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ABSTRACT

Numerical simulations for severe downslope winds as well as trapped lee waves in Nevada’s Las Vegas

Valley were performed in this study. The goal of this study was to improve model forecasts of downslope-

wind-event intensities. This was measured by assessing different planetary boundary layer (PBL) schemes in

the mountain–valley region. The Weather Research and Forecasting Model was adopted for this research. The

numerical experiments were constructed using two nested domains, with 4- and 1-km grid resolution. The

working hypothesis was that the occurrence of low-level wind shear and surface gustiness in the Las Vegas

Valley was guided by the inversion layer in the valley. The choice of boundary layer scheme and model vertical

resolution will influence inversion-layer height and consequently result in significant differences in surface

wind and temperature forecast error below some near-surface height. Simulations of severe downslope wind

events on 15 April 2008 and on 4 October 2009 were conducted. Statistical analyses of model results from three

different PBL schemes and different vertical resolutions were performed. The results from the domain with

1-km grid spacing demonstrated remarkable detail of the severe downslope winds associated with low-level wind

shear and surface gustiness in the Las Vegas Valley. The simulation results demonstrated that model vertical

resolution was primarily responsible for the detail of the lower-level wind and temperature structures. The

inverse Froude number and Froude number are two indices that may be included as the forecasting guidance

for downslope winds, lee waves, and rotors for the Las Vegas Valley.

1. Introduction

Episodes of severe downslope winds and lee waves are

often observed in regions with moderate to high terrain

relief, such as the Las Vegas mountain–valley region, and

require timely and accurate forecasts for applications

such as aviation or wildfire prevention, which is still a

challenging task. This study is the first attempt to address

the evolution of severe downslope wind events in Las

Vegas, Nevada, as well as to explore the predictability of

such severe-weather events from the high-resolution mod-

eling perspective. The population of Las Vegas has con-

tinued to grow and expand, particularly over the past

20 years, and is now moving into areas that are more sus-

ceptible to severe downslope wind events (Fig. 1). The

occurrence of a severe downslope wind event 5 years ago

along portions of the western valley would be a relatively

‘‘low impact’’ event. Today, and increasingly so in the

future, these downslope wind events are more likely to

become ‘‘high impact’’ events. According to Southwest

Airlines Meteorology Team (R. Curtis and B. Collins 2010,

personal communications), downslope winds often cause

air traffic at Las Vegas McCarran International Airport to

slow down and could result in flights being diverted else-

where. Also, downslope winds may present strong tail winds

that may prompt pilots to divert. In addition, the Red Rock

National Conservation Area on the west side of the Las

Vegas Valley in the foothills of the Spring Mountains is also

prone to wildfires. If conditions were conducive for strong

or severe downslope winds, the combination of these two

phenomena could be devastating. Therefore, it continues to

be an important issue in numerical weather forecasts to be

able to better predict and characterize these high-impact

weather events.
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Downslope wind events are widespread across the

western United States, often causing surface gustiness

and damage on the ground and clear-air turbulence for

air traffic. An observational downslope wind analysis

study conducted by Colman and Dierking (1992) sug-

gested three necessary criteria are conducive to down-

slope winds: 1) an inversion at or just above the ridge

top, 2) strong cross-barrier flow near ridge top, and 3)

cross-barrier flow decreasing with height to a critical

level between 3000 and 5500 m above mean sea level.

Past studies that include numerical modeling of topo-

graphically forced flows have been completed for the

Front Range of Colorado (Clark and Farley 1984; Clark

et al. 1994), the Cascades of Washington State (Colle

and Mass 1998), and the Sierra Nevada (Grubišić and

Billings 2007). Past theoretical studies suggest the basic

dynamics of the severe downslope wind may be cate-

gorized into two major theories. The first is the resonant

amplification theory proposed by Clark and Peltier

(1984). They conclude the occurrence of severe down-

slope wind over the lee slope is under the wave-breaking

region, which is characterized by strong turbulent mix-

ing with a local wind reversal above the breaking wave.

The second of the two major theories is a hydraulic

theory proposed by Smith (1985), which attributes the

high-drag (severe wind) state to the interaction between

a smoothly stratified flow and the deep, well-mixed

turbulent region above the lee slope in the middle tro-

posphere. Durran (1986) applied the hydraulic theory to

the severe downslope windstorm of 11 January 1972 in

Boulder, Colorado, and found that supercritical flow

developed on the lee slope initially after gravity wave

amplification.

Extensive application of classic wave theory was done

in an attempt to expound the differences of the various

mountain wave phenomena. Through idealized experi-

ments, Smith (1989) delineated flows based on the in-

verse Froude number ĥ 5 Nh/U, a widely used and

accepted wave-theory parameter used to describe fluid

flow either over or around obstacles. Here, Brunt–Väisälä

frequency N was used as a measure of atmospheric

stability upstream of the mountain, h is mountain height,

and U is upstream mean wind speed. Vosper (2004) con-

ducted idealized experiments to investigate inversion

strengths and heights as a means for separating different

flow regimes. The Froude number F
i

5 U/(g9z
i
)1/2 was

used in conjunction with two nondimensional parame-

ters: H/zi, relating hill height H to inversion height zi, and

Z 5 Nzi/U, relating the ratio of inversion height to the

vertical wavelength of hydrostatic mountain gravity

waves in the upper layer. Here, g9 is reduced gravity: g9 5

g(Du/u0). This method was validated by numerical ex-

periments and observational analyses (e.g., Mobbs et al.

