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ABSTRACT

Numerical simulations of the 11 January 1972 windstorm in Boulder, Colorado, were carried out using a
hydrostatic model with a turbulent kinetic energy parameterization to investigate the role of frictionat effects
in the development of nonlinear mountain waves. Sensitivity tests to the roughness length specification and to
the turbulent mixing and dissipation length formulations show that surface friction delays the onset of the
strong surface winds and also prevents the downstream propagation of the zone of maximum windspeed. Shear
production within convectively stable regions is the dominant mechanism for the production of the turbulent
kinetic energy. Moreover, these results are consistent with the hypothesis that a hydrostatic amplification mech-
anism is capable of accounting for the development of strong downslope winds.

1. Introduction

Although mountain lee waves have been studied ex-
tensively for the last 40 yr, the influence of surface
friction effects on the dynamics of these waves has re-
ceived little attention. This lack of interest is due partly
to the qualitative success of frictionless simulation in
reproducing lee wave flows and partly to the difficulty
of introducing surface friction in theoretical models.

In order to investigate the role of such effects, nu-
merical simulations of nonlinear mountain flows were
carried out with a two-dimensional version of a hy-
drostatic model including a turbulent kinetic energy
(TKE) parameterization to model the friction in the
boundary layer and in shear layers at higher levels, In
a previous paper, Nickerson et al. (1986) compared
the simulated quasi-linear and nonlinear hydrostatic
waves with analytical solutions (Queney 1948) and re-
sults from other numerical studies (Klemp and Lilly
1978; Mahrer and Pielke 1978; Durran and Klemp
1983). In the present paper, all the simulations were
performed using the Grand Junction, Colorado,
sounding of 11 January 1972. This situation was chosen
because it is one of the most spectacular cases of down-
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slope windstorms to be observed and numerically well
documented.

The observational data have been discussed many
times in the past years (Lilly and Zipser 1972; Lilly
and Kennedy 1973; Klemp and Lilly 1975, 1978; Lilly
1978; Smith 1977). The observations show (see for
instance Figs. 7 and 9 in Lilly 1978) that the flow is
highly nonlinear since the vertical deflection of the is-
entropes is approximately three times the maximum
height of the topography. Oscillations of the isentropes
to the lee of the peak in the low levels indicate also the
presence of trapped lee waves. Very strong surface
winds (55 m s™!) were recorded in Boulder.

Three different mechanisms have been proposed to
account for the development of these strong downslope
winds. One mechanism is based on hydraulics theory:
strong winds will occur along the lee slope when the
fluid undergoes a transition from subcritical flow up-
stream to supercritical flow over the mountain (Smith
1985; Durran 1986; Durran and Klemp 1987). A sec-
ond mechanism is based on linear theory: Klemp and
Lilly (1975) suggested that strong downslope winds oc-
cur when the atmosphere has a multilayer structure
which produces an optimal superposition of upward-
and downward-propagating waves, A third mechanism,
proposed by Clark and Peltier (1977), is based on nu-
merical simulations. Clark and Peltier suggested that
large-amplitude waves and downslope winds are pro-
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duced after a developing wave breaks; the energy in
the upward propagating wave is trapped beneath its
own level of “supercritical steepening,” producing a
substantial increase in the wave amplitude.

In section 2, we begin by describing the numerical
model and the turbulent kinetic energy parameteriza-
tion. Section 3 provides a comparison of two simula-
tions of the Boulder windstorm with and without fric-
tional effects. The sensitivity to the turbulent mixing
and dissipation lengths as well as to the roughness
length specification is examined in section 4. Section
5 contains the conclusions.

2. Model description
a. Model equations

The simulations presented here were obtained using
the hydrostatic model described by Nickerson et al.
- (1986). The model was adapted to calculate two-di-
mensional airflow over an infinitely long mountain
barrier. The Coriolis term was neglected. In the absence
of moisture, the equations are the following:

Omu _ Omuu _ 1 dwud'y
ot ox o' v
+(6-RD) -4 F4 D, (1)
o 0' S5 gra, 3)
A R ) L
Z—; = —c,6. (%)

All symbols are defined.in the Appendix. Equations
(1) and (2) are respectively momentum and thermo-
dynamic equations. Equation (3) is the continuity
equation, and (5) is the hydrostatic equation. The ver-
tical velocity calculation is given by (4).

