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ABSTRACT

Laboratory experiments are described in which flow visualization techniques were used to
investigate the conditions under which a severe downslope wind may exist for linearly
stratified flow over a ridge when the upstream flow is shear free. Three different ridges with
similar cross sections but with maximum slopes of 40°, 27° and 13° were used. In the
experiments for each ridge, the Froude number F = U/(NH), where U is the free stream speed,
N is the buoyancy frequency and H is the ridge height, was varied over the full range in which
internal wave breaking was anticipated. The range of F over which a well-mixed region of
turbulent fluid formed above the ridge was determined for each of the three ridges. This well-
mixed region was observed to occur generally in conjunction with a strong downslope flow on
the lee side of the ridge. The results of the laboratory experiments are compared with previous
numerical simulations and with a nonlinear hydrostatic theory for severe downslope winds.

1. Introduction

Incidents of severe winds on the lee sides of
mountains have been reported for many of the
world’s major mountain ranges. The Boulder
windstorm on the eastern slopes of the Rocky
mountains in the United States (Lilly and Zipser,
1972; Lilly, 1978) and the Yugoslavian bora in
the mountains along the Adriatic coast of
Yugoslavia (Smith, 1987) are two of the more
famous and better documented of these winds.
The Boulder windstorm is particularly strong
with gusts as high as 60 m/s.

The early theories of Long (1953, 1954) and
Houghton and Isaacson (1970) assumed that a
pre-existing layering of the atmospheric stability
was essential for the development of a severe
wind state on the lee side of mountain ranges.
Although a layered atmosphere may be a factor
in the development of severe downslope winds,
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more recent numerical simulations of airflow
over mountains by Clark and Peltier (1977),
Peltier and Clark (1979), Durran (1986) and
Bacmeister and Pierrehumbert (1988), hereafter
CP77, PC79, D86 and BP88, respectively, have
shown that a severe wind state can develop even
when the mean wind speed and the stability are
uniform with height as long as there is wave
breaking aloft. These numerical simulations show
that the onset of wave breaking leads to a
re-organization of the flow field such that the
downslope flow and associated drag can be much
greater than that associated with the flow com-
puted from linear theory or from steady nonlinear
theory based on Long’s equation (as described for
example by Miles, 1969).

CP77 and PC79 were the first to discover the
importance of wave breaking to the development
of severe wind states. They hypothesized that the
wave-breaking region aloft acted as a reflector of
internal gravity waves (a “wave induced critical
layer”) and if this critical layer was near certain
distinct heights H,, a resonance would be estab-
lished that eventually would lead to the re-organ-
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ization of the flow into the severe wind state.
Peltier and Clark (1983) developed a linear
hydrostatic theory that predicts resonance will
occur when NH,/U=mx/2+nn, forn=0,1,2,...,
where U is the (constant) wind speed below the
critical layer and N is the buoyancy frequency.
Their theory, being linear, implies that these
critical heights are independent of the mountain
amplitude.

In an attempt to verify their linear theory for
resonance, Clark and Peltier (1984) performed a
set of numerical experiments in which a zero-
wind line was inserted into the initial flow at a
prescribed height. This “environmental critical
layer™, as it is sometimes called, constrains wave
breaking to occur at or just below the height of
the zero-wind line, as long as the mountain’s
amplitude is small enough not to induce wave
breaking without the presence of the critical
layer. Clark and Peltier determined resonance
heights by locating the peaks in the computed
drag as a function of the height of the critical
layer. They claimed that their numerical results
supported the conclusions of their linear theory.
However, further numerical experiments of this
type by Durran and Kilemp (1987) and BPS88
showed that contrary to the linear theory the
resonance heights are a function of the mountain
amplitude and that a resonance is not achieved at
all the heights where they are predicted to occur
by the theory.