2005; Sheridan and Vosper 2006; Hertenstein 2009).

Major advances in computational modeling have made

it possible to simulate downslope wind events accurately

in three dimensions. However, multiscale interactions

occur between the atmosphere and the mountain–valley

thermal gradient that cause difficulty in the forecasting

of downslope flows in association with the atmospheric

boundary layer evolutions. It is presumed that there is

a clear scale separation between the horizontal and ver-

tical mixing, where the vertical mixing is dominant in the

boundary layer. Therefore, planetary boundary layer

(PBL) schemes incorporated into the Weather Research

and Forecasting Model (WRF) parameterize surface

fluxes only in the vertical direction while assuming hori-

zontal homogeneity. Nevertheless, this assumption may

not be valid when the horizontal grid spacing approaches

1 km or less, and a fully three-dimensional subgrid tur-

bulence closure should replace the parameterized mixing

(Wyngaard 2004). At grid spacing of 1 km, resolution is

approaching large-eddy simulations, where the impor-

tance of horizontal turbulent transport can no longer be

neglected. Chiao (2006) concluded that the current

planetary boundary layer schemes used in the Advanced

Research WRF (ARW) still exhibited significant spatial-

scale-dependence issues. Therefore, skillful and appropri-

ate model configurations are vital to numerical forecasting

over mountainous regions such as the Las Vegas Valley.

The study presented here is aimed at developing a

suitable model configuration for operational purposes,

FIG. 1. Topographic map of the Las Vegas Valley and sur-

rounding areas. The finely gridded area represents the Las Vegas

metropolitan area. The peak of the Spring Mountain Range is

;11 918 ft (3633 m).
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capable of simulating severe downslope winds in the Las

Vegas Valley (Fig. 1). To achieve this end we set out two

primary goals: 1) to evaluate the WRF performance in

simulating downslope events with high-resolution spa-

tial and topographical data and 2) to investigate the

mechanism responsible for the downslope winds and

trapped lee waves in the Las Vegas Valley. The 15 April

2008 event is used to evaluate the forecast accuracy of

PBL schemes for the event. It is hypothesized that the

choice of PBL schemes will result in significant differ-

ences in wind forecast error below some near-surface

levels. To provide the necessary detail to describe the

downslope mechanism, various vertical configurations

will be assessed. In this respect, it is theorized that in-

creased vertical resolution in the boundary layer will

result in a more detailed representation of the down-

slope mechanism and that near-surface levels are es-

sential to accurate wind forecasts. A longer-duration

event on 4 October 2009 is also being examined to in-

vestigate boundary layer evolution on downslope winds.

This paper is organized as follows: section 2 presents

the mesoscale and synoptic environments of the 15 April

2008 and 4 October 2009 events, section 3 describes the

model setup, section 4 details the model results of the

downslope wind events and sensitivity tests, and con-

clusions are given in section 5.

2. Mesoscale and synoptic environment

A severe downslope wind event occurred on 15 April

2008. At 0000 UTC 15 April 2008, a surface cold front,

extending vertically to 850 hPa, was located across

northern Nevada (Fig. 2a). A pressure gradient was

building across California at the surface as cooler mar-

itime air was blocked by the Sierra Nevada to the east.

As a result, local winds ahead of the front were 10–

15 m s21 at the surface and 15–20 m s21 at 850 hPa

from the southwest (not shown). The severe downslope

wind event began around 0600 UTC 15 April 2008 as the

strong southwesterly flow impinged on the Spring

Mountain Range. Station observations from this time

reported wind gusts of 15–25 m s21 (not shown). Water

vapor imagery from a Moderate Resolution Imaging

Spectroradiometer (MODIS) at 0948 UTC 15 April

showed gravity waves propagating into the region from

the southwest embedded in a tongue of moist air (Fig.

2b). The MODIS water vapor imagery also indicated an

area of dry air just to the lee of the Spring Mountains,

which suggested a downslope wind signature. By 1200 UTC

15 April (Fig. 2c), the surface wind speed approached

30 m s21 on the lee side of the Spring Mountain Range.

