fig. 2. NTU/PU simulated surface streamline after 20-hr integration.
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and vertical stretching in the vorticity equation (Sun et al.
1991; Sun 2016). Hence, they are quite different from the
2D vortex shedding generated from a cylinder due to high
Reynolds number without vertical stretching as shown in
Wen and Lin (2001), although the patterns look quite similar
to each other.

4. NUMERICAL SIMULATIONS OVER WHITE
SANDS MISSILE RANGE

Numerous observational and modeling studies have re-
vealed a wide variety of flows around and above terrain ob-
stacles. Most such studies, however, have considered fairly
simple terrain such as an isolated summit (Sun and Chern
1994) or a long barrier perpendicular to an impinging flow
(Doyle et al. 2000; Chen and Sun 2001; Sun and Sun 2013,
2015). Real terrain and real atmospheric conditions are
more complex than those used in the previously mentioned
studies and the resulting phenomena are more complicated
and diverse.

WSMR lies to the lee of the Organ and San Andres
Mountains in the Tularosa Basin in southern New Mexi-
co. The Organ mountain massif is a rugged quasi-circular
1500-m high obstacle with a diameter of about 10 km and
peak of 2704 m above sea level (asl). It is connected to a
narrow and remarkably steep 1 - 1.5 km wide SSE-NNW
oriented ridge to its north. That ridge, in turn, is connected
to the approximately 100-km long south to north oriented
barrier of the San Andres Mountains. Several passes and
one massif complicate the San Andres barrier. Because of
the terrain variety, for a given situation at WSMR, it is pos-
sible to have both sub-critical and super-critical flow in fair-
ly close proximity greatly complicating the resulting flow
and presenting significant challenges to numerical models
(Haines et al. 2003, 2006).

4.1 WSMR Observations

From early January to March 2004, ARL set up five
fully instrumented 10 m towers in the lee of the Organ
Mountains. Each tower measured and recorded the wind
direction and wind speed at a height of 10 m above ground
level, as well as pressure, humidity, and temperature at a
height of 2 m above ground level. Of special interest was
the fact that the pressure instruments were quite accurate
and calibrated establishing an accuracy of +/- 10 pascals or
better. Meanwhile, ARL also collected data from several of
the nearby WSMR SAMS stations as well as RAWS in the
vicinity of WSMR. The SAMS pressure sensors are annu-
ally calibrated to an accuracy of +/- 50 pascals. Altogether
there were 8 stations within an approximately 20 x 25 km
region at and around WSMR Headquarters affording a fair-
ly detailed look at the complexity of the wind flow in and
in proximity to the terrain. Six of the stations were located

within an approximately 5 x 5 km region just to the east
of the terrain enabling a highly detailed look at the pres-
sure perturbations associated with a downslope wind event.
Four of these stations were the ARL towers and two were
SAMS. During the observation period, there were several
downslope wind storms and a variety of blocked-flow epi-
sodes. Besides the collected surface data, we obtained the
vertical and horizontal wind profiles recorded by the wind
profiling radar at WSMR that is situated about 15 - 20 km
downwind of the mountains. This radar system provides
data coverage from about 500 m above its ground elevation
(4000 feet) to about 17 km asl.

4.2 Lee Waves/ Hydraulic Jump on 25 January 2004

On 25 January 2004, a downslope wind storm occurred
along the lee of the Organ and San Andres Mountains; it in-
cluded formation of a train of lee waves that extended down-
wind across the Tularosa Basin and a hydraulic jump just to
the lee of the mountains that was well-observed by the ARL
and WSMR SAMS stations. These storms occur occasionally
at White Sands, but this day’s storm is especially noteworthy
because the surface and other observations are able to docu-
ment many of its facets and provide detailed comparisons to
the numerical model results (Haines et al. 2006).

To simulate this case, the NTU/PU model was set
up with a vertical grid spacing of 300 m, and a horizontal
resolution of 1 km. DTED level 1 terrain data was used to
bi-linearly interpolate the approximately 30 m resolution
DTED terrain data onto a 201 x 201 km grid centered just
to the east of the San Augustine Pass. After the initial ter-
rain field was smoothed to eliminate two-delta waves and
at the model domain’s periphery, the model’s maximum
terrain heights were somewhat less than the actual terrain.
By experimenting, we found that by treating the terrain
with a two-step process, we could obtain maximum terrain
heights quite close to the actual values (Takacs 1985). In the
first step, the difference between the initial terrain height
and 1400 m asl for points above 1400 m was multiplied by
1.4. Then, in the second step, the resulting combination of
adjusted and unadjusted terrain heights was smoothed. Of
course, it was not possible to obtain the maximum height of
very narrow features such as the Organ Mountains ridge, but
as can be seen in Fig. 3 the maximum height of the Organ
Mountains (2720 m) and of the southern massif of the San
Andres Mountains (2189 m) are well replicated in the ter-
rain field used in this study. At the same time, the horizontal
breadths of the mountains and the height of the Tularosa
basin to the east of the Organ Mountains are preserved and
agree extremely well with the real terrain.