Another theory, developed by Smith (1985),
hereafter S85, assumes that under some stratified
conditions a region of well mixed turbulent air
develops in the middle and upper troposphere
above the mountain range. In other words, the
existence of a wave-breaking region is assumed.
Smith developed a nonlinear hydrostatic model of
this flow for the case when the mean wind is
shear free and the atmosphere is linearly
stratified. The model has solutions that are easily
computed and predicts the height of the well-
mixed region, the speedup of the winds and the
drag on the mountain range. This theory can
be interpreted as a nonlinear generalization
of Peltier and Clark’s (1983) linear theory.
The nonlinear theory predicts that resonance
will occur at critical heights in the range
/2 + n2rn < NH,/U < 3n/2 + n2n, depending on
the mountain amplitude. Note that for a
particular mountain amplitude the nondimen-

J. W. ROTTMAN AND R. B. SMITH

sional critical heights are separated by 2z
whereas in the linear theory they are separated by
7. The critical heights predicted by the nonlinear
theory agree with all the numerical simulations
described in the previous paragraph. Currently,
this is the only theory for severe downslope winds
that is consistent with the numerical simulations.

The present paper reports the results of flow
visualization experiments in which we attempted
to model severe downslope winds in a large
stratified water channel. In all our experiments
the fluid was linearly stratified and the mean flow
upstream of the ridge was uniform. Three series
of experiments were performed. In each series a
different model ridge, each with a similar cross
section but different streamwise aspect ratio, was
used and the Froude number of the flow was
varied over a range in which internal wave
breaking was expected to occur. This is, we
believe, the first systematic laboratory study of
severe downslope winds, although many previous
investigators have generated flows in the labora-
tory that resemble those presented here.

Our main objective was to test how well the
numerical simulations of CP77, PC79, D86 and
BP88 and the theory of S85 compare with real
linearly stratified flows over obstacles. And in
particular, to obtain some insight into how sensi-
tive the conclusions about downslope winds
based on these models are to small violations of
their idealized flow assumptions.

Smith’s theory produces no severe wind state
solutions for mountain amplitudes that are higher
than 0.985U/N. Smith suggested, based on the
experimental evidence of Snyder et al. (1985) and
others, that the reason for this may be that for
higher mountain amplitudes the flow upstream
becomes blocked such that the effective mountain
amplitude, the height above the blocked layer, is
close to 0.985U/N. Since in our experiments
severe wind states were observed mostly for
mountains higher than 0.985U/N, we were able to
test Smith’s suggestions.

In Section 2 the experimental facilities and
procedures are described. The results of the
experiments are described in Section 3. The ex-
perimental results are compared with previous
numerical simulations in Section 4. Section 5
contains a brief review of Smith’s theory, includ-
ing a more complete description of the extension
of the theory to mountains higher than 0.985U/N,
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and a comparison of our experimental results
with the predictions of the theory. And in the
final section our results are summarized and some
conclusions are drawn.

2. Experimental procedure

The experiments were performed in the large
stratified towing tank at the EPA Fluid Modeling
Facility located in Research Triangle Park,
North Carolina. The working section of the tank
is 1.2 m deep, 2.4 m wide and 25 m long with side
walls made of clear Plexiglas. Salt water with salt
concentration varying in the vertical was used to
produce the stratification. In all the experiments
described here the density profiles were linear
with a buoyancy frequency, N ={—(g/p)dp/dz]'/2,
of about 1.33 rad/s, where g is the acceleration
due to gravity, and p is the fluid density. The
specific gravity of the salt water varied from 1.2
at the bottom of the tank to 1.0 at the free
surface. A more complete description of the
towing tank and the methods used for producing
and maintaining the density profile is given in
Thompson and Snyder (1976), Hunt et al. (1978)
and Hunt and Snyder (1980).

A towing carriage that travels on rails mounted
on the side walls of the tank allows model
obstacles to be towed along the length of the tank
at speeds that can be varied between 2 cm/s and
50 cm/s. The ridges were mounted normal to the
towing direction on a flat base plate and this
whole apparatus was suspended upside down
from the carriage and towed at the surface of the
water with the base plate immersed about 0.5 cm.
Although the model is towed in an inverted
position the experiments will be discussed as
though the model was in an upright position. The
Froude number F = U/NH, where H is the ridge
height, was varied by changing the tow speed U.