The Aircraft Meteorological Data Reports (AMDAR)

sounding from McCarran International Airport Las Vegas

at 0525 UTC indicated several strong wind shear layers

from the surface to approximately 4000 m (Fig. 3a). The

inversion layer was near the same level at this time

(Fig. 3b). The inversion layer subsequently dropped to

near 2700 m (;720 hPa) and persisted from 1300 UTC

(0500 LST) to 2000 UTC (1200 LST). The Desert Rock

Airport (KDRA; identifier 72387) sounding at 1200 UTC

also indicated an inversion level near 700 hPa with winds

of 22 and 20 m s21 at 850 and 700 hPa, respectively (not

shown). Maximum sustained winds recorded along the lee

slopes of the Spring Mountains during this event were near

25 m s21 with gusts of 301 m s21. Surface station analyses

suggested weakening or ceasing of downslope winds be-

tween 2100 and 2200 UTC 15 April. The AMDAR wind

profile at 2015 UTC 15 April showed that the amount

of low-level wind shear had been reduced (Fig. 3a). By

0000 UTC 16 April 2008, the downslope winds and lee

waves were over.

The wind event of 4 October 2009 began in a similar

manner. This event was more prolonged, beginning at

approximately 1800 UTC 3 October 2009 and continu-

ing through to 0600 UTC 5 October 2009, with more

intense wind gusts being observed on the lee slopes. It

will be referred to as the 4 October windstorm because

the severe winds peaked between 0000 and 1400 UTC.

By 2100 UTC 3 October 2009, a surface cold front was

propagating into the region from the north (Fig. 4a), and

a pressure gradient was building on the windward side of

the Sierra Nevada ahead of the cold front. This pressure

gradient continued to intensify as the cold front pro-

gressed south through 0600 UTC 4 October. At 1200 UTC

4 October 2009, the pressure gradient peaked along the

axis of the Spring Mountain Range. The surface wind

analysis at this time exhibited a significant downslope

wind (30 m s21) near the Red Rock Canyon (Fig. 4b).

The surface front as well as a strong pressure gradient

remained nearly stationary for the next 12 h with result-

ing surface wind speeds of 10–15 m s21, gusting to 15–

30 m s21 (not shown). The cold front was just north of

Las Vegas by 0000 UTC 5 October 2009, and the pressure

gradient was weakening.

A series of AMDAR soundings were analyzed from 4 to

5 October 2009 (Fig. 5). Wind shear, below 1 km above

ground level (AGL), on the order of 5–10 m s21 existed

from 0000 to 1800 UTC 4 October (Fig. 5a). It appears the

low-level wind shear was in association with the downslope

wind and lee waves. The potential temperature profiles

showed the inversion level fluctuating as the boundary layer

experienced diurnal heating (Fig. 5b). After 0600 UTC

5 October 2009, the front had become stationary over the

region, the pressure gradient had weakened further, and the

winds and gustiness had subsided. The 1200 UTC 5 October

sounding from KDRA (not shown) revealed that the
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inversion was now at 450 hPa and the surface winds

were from the north, indicating the cold front had passed

to the south.

Because both events evolved from similar large-scale

forcing, the ability to predict these events appears

reasonable. However, the 4 October 2009 event persisted

through a diurnal cycle and experienced changes in in-

tensity resulting in much stronger downslope winds on

the lee slopes and stronger gustiness across the Las Vegas

Basin at times. The difficulty then becomes the ability to

forecast the strength of the event. To do this, the key

parameter(s) to understanding event intensity must be

determined.

3. Model description and experimental design

Numerical simulations were performed using the ARW,

version 3.1. The advanced-research WRF dynamical core

is based on an Eulerian solver for the fully compressible,

nonhydrostatic Navier–Stokes equations. Variables are

solved in the scalar-conserving flux form. The vertical

coordinate is a mass-based terrain-following coordi-

nate, and the horizontal/vertical grid staggering is done

on an Arakawa C grid. The Runge–Kutta third-order

time scheme, as well as fifth- and third-order positive–

definite advection schemes, are adopted in the hori-

zontal and vertical directions, respectively (Wicker and

FIG. 2. (a) NCEP surface analysis valid at 0000 UTC 15 Apr 2008. (b) MODIS water vapor observation at 0948 UTC 15 Apr 2008, and (c)

surface weather map from MesoWest valid at 1200 UTC 15 Apr 2008.
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Skamarock 2002). A time-split integration scheme is

used on a shorter time step for the acoustic and gravity

wave modes. At the time of writing, detailed infor-

mation about the WRF was available online (http://

www.wrf-model.org).

A double-nested simulation of the ARW is configured

with grid spacing of 4.0 km (dimensions of 92 3 84) and

1.0 km (dimensions of 201 3 201) for domains 1 and 2,

respectively. Figure 6a shows the configuration of do-

mains and topography features in the nested domain.

The top of the atmosphere in the model is located at

50 hPa, and a total of 61 unequally spaced terrain-

following levels in the vertical direction were employed,

in which 20 levels were distributed in the lowest 2.0 km

to sufficiently resolve the PBL. The lowest level was

about 10 m AGL. The initial conditions and the time-

dependent lateral boundary conditions are both derived

from North American Mesoscale Model (NAM-218;

;12-km grid spacing) forecasts from the National Cen-

ters for Environmental Prediction (NCEP). A 24-h sim-

ulation is conducted starting at 0000 UTC 15 April 2008,

which allowed enough spinup time for the model results

to be reasonably evaluated throughout the duration of

the severe downslope winds.