Beginning with uniform application of the initial con-
dition of the El Paso, Texas, sounding for 1200 UTC on 25
January 2004, shown in Fig. 4, the model was integrated for
4 hr or longer. Note the strong inversion in Fig. 4 at about
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600 hPa or about 4000 m agl height. As shown in this figure,
we calculated the Scorer parameter below and above this
inversion. The Scorer Parameter is

»_ N> 1d°U
ST T M

(Durran_2003) where N is the Brunt-Viiséld frequency,
N = / 846 ,and U = U(z) is the horizontal wind verti-
cal proflle.zl , the square root of the parameter, has units of
wavenumber. It is known that a significant decrease of the
Scorer parameter vertically especially suddenly when grav-
ity waves are present should result in trapped lee waves
downstream from the terrain [American Meteorological
Society (AMS) Glossary, http://glossary.ametsoc.org/wiki/
Scorer_parameter]. The mode£ results and observations all
strongly support this. N and P were computed as:

8d0

N= Odz &

PU _ Up-2Uy +U,
dz> (Az)?

3

using the 12 UTC 25 January 2004 El Paso sounding data
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Fig. 3. Terrain used in the simulations, terrain heights are in meters
above sea level and contours are at every 100 m.

where Uy, Uy, and Uy are the wind speed at respectively
the top, middle and bottom of the two layers, and Az is the
vertical thickness of the upper and lower layers which for
convenience are here taken as equal. The df/dz term in N
was computed similarly.

“In practice, the Scorer parameter is derived from vertical
sounding profiles of wind and temperature upstream of a
mountain chain to forecast the probability of trapped lee
wave development. In cases where the wind data has high
vertical resolution, the second term on the right-hand side
of the above equation (velocity-profile curvature term) can
show values of similar magnitude as the first term. This again
leads to a noisy profile of the Scorer parameter. Therefore,
either the wind profile is smoothed before calculating the
Scorer parameter or the second term is omitted. This is ac-
ceptable since Richard S. Scorer postulated an undisturbed
air flow upstream of the mountain chain as prerequisite

for his parameter.” (http://www .eumetrain.org/data/4/452/
navmenu.php?tab=4&page=5.0.0)

Fortunately, the El Paso sounding is situated upstream from
the Organ Mountains for the WSW flow of this case and there
are no close (> 140 km) terrain features upstream of it.

The model results at 3 - 4 hr (i.e., at 0800 - 0900 local
time) will be discussed here. Simulations were done for a
no-slip surface (without the Coriolis force and are presented
in Figs. 5 - 8). Figure 5 shows the model wind field and
observations at 1500 UTC on 25 January 2004. The wind
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Fig. 4. El Paso, TX, sounding for 25 January 2004, at 12 UTC. Note
the inversion at about the 600 hPa level. The Scorer Parameter values
above and below the inversion are also shown.


http://glossary.ametsoc.org/wiki/Scorer_parameter
http://glossary.ametsoc.org/wiki/Scorer_parameter
http://www.eumetrain.org/data/4/452/navmenu.php?tab=4&page=5.0.0
http://www.eumetrain.org/data/4/452/navmenu.php?tab=4&page=5.0.0

176

Haines et al.

0N ¥

Hr\\‘“\l\lhh\//

104N

J

\d_‘u

Wl g

unn

e =y

T e
S

- /,,l_x_L_LﬁL
A lsuaunn|
> — \}\ /ML_&_LL_L__
! JTIO V W W S

ummmm s v

_-—f—fy L]

[ WL W W (O
IRV R W L O T
T NN
e Xy
_ﬂ____q,a)ﬁl-@@_‘;\_\a \
\_,fﬁ)ﬁl._; L T

142N

100N

y-grid

i \\ 1 W\.(’ . . . /‘/\. et
GEE  OBE  100E 102E 104E  106E 108 110E
x-grid
Fig. 5. Numerical simulation of 25 January downslope wind storm case at WSMR over a no-slip surface without Coriolis force at 32°N after 3-hr
integration with a mountain height of 1.5 km. The vertical grid interval is 300 m and horizontal grid space is 1 km. The x-component wind is shown
and the hydraulic jump remains stationary.