The ridges consisted of a spanwise length
2W of uniform cross section capped at both
ends by a rotation of the cross-sectional profile
through 180°. In all the experiments reported
here the half-length W was 50 cm. The cross-
sectional profile is given by the expression
z=(H/2)[1 + cos(nx/L)], where x is the hori-
zontal coordinate in the streamwise direction
measured from the crest of the ridge with
—L < x< L. Three ridges were constructed out
of molded Plexiglas or polystyrene foam with
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Fig. 1. The three ridge profiles drawn to scale.

H/L=10.56, 0.34 and 0.16, which are referred to
as the steep, intermediate and gentle ridge. Table
1 lists the geometrical parameters for the three
ridges. Fig. 1 shows the cross sectional shapes of
the three ridges drawn to scale. The ridges were
mounted on base plates that were either 240 cm
by 250 cm or 240 cm by 275 cm with the ridge
crest between 85cm and 125cm from the up-
stream edge of the base plate. A sketch of this
arrangement is shown in Fig. 2.

The spanwise length of the ridges was chosen
to make the flows as close to two dimensional as
possible without causing the strong upstream
effects demonstrated by Snyder et al. (1985).
They showed that with ridges that spanned the
entire width of the channel strong upstream
columnar modes and flow blocking occurred
when F <1, which result in a change in the
vertical velocity and density profile upstream of
the ridge. Furthermore, in a tank of finite length,
the reflection of these columnar modes from the
end wall produces continual changes in the up-
stream conditions so a steady state can never be
achieved. Castro (1987) found experimentally
that wave breaking never occurred steadily with
ridges that spanned the whole width of the tank,
but that breaking occurred intermittently and the
location of the breaking waves changed during
the tow. Based on the experience of Snyder et al.
(1985), we chose the spanwise length of the ridges
to be as long as is possible without producing
continual upstream changes. Since the ridges
span only 409 of the channel width, some fluid is
allowed to flow around the ridges rather than
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Fig. 2. A plan view of the steep ridge mounted on the base plate.

forcing all the fluid over them. The flow near the
center of the ridge remains nearly two dimen-
sional, complete with blocked flow when F<1;
only the unsteadiness of the upstream conditions
has been minimized by allowing some fluid to
flow around the ridges.

The streamwise aspect ratio of the gentle ridge
was chosen to be as small as was physically
reasonable in the tank, yet its slope is steeper
than most real mountain ranges. The streamwise
aspect ratios of the steep and intermediate ridges
were chosen in an attempt to study how far the
hydrostatic assumption of the theory to be
described in Section $ could be pushed.

Clearly, flow separation on the lee of the ridges
will significantly affect the strength of downslope
flows. Separation depends on the steepness of the
ridge, the Reynolds number and the Froude
number. Since we are attempting to simulate
atmospheric flows, we would like to minimize the
Reynolds number dependence. The Reynolds
number based on the ridge height, Re, for the
experiments described here was in the range
800 < Re < 13,000. Lee et al. (1987), who used

the same ridges as we used in the present experi-
ments, found that in neutral flow over the steep
ridge separation always occurred and the point of
separation was always near the ridge crest.
However, in neutral flow over the intermediate
and gentle ridges separation occurred at the low
end of the Re range but not at the high end. To
eliminate this Reynolds number dependence, the
intermediate and gentle ridges and their base
plates had their surfaces roughened by a covering
of 4mm diameter (average) gravel with an
average distribution of about 30 stones per
100 cm2. This was an attempt to create a turbu-
lent boundary layer for all Re used in our experi-
ments. In addition a 5 mm boundary layer trip
was added at the crests of the intermediate and
gentle ridges to force separation under neutral
conditions to occur near the crest. These changes
were found to eliminate the Reynolds number
dependence of the lee separation under neutral
conditions, although in effect we have made the
gentle ridge steeper than it really is by forcing the
separation to occur at the crest.

The flow was visualized by emitting dye
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plumes at various positions near the models. An
acid powdered dye was mixed with the proper
concentration of salt water so that the mixture
was neutrally buoyant at the level at which it was
released. Usually several plumes at 2 cm intervals
were emitted from a vertical rake of tubes
mounted on the centerline at the upstream edge
of the base plate. The tips of these tubes were
bent-over 90° toward the model. The number of
plumes and their vertical positions were varied
depending on the anticipated nature of the flow.
If the flow is steady, or nearly so, the paths of
these plumes correspond to streamlines. Each
experiment was recorded on video tape and on
35mm color slide film. The video camera and
still camera were mounted on one side of the tank
and towed along with the model carriage.