The atmospheric radiation scheme accounts for long-

wave (i.e., Rapid Radiative Transfer Model; Mlawer et al.

1997) and Dudhia shortwave transfers and interactions

with the atmosphere, clouds, and the surface (Dudhia

1989). No cumulus scheme was used on either grid, and

precipitation (if any) was produced from explicit grid-

scale condensation and convection. The WRF single-

moment three-class microphysical parameterization was

used as well as the ‘‘Noah’’ land surface model (Hong

et al. 1998; Ek et al. 2003). The discussions to follow will

concentrate on the inner 1.0-km-resolution domain re-

sults because in this paper we are most interested in the

features of the downslope wind structure that can best be

resolved at this resolution.

Additional vertical configurations are used to assess

the necessary resolution in the boundary layer that is

required to determine the downslope mechanism. Table 1

displays the heights of the lowest 10 levels of each model

configuration. The default vertical configuration of the

operational ARW was used in which 60 vertical levels

are spaced logarithmically from the surface to 50 hPa

(L60). This configuration only generates seven levels in

the lowest kilometer and two in the lowest 100 m. An-

other numerical experiment utilizing 137 vertical levels

was also tested (L137). These terrain-following levels are

calculated by assuming the standard atmosphere with a top

of 55.29 hPa. The levels are spaced every 50 m through the

lowest 2000 m, then every 125 m up through 12 000 m, and

FIG. 3. AMDAR wind speed (m s21) and potential temperature (K) profiles at KLAS valid at

15 Apr 2008.
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then every 500 m up through 20 000 m. The transitions

from 50 to 125 m and from 125 to 500 m are done grad-

ually by increasing the Dz by 25% each level. This con-

figuration still has only two levels in the lowest 100 m but

has nine in the lowest 0.5 km. In contrast, the configuration

of 61 levels (L61) generates four levels in the lowest 100 m

(Table 1).

It is widely recognized that boundary layer schemes

may have important effects on the simulation of down-

slope winds. All proposed and reported mechanisms for

FIG. 4. NCEP surface analysis valid at 2100 UTC 3 Oct, and (b) surface weather map from

MesoWest valid at 1200 UTC 4 Oct 2009.
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downslope winds have been identified as highly turbu-

lent, making turbulence parameterizations and explicit

computations imperative for accurate forecasts. In this

study, we evaluated the performance of three PBL schemes

in the ARW. Surface observations (20 sites; Fig. 6b) in the

Las Vegas Valley are compared with the simulation results

from each scheme. Root-mean-square errors (RMSE) and

bias were calculated. These schemes include the Yonsei

University (YSU) scheme (Hong et al. 2006), the Mellor–

Yamada–Janjic (MYJ) scheme (Janjic 2001), and the quasi-

normal scale elimination (QNSE) scheme (Sukoriansky

et al. 2005, 2006). In the MYJ scheme, the parameteri-

zation of turbulence in the PBL represents a nonsingular

implementation of the Mellor–Yamada level-2.5 turbu-

lence closure model (Mellor and Yamada 1982) through

the full range of atmospheric turbulent regimes. The YSU

scheme is based on nonlocal mixing to include explicit

entrainment fluxes of heat, moisture, and momentum;

countergradient transport of momentum; and different

specification of the PBL height. It handles vertical dif-

fusion with an implicit local scheme, and it is based on

the local Richardson number in the free atmosphere. The

YSU scheme is used in the control run discussed in the

following section.

The QNSE scheme is developed for stable and

weakly unstable stratification conditions. This scheme

accommodates the stratification-induced disparity be-

tween the transport processes in the horizontal and

vertical directions and accounts for the combined ef-

fect of turbulence and waves. The model is based on

a quasi-Gaussian mapping of the velocity and tem-

perature fields. Details of the QNSE theory are de-

scribed in Sukoriansky et al. (2005, 2006) and Galperin

et al. (2007).

4. Simulation results

a. Model sensitivity experiments

Two sets of sensitivity tests were completed to de-

velop an adequate operational model configuration. The

model was run with three differing PBL schemes to

determine which scheme best developed the surface

conditions for the severe downslope windstorm ob-

served on 15 April 2008. Because the spatial scale of this

phenomenon approaches mesogamma, it was also nec-

essary to determine the vertical resolution required to

resolve adequately the mechanism responsible for the

surface gustiness. In this section, results from the 1-km

domain will be discussed for these experiments. The

wind field (Figs. 7a and 7b) and 2-m temperature (Figs.

7c and 7d) were compared to show the qualitative dif-

ferences of the PBL schemes. It appears that each

FIG. 5. AMDAR wind speed (m s21) and potential temperature (K) profiles at KLAS valid at

4–5 Oct 2009.
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scheme displays a unique representation. Nevertheless,

the YSU experiment showed a strong surface wind (;6–

8 m s21) on the lee side of the Spring Mountain Range

as well as near McCarran International Airport (KLAS).