\ \

R Ly \\
90E

04E

ME  114E

NTU/P surface perturbation pressure (pascals)
120 T T T T T

Fig. 6. Numerical simulation of 25 January downslope wind storm case at WSMR. This figure shows the NTU/PU surface pressure perturbation
(pascals) field at 1500 UTC 25 January 2004. The ARL and SAMS analyzed pressure perturbations (pascals) for the same time are shown by bold
numbers.



NTU/PU Model Simulations and Observed Flow 177

NTU/Purdue Vertical velocities
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Fig. 7. NTU/PU vertical velocity (m s') at 1500 UTC 25 January 2004, along a west to east cross section that intersects with the WSMR wind
profiling radar.
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2004, compared to the observed WSMR wind profiling radar vertical velocities.



178 Haines et al.

barbs are the NTU/PU model’s surface wind field and show
strong downslope flow on the lee side of the Organ and San
Andres Mountains. In a band oriented south to north just
east of the mountains the model’s westerly surface winds
abruptly weaken and then reverse (from W to E), this corre-
sponds to the strong reverse pressure gradient shown by the
pressure perturbations in Fig. 6. The transition to reversed
flow is more abrupt to the lee of the higher terrain such as
the Organ Mountains and the higher terrain to the north of
WSMR’s main post. The reversed flow region is about 5-km
wide, to its east the model surface winds return to westerly
but are not as strong as in the strong downslope flow area
just in the lee of the Organ Mountains.

The observed winds are shown by the black arrows.
They agree fairly well with the model’s wind field with the
exception that the observed winds at San Augustine pass are
stronger than the model’s winds there. The pass is approxi-
mately 1 - 2 km wide, so this may be attributable to the mod-
el’s smoother terrain not adequately resolving the actual San
Augustine Pass terrain. We expect that a numerical model
will require a horizontal grid spacing of 300 - 400 m or less
to adequately resolve the wind flow through the pass.

In Fig. 6, we show the model’s surface nonhydro-
static pressure perturbation field compared to the observed
pressure perturbations from the ARL and SAMS pressure
sensors. The blue dashed lines show the NTU/PU model’s
forecast of pressure perturbation at the model’s surface.
The values run from about 0 to -200 pascals (2 hPa) in a
band running south to north along the lee side of the Organ
Mountains. A little farther east, the model shows a band of
little or no perturbation pressure. Even farther east, there is
another band of negative perturbation pressure although of
somewhat smaller magnitude. These bands continue across
the Tularosa basin in connection with the descending parts
of the modeled lee waves.

The observations shown include the ARL instrumented
towers and the SAMS sites in this area. The observed pres-
sure perturbations were very carefully obtained by interpo-
lation of a given observation’s pressure to a common datum
plane of 1295 m asl. With the exception of the observation at
San Augustine Pass, 1295 m minimized the vertical distance
differences with the observation sites. The average vertical
distance between this height and the stations’ heights was
less than 40 m and two of the stations were within 10 m.

There was high thin cloud cover during the morning of
25 January so that surface temperatures rose only a few de-
grees from the 12 UTC temperatures. The stations’ heights
were very carefully obtained from GPS and other sources.

Except for San Augustine Pass, the model’s values are
in good agreement with the observations and support the
occurrence of the model’s negative pressure perturbation
bands. There is also a comparison for the Oro Grande gate
SAMS, which is far to the east of this area shown in Fig. 6
where there is a second band of modeled negative pertur-

bation pressure. The observed pressure perturbation at Oro
Grande agrees well with the model.

Vertical cross sections of vertical and horizontal wind
show bands occur across the Tularosa basin and with the
pressure perturbation bands support the occurrence of a hy-
draulic jump in conjunction with the wind reversal and ad-
verse pressure gradient discussed previously.