Equations are written in a terrain-following coor-
dinate system. The vertical coordinate v is related to
the classical o coordinate by ¢ = v + 0.9v2 — 0.9v°,
This choice of vertical coordinate allows a higher res-
olution in the low levels while keeping a constant ver-
tical spacing in the » system.

An additional equation for the mean turbulent ki-
netic energy, defined by e = 0.5(iz’ + w'), completes
the above system:
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The first terms on the right-hand side of Eq. (6 ) describe
respectively horizontal and vertical advection, vertical
diffusion, shear production, buoyancy production and
viscous dissipation.

The terms D and F in (1), (2), and (6) denote re-
spectively the horizontal diffusion terms (fourth-order
operator) and the turbulent mixing terms. Turbulent
fluxes are expressed through an eddy diffusivity as-
sumption, which yields

F,=B2 (BK,, ";’—“) , %
Fy=B a% (BK,, a;f ) , 8)
F.=B a—‘i (BKL, aa—’;e) , ©)
with
B=- % . (10)

The exchange coefficients for momentum K, heat K,
and turbulent kinetic energy K, are functions of the
turbulent kinetic energy. They are computed as follows:

K, = 0.5 Ve, (11)
K, = 1.35K,, (12)
K. = 1.3K,. (13)

In order to solve the problem completely, the mixing
and dissipation lengths /; and /, must be specified. The
mixing length /; is given by
1 1 + CK1 + CK5
L k(z— z) H L
where z, is the ground elevation and H the depth of
the convective instability; /; is given by

(14)

a6
if —<0;
- 0 if Y
I, - 1/2
g1 otherwise. (15)
00 0z e
The dissipation length /, is computed according to
1 1 CEl CE5
- = + ; (16
L k(z— z) H A 16

CK1, CKS5, CE1, and CES are empirical constants.
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C"Kl =CEl1 =15
CK5 = CE5 = 1.5.

The choice of the mixing and dissipation lengths for-
mulation is discussed in section 4a. Further details
about this parameterization originating from planetary
boundary layer studies may be found in Mahfouf et
al. (1987) and in Therry and Lacarrére (1983).

At the ground, the surface layer fluxes of momentum
and heat are based on the work of Businger (1973),
using the formulation of Louis (1979).

b. Initial conditions and boundary conditions

The computational domain contains 52 horizontal
grid points and 61 vertical grid levels. The grid intervals
are Ax = 10 km and A» = 1/60. The first vertical level
is located at 7 m above the ground. The time step is
10 s.

The lateral boundary conditions are Davies-type
boundary conditions (Davies 1983), where u, H, and
w are relaxed toward their initial values. The top
boundary condition is » = 0, which is clearly a reflec-
tive condition. However, reflections from the top
boundary can be virtually eliminated by including an
absorbing layer at the top of the model in which the
damping increases gradually as a function of height.
This absorbing layer occupies the top 10 levels and
starts at 12 km above the ground.

At the bottom, the mountain contour is specified by

h
z(x) = o + 1700, 17)
1+
a2
where 4 = 2000 m and a = 20 km. When frictional
effects are omitted, a free-slip boundary condition is
assumed at the lower boundary.

The initial wind and temperature profiles are shown
in Fig. 1. These profiles are from the Grand Junction
sounding upstream of Boulder on 11 January 1972
and were taken from Peltier and Clark (1979).

3. Results
a. Comparison with a free-slip simulation

Two simulations were performed. In the first, no
surface fluxes were allowed and a free-slip surface
boundary condition was assumed for u and 6. In the
second, the surface layer was assumed to be neutral
(zero surface heat flux) with a uniform roughness
length of 20 cm.

A series of time slices through the evolving wind
field superimposed on the potential temperature field
for the first simulation between 3 and 8 h of model
time are shown in Fig. 2. Only the central portion of
the computational domain is shown in the figures. The
tropopause is beginning to fall immediately over the
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FIG. 1. Initial wind and temperature profiles.

crest of the mountain, and the magnitude of the down-
ward deflection of the 320 K isentrope increases con-
tinuously. A high maximum horizontal wind is found
in the low level to the lee of the peak, and the region
of strongest surface wind migrates down to the lee slope
during the course of the simulation. When the area of
maximum wind speed reaches the bottom of the lee
slope, the wind speed stops increasing but the area of
maximum wind speed enlarges in the downwind di-
rection. :

Although the hydrostatic approximation precludes
the simulation of the trapped lee waves at lower levels,
our results are quite similar to those obtained by Peltier
and Clark (1979) and Durran (1986) when compared
at the same nondimensional time.