The MYJ and QNSE schemes are in close agreement.

The surface temperature field comparisons showed that

YSU was 18–28C colder over the Yucca Gap and Sheep

Mountain than were the MYJ and QNSE experiments,

which was partly due to the nonlocal closure assumption

in the YSU scheme.

Various vertical configurations were tested to deter-

mine the minimal vertical resolution necessary to

resolve the mechanism responsible for the downslope

winds and surface gustiness. Equally important are the

computational requirements that affect run time for each

simulation, as it is purposed that this configuration be

used operationally. As described earlier, the three con-

figurations are 1) the default 60 levels logarithmically

spaced with height (L60), 2) the 61 levels unevenly

spaced with 23 levels in the lowest 2 km (L61), and 3)

137 levels evenly spaced approximately every 50 m in

the lowest 2 km (L137). Figure 8 shows an AMDAR

profile and the simulated potential temperature profiles

at KLAS at 1300 UTC for L60, L61, and L137. The

strong potential temperature gradient up to 300 m AGL

implies that a surface temperature inversion has formed

in the nocturnal boundary layer at that time. L60 and

L137 showed a similar profile from the surface up to

about 1500 m AGL. The L61 profile was closer to the

AMDAR observation, which was likely a result of better

vertical resolution. This outcome was consistent with the

findings by Zangl et al. (2008).

To evaluate the PBL schemes further, model wind

speeds and temperatures were compared with station

data for 20 locations for the period 0600–2300 UTC

15 April 2008 (Table 2). The statistics for all model runs,

including RMSE and mean bias, are shown in Table 3.

The surface temperature bias was calculated to show

the cold/warm bias of the model. The surface wind bias

was calculated to show the over/underestimation of

the model. Overall, the YSU temperature forecasts had

lower bias and RMSE in comparison with the QNSE

and MYJ. Only the run with high vertical resolution (i.e.,

L137) outperforms the YSU (i.e., L61) temperature fore-

cast. The L137 experiment did so by producing a smaller

nocturnal cold bias than did the other simulations and

a large daytime warm bias. Wind forecasts from L137,

however, have large bias and RMSE. Mean wind bias for

YSU was significantly higher than for the other schemes

FIG. 6. (a) Domains for numerical simulations used in this study.

The grid increments for the two nested meshes are 4.0 and 1.0 km,

respectively. (b) Zoomed-in terrain configuration (every 200 m)

used for the 1.0-km domain. The lines AA9 and BB9 represent the

orientation of the x–z cross section in subsequent analyses. KLAS

represents the Las Vegas airport.

TABLE 1. The height (m) of the lowest 10 terrain-following

vertical levels for the three vertical configurations tested (L60, L61,

and L137) at KLAS.

Level

(from bottom)

Vertical configurations

L60 L61 L137

1 21.5 11.1 28.8

2 90 33.2 84.8

3 183.1 57 140.7

4 301.2 81.8 196.5

5 449.3 108.3 252.2

6 636.7 136.2 307.9

7 865.4 165.4 363.4

8 1064 195.9 418.9

9 1213 227 474.6

10 1363.8 259.4 530.2
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but YSU has a low RMSE and higher correlation co-

efficient relative to the other schemes. Separating the four

stations with mountain influence (Kyle Canyon, Red Rock

Canyon, Mountain Springs, and Blue Diamond Ridge)

from those in the valley reveals additional trends. Stations

in the valleys have much lower mean wind bias and RMSE

in comparison with those mountain stations. It is at these

valley stations that the YSU shows higher forecast skill.

MYJ and QNSE schemes tended to underestimate wind

speeds more so than did the YSU, leading to the higher

FIG. 7. The differences of model-simulated surface wind (shaded; solid lines denote terrain) for the (a) YSU–MYJ and (b) YSU–QNSE

experiments. The 2-m temperature differences (positive: shaded and solid contours, negative: dashed contours, and contour interval 5

0.58C; note that terrain is not shown) for the (c) YSU–MYJ and (d) YSU–QNSE experiments. Valid at 1200 UTC 15 Apr 2008.
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RMSE. Because this event represents an active weather

period in which high wind speeds are of great concern,

underestimation of wind speeds would not be recom-

mended. In general, a comparison of model performance

of the three configurations from Table 3 reveals that the

wind forecasts were better for YSU in this study. Zhang

et al. (2001) also suggested the nonlocal mixing mechanism

(i.e., YSU) is better than the layer-to-layer eddy diffusion

(i.e., local mixing) in the convective PBL.

b. Control simulation of the 15 April 2008 event

The high-resolution configuration of 61 vertical levels,

employing the YSU scheme, was applied as the control

simulation for the 15 April 2008 event. The nested (1-km

grid resolution) domain was the focal point for analy-

sis of this event. Figure 9 shows the 925-hPa wind and

700-hPa vertical velocity fields over the Las Vegas area.