Figure 7 shows a west to east cross section of the NTU/
PU model vertical velocity at 1500 UTC on 25 January 2004.
It is located north of WSMR headquarters approximately
intersecting San Augustine Pass and more importantly it
intersects the location of the wind profiling radar located
at WSMR shown by the dark vertical line. The pattern and
magnitude of vertical velocity are comparable to the lee
waves observed near the Espinouse Mountains in France on
16 January 1970 (Cruette 1976). The model shows trapped
lee waves extending eastward across the Tularosa Basin
with maximum vertical velocities greater than 3 m s™'. These
were calculated from the El Paso sounding. The theoretical
wavelength of about 13 - 14 km was calculated by

2 V[% (V- Y)]é @

[American Meteorological Society 2 (AMS2) Glossary,
http://glossary.ametsoc.org/wiki/Lee_waves] where V is
the wind speed, T the temperature in Kelvins, g is gravity,
and v, and y are respectively the dry-adiabatic and ambient
lapse rates. The model’s wavelength is 14 - 15 km. The ob-
served train waves to the lee of the mountains are consistent
with a decrease in height of the Scorer parameter, are well
represented by the model’s surface winds, and are in agree-
ment with the wind profiler observations.

In addition, in the discussion of trapped waves in A.E.
Gills’s book (Gill 1982), it is stated that “the maximum am-
plitude is obtained when L' is equal to the resonant wave-
number - a condition nearly satisfied in Scorer’s example.”
Therefore, we also looked at the width of the mountain bar-
rier shown in Fig. 3 which is about 15 km. The width of the
real terrain may be slightly narrower owing to the terrain
treatment we used to obtain the same terrain height scale in
the model as the real terrain. This needs to be further inves-
tigated in future work.

A further comment is that in Scorer’s and other papers,
there are 2 or 3 different layers in the vertical that are sepa-
rated by sharp changes in N and U. As mentioned in Hsu and
Sun (2001), as sharp changes are not possible in a numerical
model, this could affect the modeled wavelength. In future
work, the effect on numerical model results of this could be
explored by performing very high vertical resolutions, as
dz =75 m used in Sun (2013). Other things to consider are
that the model was uniformly initialized with the 12 UTC
El Paso sounding. Undoubtedly, the conditions around the
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Organ Mountains differed somewhat from this especially for
times after 12 UTC.

In Fig. 8, we show a comparison of the model’s vertical
velocities from 0730 - 0900 local time (1430 - 1600 UTC)
on January 25 at the wind profiler location. The y-axis is the
height in meters asl while the x-axis is the vertical velocity
in m s”'. The model’s vertical velocities are shown by con-
tinuous color lines; the times are shown in the legend on the
upper-right-hand side of this figure. The model shows two
peaks in vertical velocity, one maximum is at about 4500 m
and the second at about 12000 m. The lower peak’s verti-
cal velocities dropped steadily from 0730 - 0800 local time
and then level off. The upper peak’s vertical velocities are
steadier over this time.

The vertical velocities observed by the wind profiler
are shown by the black pluses and blue pound signs. These
are the mean values for the 0700 - 0800 and 0800 - 0900
time periods, respectively, and what is shown has been
smoothed by using a running 5-point mean value because
the individual point values are quite noisy. The wind pro-
filer is believed to have an accuracy of 0.5 m s so we have
added error bars for each observed value. The observations
show that the lower maximum’s vertical velocities decrease
going from hour 1 to hour 2 but the upper maximum’s verti-
cal velocities are roughly the same.

4.3 Blocking Effects/Downslope Wind at WSMR 19
January 2004

The domain used is the same as for the preceding case
and the model was initialized with the 12 UTC El Paso, Tex-
as, sounding on 19 January 2004, which is shown in Fig. 9.

Because of the variation in terrain heights, some of the
areas to the lee of the Organ Mountains on January 19 are
subject to blocking while for other areas downslope winds
develop. The overall flow situation shown in Fig. 10 is quite
complex. The model winds after 3-hr integration are shown
by the blue vectors and the observed winds are denoted by
the black arrows. While there is blocked flow in the lee of
the Organs Mountains, there is also downslope flow on the
south side of the Organs and to the north of WSMR post.
Both of these areas have lower terrain heights than the cen-
tral part of the Organ Mountains. Although a conventional
measure of whether air will go over or around a terrain
obstacle is the Froude number, Sun and Sun (2015) have
proved that the Froude number in the traditional mountain
meteorology is derived from a flow climbing over a 2D
mountain based on Boussinesq fluid, which is not suitable
to be applied in the compressible atmosphere because the
increase of kinetic energy can come from the decrease of
enthalpy (c,*7T) instead of potential energy according to the
Bernoulli equation. The Froude number is even more dif-
ficult to apply to a 3D mountain, because the flow can split,
move around or climb over a 3D mountain. The nonlinear