3. Results and discussion

3.1. Preliminary considerations

Based on the ideas discussed in the introduc-
tion, wave breaking is critical to the development
of a severe downslope wind state. Therefore, we
need to estimate the range of the flow parameters
in our experimental arrangement for which wave
breaking will occur. The three independent
dimensionless parameters of importance that
were varied in these experiments were: the
streamwise aspect ratio H/L, the spanwise aspect
ratio H/W and the Froude number F = U/(N/H).
The values of H/L and H/W have already been
fixed as described in the previous section. To
estimate the range of F as a function of H/L and
H/W for which wave breaking will occur for each
ridge, we turn to some previous theoretical and
experimental work on breaking lee waves for
guidance.

Huppert and Miles (1969) solved Long’s
equation for steady nonlinear lee waves over a
two-dimensional obstacle with a semi-elliptical
cross section for values of the streamwise aspect
ratio that varied from H/L = oo (a vertical strip)
to H/L = 0 (the hydrostatic limit). They were able
to compute the value of the critical Froude
number, F,, at which the flow first becomes
statically unstable at some point (a vertical
streamline appears at one point in the flow).
When F> F, Long’s model produces smooth
steady lee waves over the obstacle and when
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F < F, it produces streamlines that overturn
(which violates the assumptions on which Long’s
model is based). Presumably, this means that
wave breaking occurs when F < F,. Their calcu-
lations show that F, increases monotonically from
0.58 for H/L = oo to 1.49 for H/L =0. Although
these values are somewhat dependent on the hill
cross section (for example Miles and Huppert
(1969) show that F.=1.18 when H/L=0 for a
witch of Agnesi hill), they give us a good approxi-
mate range of F for which to look for breaking
internal waves.

Castro (1987) performed a series of laboratory
experiments in which he explored how lee wave
breaking depended on the spanwise aspect ratio
of an obstacle of fixed streamwise aspect ratio.
The upstream flow conditions in his experiments
were just as they are in our experiments; in fact,
his experiments were done in the same tank. The
obstacle he used had a triangular cross section
with a streamwise aspect ratio of H/L=2.0.
Castro observed that F, increased monotonically
from about 0.4 for H/W=6.0 to about 1.0 for
H/W=0. Beyond H/W =6.0 no wave breaking
was observed at any Froude number. Generally,
wave breaking was observed for values of F such
that F,> F>0.2. The observed value of F, at
H/W=0 (the two dimensional limit) for a
triangular shaped ridge is fairly close to the value
predicted by Huppert and Miles (1969) for a
semi-elliptically shaped ridge with H/L = 2.0.

Therefore, apparently F, increases as either the
streamwise aspect ratio or the spanwise aspect
ratio decreases. From the geometrical data in
Table 1, both of these ratios decrease together as
we progress from the steep ridge through the

Table 1. Geometric parameters for the ridges,
where H is the ridge height, L is the streamwise
half-length of the ridge and W is the spanwise half-
length

Ridge H L w Maximum
model (cm) (cm) (cm) H/L H/W slope
steep 10.4* 18.5 50.0 0.56 0.20 40°
intermediate 7.5t 22.0 50.0 0.34 0.15 27°

gentie 5.8f 35.5 500 0.16 0.12 13°

* Includes 0.4 cm step where model is fastened to
base plate.
t Includes 0.5 cm boundary layer trip at ridge crest.
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intermediate ridge and to the gentle ridge. It
appears that if we vary F such that 1.5> F > 0.2
then we should cover all the possible conditions
when breaking waves will occur for the three
ridges used in our experiments and the value of
F, should increase as the steepness of the ridges
decreases.

3.2. Wave breaking

Selected photographs of the flows are shown in
Figs. 3-5 for the steep, intermediate and gentle
ridge, respectively, for several values of the
Froude number. These photographs were taken
when the ridge had been towed about half-way
down the length of the tank, a sufficient distance
for a steady state to have been established.