At 0600 UTC 15 April 2008, strong downslope winds

were found along Red Rock Canyon (Fig. 9a). Flow ac-

celerated from 5 to 20 m s21 as it crossed the ridge and

continued down the lee slope. By 1200 UTC 15 April,

significant lee waves were propagating along the base of

the Spring Mountains across the Las Vegas Valley (Fig.

9b). The lee waves were subsequently blocked on the

eastern side of Yucca Gap by the Sheep Mountain

Range. As a result, a small-scale barrier jet formed along

the foothills of the Sheep Range through Yucca Gap.

KLAS was experiencing a stronger surface wind

(18 m s21) at this time. Six hours later (Fig. 9c), as

a result of the alignment of the lee waves, three airports

(KVGT, KLAS, and KHND) were affected simulta-

neously by the passage of the lee waves, which also im-

plied the occurrence of surface gustiness. By 0000 UTC

16 April (Fig. 9d), the lee waves vanished as the wind

speed decreased to ;10 m s21. A noteworthy feature

was a strong convergence zone across the valley and

northerly flows associated with the frontal passage. The

simulated wind field was in general agreement with

surface observations, capturing the complexity of the

local circulation caused by topography.

To examine further the characteristics of the propa-

gating and trapped lee waves, the cross section of wind

(parallel to the cross section) and vertical velocity fields

were constructed along transect AA9 (Fig. 6b). Note

that the cross section was constructed to pass through

the Las Vegas Valley and KLAS from west to east at

constant latitude. Figure 10a shows that strong updrafts

and downdrafts (;4 m s21) are present across this re-

gion at 0600 UTC 15 April. Amplification of the lee

waves can be seen right above the lee side of the Spring

Mountain Range. The vertical velocity and potential

temperature fields demonstrated that wave-phase lines

were nearly vertical (not shown), indicative of trapped

lee waves, as noted previously by Grubišić and Stiperski

(2009) and Martin et al. (1997). From 1200 to 1800 UTC

15 April (Figs. 10b and 10c), strong turbulence and wind

shear in the lower troposphere are associated with the

lee waves, which is consistent with the occurrence of

surface gustiness in the valley. The AMDAR wind and

potential temperature profiles also confirmed that

strong wind shear was exhibited within the mixed layer

around 2500 m AGL. Another noteworthy feature was

the lower-level flow reversals (i.e., rotors) simulated by

the model (e.g., Fig. 10b). The inverse Froude number in

FIG. 8. Potential temperature profiles from L60, L61, L137, and

AMDAR at KLAS valid at 1300 UTC 15 Apr 2008.

TABLE 2. List of surface observation stations.

Station Lat (8) Lon (8) Elev (m)

Station 44 36.668 2116.017 1123

Mercury 36.661 2116.005 1120

Desert Rock 36.624 2116.019 1007

Indian Springs 36.574 2115.676 963

Nellis Range 36.54 2115.537 938

Yucca Gap 36.437 2115.331 969

Kyle Canyon 36.265 2115.609 2195

CW4221 North Las Vegas 36.244 2115.205 671

Nellis Air Force Base 36.233 2115.033 570

Pahrump 36.221 2115.995 805

North Las Vegas Airport 36.212 2115.196 672

Red Rock Canyon 36.135 2115.43 1145

Las Vegas 36.114 2115.148 620

CW3746 Las Vegas 36.113 2115.054 515

Blue Diamond Ridge 36.08 2115.39 1475

McCarran International

Airport

36.079 2115.155 663

CW7282 Henderson 36.039 2115.094 609

Mountain Springs 36.031 2115.517 1707

Arden 36.029 2115.226 740

Henderson Executive

Airport

35.973 2115.134 760
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this case was about 2.75 (N 5 0.022 s21, h 5 2000 m, and

U ;16 m s21), which is consistent with the production

of trapped lee waves and rotors from theoretical studies

by Eidsvik and Utnes (1997) as well as observations by

Mobbs et al. (2005). This result is also consistent with the

lee-wave-rotor flow regime suggested by Vosper (2004).

By 0000 UTC 16 April (Fig. 10d), there were no signif-

icant lee waves exhibited. The top of the mixed layer is

near 4000 m AGL.

c. Simulation of the 4 October 2009 event

The 4 October 2009 event was chosen as a comparison

with the 15 April 2008 event because it reached similar

peak intensity but was observed to be a more prolonged

event. As described in section 2, the event begins in the

afternoon of 3 October local time and persists until

shortly before midnight 5 October local time. Synoptic

analysis shows a large-scale forcing pattern that is sim-

ilar to that of 15 April. However, the slow movement of

the cold front allows the stronger pressure gradient to be

maintained over a longer time period. The longevity of

this event also means that it would be affected by the

diurnal evolution of the PBL. The simulation was con-

ducted using the same model configuration as was used for

the 15 April 2008 event. A 48-h simulation was carried out

starting at 1200 UTC 3 October 2009, which allowed

enough spinup time for the model results to be reasonably

evaluated throughout the duration of this event.