circulation also depends on the stratification, wind, surface
friction, as well as the size and detail of the mountain, which
is far beyond the scope of linear or weakly nonlinear dynam-
ics. Consequently, further study is required to better under-
stand the complexity of the flow shown in Fig 10. Note that
the observations generally confirm the model although the
observed winds at San Augustine Pass are somewhat stron-
ger than those given by the model which possibly is due to
the inability of 1 km grid point model to adequately resolve
a terrain feature like this. The weaker simulated wind over
San Augustine Pass may also affect the difference between
the simulated wind at grid (111E, 96N) and the observa-
tion at that point although the lee-vortex is well reproduced.
Another factor could be that the uniform surface roughness
used here (z, = 10 cm) is less than what the effective surface
roughness is over the extremely rugged Organ Mountains
terrain. A larger roughness height would tend to increase
the boundary layer thickness there reducing the vorticity of
the flow around and over the southern part of the mountains.
That could affect the model simulation at (111E, 96N). We
plan to explore this and other variations from what was used
in this report in future work.

4.4 Simulations with Constant Westerly Wind of 5 m s!

Figure 11 shows that the observed wind pattern on Jan-
uary 25 can be reproduced very well by an initial westerly
wind of 5 m s with Ax = Ay =2 km and Az = 300 after 4-hr
integration. Furthermore, the train of lee waves which has
been reported frequently in this area is also revealed clearly
in this larger domain simulation. The streamline at z=1.8 km
(Fig. 12) shows vortices on the lee side of each peak. The
potential temperature at z = 1.8 km (Fig. 12) shows cold air
on both sides of the southern high ridge, which blocks the
westerly flow across the high mountain. Hence, the flow on
the lee side at z = 1.8 km comes from the reverse flow (from
W to E) of the vortex from the lower land. On the other hand,
the flow moves across the lower mountains to the north
and produces adiabatic cooling on the west and subsidence
warming on the lee side at z = 1.8 km. The mountain waves
are also clearly shown on the vertical cross section at y = 50
grid in Fig. 13. Those mountain waves and lee vortices are
very similar to those that occurred on the lee side of the Cen-
tral Mountain Range in Taiwan (Sun and Chern 1993). The
blocking effects of the WSMR terrain, particularly in the lee
of the Organ and San Andres Mountain have been shown in
SAMS and other data (Grove and Haines 2002). Grove and
Haines noted that the wind flow shown by the SAMS sta-
tions was consistent with formation of a lee vortex; however,
the number of SAMS stations near the Organ Mountains is
limited and additional measurements would be required to
fully reveal the actual flow. This was addressed during the
2004 Meso-gamma scale study. The kind of blocking seen in
the numerical results also showed up in the observations for
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Fig. 13. Vertical cross section of x-component velocity (shaded color and color lines) and potential temperature (white contours) along y = 50 grid

in Fig. 12. The initial wind is 5 m s coming from west.

westerly and southwesterly flow cases in which the Froude
number was less than 0.5. During the January to March 2004
observations, fully and partially blocked flow, lee waves,
and hydraulic jumps in the lee of mountains were revealed.

5. CONCLUSIONS

The simulations using the NTU/PU Model over an
idealized elliptical mountain and over the Organ Mountains
have been presented. For the idealized case, the simulations
after 10-hr integration and 20 hr are shown. The model sim-
ulation shows a well-defined stagnation point and a wide
spread in the transverse direction over the mountain and
transit vortices on the lee side.

For the semi-idealized simulations, on 25 January
2004, a downslope wind storm in the lee of these mountains
was accompanied by a hydraulic jump, lee waves, and vor-
tices, all of which were well-observed. As shown, the NTU/
PU model successfully picks up much of what was observed
on this day. For a weak flow imping on the mountains, the
model shows that the terrain produces pronounced block-
ing along with formation of a lee vortex. The model flows
are consistent with local WSMR surface flows observed for
these kinds of conditions. On 19 January 2004, the WSMR
surface observations show over and around the mountain
flows. For the case of 19 January the NTU/PU model’s wind
flow agrees fairly well with the intricacies of the complex
flow that was observed.

The skill of the NTU/PU model also depends on the
individual case. Therefore, much additional work remains

to be done, including improving the numerical scheme, fil-
ter, and physics, etc.—especially for the flow over complex
terrain. It is also expected that copious data will be collected
by the Meteorological Sensor Array (MSA) currently being
set up at the Jornada Experimental Range near Las Cruces,
New Mexico. The MSA will extend from Jornada over the
San Andres Mountains which are a northward extension of
the south to north mountain barrier that includes the Or-
gan Mountains. At that particular west to east transect, the
mountain barrier is essentially a 1 km high knife edge and
will present great challenges for numerical simulation.
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