The results of the second simulation have been plot-
ted in Fig. 3; the time series shown is now between 5
and 10 h of model time. The effect of surface friction
is first to delay the development of the strong-wind
area along the lee slope, which appears now after 6 h.
In the first simulation it occurred after only 4 h. An-
other major difference between the two runs is that in
the simulation with surface friction the overall jumplike
structure remains stationary instead of propagating
downstream. This makes the second simulation qual-
itatively more realistic than the first one. When the
steady state is established, simulation results are in good
agreement with the data: the location and intensity of
the maximum wind speed as well as the magnitude of
the isentropes’ deflection are quite consistent with the
observations.

The surface pressure drag across the mountain, de-

i) .
finedbyD = [, = é’- dx, where L is the length of the

computational domain, can be used as a measure of
the strength of the wave response. The time-dependent
development of the pressure drag across is shown in
Fig. 4 for both simulations. The drag amplification oc-
curs more slowly in the second simulation and the
steady value is slightly weaker. Surface effect mainly
delays the amplification mechanism but also slightly
reduces it.
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F1G. 2. Vertical cross sections of the wind field superimposed on the potential temperature
field between 3 and 8 h of integration for the free-slip simulation. Isentropes are drawn every 5

K, and only the 320-K isentrope is labeled.

b. Structure of the predicted TKE field

Turbulence is another point of possible comparison
between observations and simulations. Lilly (1978)

examined extensively the distribution and intensity of
turbulence for the 11 January 1972 windstorm. He
reported the presence of two distinct zones of turbu-
lence. The first one was near the ground, above the lee
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FI1G. 3. Vertical cross sections of the wind field superimposed on the potential temperature
field between 5 and 10 h of integration for the simulation with friction. Isentropes are drawn
every 5 K, and only the 320-K isentrope is labeled.

slope, with a depth of 2 to 3 km. A second separate
region of intense turbulence was found in the midtro-
posphere, a few kilometers downstream of the crest of
the mountain in the trough of the downstream wave.

More precisely, turbulence was recorded by instru-
mented aircraft at three flight levels 6, 9, and 12 km
above sea level. The turbulence was very intense at the
6 km level over a horizontal distance of 15 km. The

Unauthenticated | Downloaded 12/03/21 08:53 AM UTC



(]
E-S
(=)

‘\—; T T T i ]
0
S—
=]
x 4 | .
@
= free slip
— 3 |
g
'E s | with friction |
1 + 4
L 1 L 1 1

time (h)

FI1G. 4. Time evolutions of the surface pressure drag for the free-slip
simulation ‘and for the simulation with friction.

turbulence was much weaker at the 9 and-12 km levels
but existed over longer distances.

As seen in Fig. 5, the model was able to reproduce
these features. Figure 5b shows the details of the low
level turbulence zone above the lee slope of the moun-
tain. The maximum value of the midtropospheric tur-
bulence predicted by the model reaches 117 m? s~2,
whereas Lilly’s analysis gives a value of 150 m? s 2 for
the 6-km level.

Examination of the different terms of the turbulent
kinetic energy equation (shown in Fig. 6) reveals that
for the midtropospheric turbulence the dominant pro-
duction term is the shear. The center of production is
found at 6 km above sea level, in the lower part of the
turbulent zone. The buoyancy production term is
smaller and mainly negative, indicating that turbulence
develops in a region of stable stratification. The only
positive values are weak and found in the upper part
of the breaking wave. The next important term is ver-
tical transport, carrying aloft (up to the tropopause)
the turbulent energy produced at lower levels. Hori-
zontal transport is also important but more localized.
The role of turbulent diffusion is secondary. Turbulent
diffusion is significant only in the region of maximum
TKE production but is smaller than the vertical trans-
port and works against it. Finally, the turbulence in-
tensity is regulated by the dissipation term, which is
the strongest negative contribution to the budget. These
results are in fair agreement with Lilly’s analysis; al-
though the quantitative values are slightly weaker in
the simulation than in the observations, the relative
contributions of wind shear production, buoyancy
production, advection, and dissipation terms are ap-
proximately the same for both experimental data and
numerical computations (see Table 1 in Lilly 1978).
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4. Sensitivity tests
a. Mixing length

A crucial point for TKE models is the choice of the
characteristic lengths /; and /, in Eq. (3). A first step
is the Blackadar (1962 ) formulation, which is assumed
to describe accurately the neutral regime of the surface
layer near the ground:

1__ 1
I k(z-z)

where /., is an asymptotic value of / far from the
boundary, which can take several forms. Since most
of the formulations proposed for /,, are far beyond their
domain of validity in the present case, one is led to
resort to very simple formulations for /,,. Because it is
considered desirable to use smaller characteristic
lengths under stable stratification and larger ones under
convective conditions, it was decided to use two dif-
ferent formulations according to the local stratification.