Figure 11a shows a train of lee waves extended across

the Las Vegas Valley at 0000 UTC 4 October. The

averaged surface wind speed in the valley was approxi-

mately 15 m s21. By 0600 UTC 4 October (Fig. 11b), lee

waves with large-magnitude vertical velocities were

concentrated near Yucca Gap. Southwest flow was

found across the central and southern parts of the basin.

Winds along the lee slopes continued to increase to at-

tain their maximum values (;28 m s21) near 1200 UTC

(Fig. 11c) and then declined through 1800 UTC (Fig.

11d). As the cold front passed through the valley, winds

continued to decrease on the mountain peaks through

0000 UTC 5 October. A very weak wave pattern per-

sisted across the basin while a down-valley jet had formed

through Yucca Gap (Fig. 11e). The event was over by

0600 UTC when the down-valley jet has advanced into

the basin and meets channeling flow from the southwest

(Fig. 11f). At this time, winds were calm over the top of

the Spring Mountain Range yet strong southwesterly and

northwesterly flows converged in the valley.

Analyses of cross section BB9, oriented along the axis

of the lee waves, were performed. Mountain waves were

likely at 0000 UTC 4 October as strong winds were

found only at mountaintop and not over the lee slopes

(Fig. 12a). There was also evidence of vertically propa-

gating wave energy over the mountain peak, consistent

with mountain wave behavior described by Whiteman

(2000). It does appear that some wave energy was

trapped below the inversion near 4000 m, however,

because a weak wave pattern is visible across the basin.

Nonetheless, there was no significant wind shear or

turbulence in the lower boundary layer (Fig. 12a). From

TABLE 3. Model output statistics in comparison with surface station observations for 0600–2300 UTC 15 April 2008. Here, ‘‘Corr’’

indicates correlation coefficient.

Model run

Surface temperature Surface wind speed

Mean bias RMSE Corr Mean bias RMSE Corr

All stations (20)

YSU 60 levels 22.24 2.51 0.923 3.83 5.70 0.323

QSNE 61 levels 22.44 2.65 0.934 0.48 4.21 0.251

YSU 61 levels 22.18 2.46 0.920 1.47 4.12 0.281

MYJ 61 levels 22.57 2.83 0.941 0.63 4.09 0.278

YSU 137 levels 0.09 1.87 0.923 3.63 5.70 0.268

Valley stations (16)

YSU 60 levels 22.17 2.46 0.923 2.74 4.73 0.324

QSNE 61 levels 22.44 2.65 0.934 20.27 4.14 0.277

YSU 61 levels 22.09 2.37 0.929 0.68 3.98 0.292

MYJ 61 levels 22.57 2.83 0.940 20.05 4.05 0.303

YSU 137 levels 0.29 1.89 0.916 2.71 4.76 0.262

Mountain stations (4)

YSU 60 levels 22.50 2.70 0.924 7.92 9.33 0.316

QSNE 61 levels 22.46 2.66 0.934 3.31 5.97 0.155

YSU 61 levels 22.56 2.80 0.886 4.44 6.11 0.240

MYJ 61 levels 22.59 2.82 0.945 3.20 5.79 0.184

YSU 137 levels 20.73 1.79 0.951 7.11 9.22 0.291
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0600 to 1800 UTC 4 October (Figs. 12b–d), the intensity

of lee waves is subsequently enhanced as the front ap-

proached the Spring Mountain Range and the valley.

Strong surface wind increased from 16 to 24 m s21 and

extended from the mountain ridge down to the valley,

indicating that strong wind shear and turbulence were

associated with the trapped lee waves. The AMDAR

sounding analyses during this time period also dem-

onstrated strong low-level wind shear from the surface

up to near 2000 m (cf. Fig. 5a). From 0000 to 0600 UTC

5 October (Figs. 12e and 12f), the wave amplitudes

decrease steadily downstream. The AMDAR wind

profile at 0051 UTC 5 October indicated a region of

minimal shear from the surface to 4000 m and strong

wind (.30 m s21) above the top of the mixed layer

(Fig. 5). The model result also showed a strong layered

wind around 4000 m AGL at that time (Fig. 12e). By

0600 UTC 5 October (Fig. 12d), wave activity ceased

as the nocturnal boundary layer started to form.

Strong wind shear (32 m s21) developed between 3

and 6 km AGL. Overall, the inverse Froude number ĥ

here was 1.7 (N 5 0.017 s21 and U 5 20 m s21),

FIG. 9. The simulated wind vectors at 925 hPa and vertical velocity at 700 hPa (contours; interval 5100 cm21) from the 1-km domain

(terrain is shaded) valid at (a) 0600 UTC 15, (b) 1200 UTC 15, (c) 1800 UTC 15, and (d) 0000 UTC 16 Apr 2008.
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supporting lee waves with modulated turbulence in-

tensity near the surface (e.g., Fig. 1c in Eidsvik and

Utnes 1997), while zi ’ 2500 m, g9 ’ 0.33, Z21 ’ 0.47,

and Fi ’ 0.70 also suggested the lee waves with the

occurrence of rotors was not likely (e.g., Fig. 9 in

Vosper 2004).