1 .
+-l;-, (18)

a0
In case of stable local stratification o > 0)_, one
closely follows the André et al. (1978) proposition and
determines/;, and/,, from the turbulent kinetic energy
value and the Brunt-Viisild frequency:

—_—
& 50 km

FIG. 5. (a) Vertical cross section of the turbulent kinetic energy
field (in m? s~2) after 12 h of integration for the simulation with
friction. (b) Close-up view of the shaded area.
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FI1G. 6. Turbulent kinetic energy budget after 12 h of integration for the simulation with friction.

The contours are drawn every 500 cm? s 3 starting at 500 cm? s> for the positive values (solid
line) and at —500 cm? s for the negative values (dashed line).

1 _ CES and 1 CK5 i 9_0 -0 breaking | , we first determine the depth of the unstable
l{m eO.S N—l Ik« eO.SN—l 9z .

layer H, and make the assumption that the character-
(19a) istic lengths /i, and / are proportional to H, which
gives a rough estimate of the largest eddy size:
a0 1 El 1 K1
In the case of convective instability (_z <0, 1.e., wave T = CE1 and . T

H K—T, if ‘£<0. (19b)
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TasLE 1. Surface conditions and TKE model characteristics for the sensitivity tests.
Sim. no Surface condition CE1 CES CK1 CKS Ri,
1 free slip 15. 1.5 15. 1.5 0.52
2 free slip 15. 1.5 15. 3.0 0.40
3 friction 15. 1.5 15. 1.5 0.52
4 friction 7.5 1.5 1.5 1.5 0.52
5 friction 15. 1.5 15. 3.0 0.40
6 friction 15. 3.0 15. 3.0 0.27

Of course, the above parameterizations of /, and / are
quite crude and, owing to the lack of both experimental
and theoretical support that is valid in such severe con-
ditions, it is necessary to evaluate the sensitivity of our
results to variations of the constants CE1, CK1, CES,
and CKS5. Six simulations were performed to investigate
the sensitivity to these variations. The values used in
each simulation are listed in Table 1. This table also
shows the value of the critical Richardson number Ri,,
which is the maximum Richardson number sustainable
by the turbulence before collapsing under strongly sta-
ble conditions; Ri. can be computed from the TKE
" equation rate as following (Therry and Lacarrére
1983):

1
0.125

.35 +—— CE5 X CK
135.0.5C5 CK5

Ri, = (20)

Two simulations were performed with a free-slip sur-
face condition and four with surface friction. The time
evolutions of the surface pressure drag for this set of
simulations are shown in Fig. 7. A decrease in the crit-
ical Richardson number delays the drag amplification
and slightly increases the drag value at steady state.
The time lag effect is more pronounced in the cases
with friction: even after 12 h, simulation 6, corre-
sponding to Ri. = 0.27, has not yet reached steady
state. Another interesting feature. of this figure is the
insensitivity of the surface drag to a variation of the
convectively unstable mixing length; simulations 3 and
4 give almost identical results. The turbulent kinetic
energy fields computed at 12 h for the simulations 3
to 6 are shown in Fig. 8. Once again, the results are
more sensitive to a variation of the stable coefficient
(CE5 or CK5) than to a variation of the unstable coef-
ficient (CE1 or CK1). This is consistent with what we
saw from the turbulent kinetic energy budget. Most of
the energy production occurs through shear production
in a convectively stable region. Therefore, the role of
the stable coefficient is dominant. Moreover, the tur-
bulence intensity is modulated by the critical Richard-
son number. The maximum values of the kinetic en-
ergy are respectively 117, 89 and 65 m? s~ when Ri,
drops from 0.52 to 0.40 and 0.27. This result seems
realistic since a larger Ri. leads to a stronger develop-

ment of the turbulence, and therefore to increased fric-
tion at higher levels.

b. Roughness length

In order to investigate the sensitivity of the flow to
roughness length variations, two series of simulations
were performed with two different Ri. values. In each
simulation, the roughness length was varied between
10 and 40 cm. The corresponding time evolutions of
the surface pressure drag are shown in Fig. 9. For each
series an increase in the roughness length delays the
drag amplification but has no effect on the steady-state
value. A comparison of the two sets of curves (Ri,
= (.27 and Ri, = 0.52) indicates that the results are
less sensitive to roughness variation when turbulence
is allowed to live for a longer time. This point may be
of some importance. Some additional tests, performed
with another type of mixing parameterizations ( Black-
adar’s exchange coefficients of heat and momentum),
showed a much greater sensitivity to a roughness vari-
ation. In this case, a roughness length of only 5 cm
completely prevented the drag amplification, and the
model results showed a standing gravity wave instead
of a downslope windstorm (at least for a 12 h simu-
lation).

5. Conclusion

Our model was able to reproduce the amplification
mechanism operating in the 11 January 1972 Boulder
windstorm. The agreement obtained between the sim-

Ric=.27 Ric= .52
- T Y T
o~
a
L2
© .
‘e free slip free slip
e .| e
- 3 g omm e
g ¢ 10cm, ,/' 20cm
© / 0cm
2 '/ 0cm /
/ /!
/ 0cm /
1 - 4 Vi 4
s
2 4 6 8 10 2 4 6 8 10

time (h)

F1G. 7. Time evolutions of the surface pressure drag for different
values of Ri. in case of friction and in case of free slip surface boundary
condition.
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FIG. 8. Vertical cross sections of the turbulent kinetic energy field after 12 h of integration for the different mixing
and dissipation lengths listed in Table 1: (a) simulation 3, (b) simulation 4, (¢) simulation 5, (d) simulation 6.

ulations presented here and the referenced nonhy-
drostatic numerical results indicates that trapped lee
waves have no fundamental role in the development
of strong downslope winds and high pressure drag (at
least for the 11 January 1972 windstorm ). Similar re-
sults were obtained with the French Weather Service

limited-area model Péridot for the 8-mesoscale (Bou-
geault 1987). These results seem to support the hy-
pothesis of a hydrostatic amplification mechanism due
to the transition from subcritical to supercritical flow
over the crest of the mountain (Durran 1986; Durran
and Klemp 1987).
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FIG. 9. Time evolutions of the surface pressure drag
for different values of z.

The simulations including surface friction effects
gave more realistic results than the simulations per-
formed with a bottom free-slip condition. In the cases
with friction, the “shooting flow” was confined above
the lee slope instead of spreading downwind and the
stationary drag value was obtained later; friction was
acting against nonlinear advection and slowed the
downslope motion.

The turbulent kinetic energy parameterization used
in the model gave a fair description of the observed
turbulent structure; the turbulence location and inten-
sity were well reproduced, and it was found that the
intense midtropospheric turbulence was dominantly
shear driven.

The model results showed some sensitivity to the
mixing length and roughness length specification.
Strong friction was found to delay but never to prevent
the development of the downslope windstorm, at least
when the TKE parameterization was used. This last
result seems rather sensitive to the detailed formulation
of the turbulence scheme used. Therefore, it would be
very helpful to gather appropriate experimental data
including second-order turbulent quantities (TKE,
fluxes) in order to validate or improve the present nu-
merical simulations.
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APPENDIX
List of Principal Symbols
a half width of the mountain
gD .
B=—— rtical scale f:
RTre' vertical scale factor

VOLUME 28

CE1, CES, CK1, CK5 empirical constants

¢ specific heat at constant pres-
sure

D,, Dy, D, horizontal diffusion terms

e turbulent kinetic energy

F,, Fy,F, vertical diffusion terms

acceleration of gravity

height of the mountain
entropy

Von Karman constant

g
h
H =1n(9)
k
K, exchange coefficients

Uy KH, Ke

I mixing length scale
IA dissipation length scale
D pressure
Do reference pressure (1000 hPa)
p R/cp
D= (—) Exner function
Do
R universal gas constant
t time
T temperature
u horizontal wind speed along
the x coordinate
X horizontal west-east coordi-
nate
Zs surface height
T surface pressure
a pressure coordinate defined
byo=p/n
a =do/dv derivative of ¢ with respect to

14
vertical coordinate defined by
d=v+09%—0.93
vertical velocity
geopotential
potential temperature
reference potential tempera-
ture (300 K)

w

e«
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