5. Conclusions

Two severe downslope wind events affecting the Las

Vegas Valley were investigated in this paper using the

Weather Research and Forecasting Model. The results

affirmed the model’s ability to recapture the transient

nature of such events using high spatial resolution. It

appears that the resonant-amplification wave theory as

described by Clark and Peltier (1984) is most suitable to

explain these downslope wind events.

Planetary boundary layer schemes were evaluated to

determine which most adequately represented the 15

April 2008 event. Model temperatures and winds were

validated against 20 surface station observations. Sur-

face sites were chosen based on wind data availability.

Not all surface stations reported at the top of the hour,

however, which caused large differences between ob-

servations and model results, as was the case with the

mountain sites. Statistics calculated for the PBL

schemes revealed that the MYJ and QNSE tended to

underestimate valley wind speeds whereas the YSU

slightly overestimated them. All schemes displayed

a nocturnal cold bias for temperatures, which was

expected. The non-local-closure PBL scheme (i.e.,

YSU) demonstrated the most adequate results and was

selected to be the control run of this study.

The impacts of model vertical levels were assessed to

determine which configuration best simulated the low-

level winds. The use of high vertical resolution in the

boundary layer (e.g., the L61 experiment) greatly im-

proved the surface wind forecast from the default run

(L60). The lowest level in the L61 experiment adapted

FIG. 10. Cross section of AA9 showing the YSU-simulated horizontal wind component parallel to the cross section (contours) and vertical

velocity (shaded: positive) valid at (a) 0600 UTC 15, (b) 1200 UTC 15, (c) 1800 UTC 15, and (d) 0000 UTC 16 Apr 2008.
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FIG. 11. The simulated wind vectors at 925 hPa and vertical velocity at 700 hPa (contours; interval = 100 cm21) from

the 1-km domain (terrain is shaded) valid at (a) 0000 UTC 4, (b) 0600 UTC 4, (c) 1200 UTC 4, (d) 1800 UTC 4,

(e) 0000 UTC 5, and (f) 0600 UTC 5 Oct 2009.
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for this study was about 11 m, which can be directly

compared with station observations.

The model adequately recaptured the onset and de-

velopment of the 15 April 2008 event. Downslope winds

during this event reached approximately 30 m s21,

which the model slightly overestimated. However, this

overestimation seemed to match well with station re-

ports of wind gusts. The inverse Froude number ĥ for

this event was about 2.75, which supported the forma-

tion of lee waves and rotors simulated by the model.

FIG. 12. Cross section of BB9 showing the simulated horizontal wind component parallel to the cross section (contours) and vertical

velocity (shaded: positive) valid at (a) 0000 UTC 4, (b) 0600 UTC 4, (c) 1200 UTC 4, (d) 1800 UTC 4, (e) 0000 UTC 5, and (f) 0600 UTC

5 Oct 2009.
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The 4 October 2009 event lasted through an entire

diurnal cycle, evolving with the boundary layer. The

event began as terrain-generated gravity waves formed

between the peaks of the Spring Mountain Range and

the boundary layer inversion (;4000 m). As boundary

layer heights decreased, gravity wave amplification on

the lee slopes of the Spring Mountains began. This

resulted in the formation of low-level turbulence and

stronger surface winds (15–20 m s21) across the lee

slopes and Las Vegas Basin. The inverse Froude number

and Froude number supported the trapped-lee-wave

flow regimes simulated by the model.

This research highlights the sensitivity of flow over

mountains to a number of variables. The boundary layer

scheme appears to be a critical factor affecting the ac-

curacy of wind forecasts in this turbulent environment.

The resolution of the model vertical levels is also an

important factor for better forecasting of near-surface

wind and temperature. The setting of vertical levels in

this study demonstrated the value of using high near-

surface vertical resolution to improve the forecasts. The

model recreated AMDAR data very well, which also

validated the quality of the AMDAR data. The major

differences of these two events in terms of downslope

wind, lee waves, and rotor forecasting in the Las Vegas

Valley were the upstream atmospheric stability and low-

level mean wind speed as well as the inversion height in

the valley.

The model, however, still exhibited a cold bias overall.

Further investigation should be conducted on how im-

proved land use, soil moisture, and snow cover (if any)

initialization may affect results. Also, the sensitivity of

radiative schemes may need to be examined to further

eliminate the cold bias in the model. Based on the

findings in this paper, the National Weather Service Las

Vegas Forecast Office mesoscale model now runs the

YSU scheme with increased vertical resolution in the

boundary layer. The improved wind forecasts from this

configuration are important for issuing public warnings

and watches for high winds as well as forecast products

for aviation such as Terminal Area Forecasts. Never-

theless, long-term verifications of model performance

are still needed.
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