For the steep ridge, wave breaking and the
formation of a well-mixed region was observed
when F=0.2,0.3, 0.4, 0.5 and 0.6. When F=0.7
and 0.8, wave breaking occurred intermittently
during the tows and when F =0.9 there was no
evidence of wave breaking. For the intermediate
ridge, wave breaking was observed when F = (.2,
0.3, 0.4, 0.5, 0.6 and 0.7. When F=0.8 and 0.9,
wave breaking appeared intermittently and when
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F =1.0 there was no wave breaking at all. For
the gentle ridge, wave breaking was observed
when F=0.2, 0.3, ..., 0.95. Wave breaking
appeared toward the end of the tow when
F = 1.0, but this should probably be disregarded
as due to end effects in the tank. For larger values
of F no wave breaking was observed. Continuous
wave breaking was observed for this ridge in
some earlier preliminary experiments (Rottman
and Smith, 1987) when F=1.1 and it was not
until F=1.2 that wave breaking became inter-
mittent. The gentle ridge had the smallest height
of the three ridges and it is close to the free
surface where the density profile is most distorted
from a linear gradient, so the accurate determi-
nation of the Froude number is most difficult for
this ridge. We feel that the present measurements
are more accurate than the previously published
results due to the care taken in the preparation of
the present experiments, but it should be kept in
mind that there is a possible error of about 0.1 in
the measurement of the Froude number for the
gentle ridge. Table 2 lists the experiments we
performed and identifies those for which wave
breaking was observed.

(a) F = 0.2

(b) F = 0.3 (¢) F = 0.4
) F =05 (e) F = 0.6 (f) F =07

(g) F=108

(h) F = 0.9

Fig. 3. The flow over the steep ridge at several Froude numbers.
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(d) F=05 (e) F=0.6 (f) F =07

(g) F=038 (h) F=09 (i) F=1.0

Fig. 4. The flow over the intermediate ridge at several Froude numbers.

(f) F=0.7

(g) F= 038 (h) F =09 (i) F=1.0

Fig. 5. The flow over the gentle ridge at several Froude numbers.
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Table 2. A list of the experiments performed,
indicating in which wave breaking was observed: B,
continuous wave breaking observed; I, intermittent
wave breaking observed; N, no wave breaking
observed

Intermediate
ridge

1.2
1.45

[=]

(=,
* % * s ay-—DOEE®
* ey s~ DWOEED

ZzZZZmoTxwwwowowmw

® No experiment performed for this value of F.

We conclude from these observations that
F.=0.8, 0.9 and 1.0 for the steep, intermediate
and gentle ridge, respectively. These results for
wave breaking are consistent with the estimates
made earlier based on the theoretical predictions
of Huppert and Miles (1969) and the previous
experimental work of Castro (1987). It appears
from the photographs that the region of mixed
fluid produced by wave-breaking is small for the
smaller values of the Froude number and
becomes increasingly larger as the Froude num-
ber increases until the critical Froude number is
reached at which wave breaking ceases to occur.
This well-mixed region was maintained by con-
tinual wave breaking. When wave breaking was
intermittent the well-mixed region disappeared
between the episodes of wave breaking.

The distortion of the dye plumes above the
wave breaking region shows that there is a
substantial amount of energy being propagated
vertically away from this region by lee waves.
This indicates that the wave breaking region is
far from being a perfect reflector of wave energy.

3.3. Measurement of the height of the wave-break-
ing region

We attempted to measure the height H, of the

wave-breaking region when it existed. The
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measurements were made directly from digitized
video images of the tows. To be consistent with
the definition used in Smith’s theory, we defined
H, as the upstream height above the base plate of
the streamline that marks the top of the wave
breaking region. Since the dye plumes in our
experiments are spaced every 2 cm, we of course
could not resolve H, with any more accuracy
than that. The measured values of the nondimen-
sional height H, = NH,/U are plotted in Fig. 6
along with the values obtained from numerical
simulations and Smith’s theory, which will be
described in more detail later. The measured
values of H, increase as F decreases for each of
the ridges. In fact, H, roughly doubles as F
decreases from F, to 0.2. There is a small but
consistent decrease in H, as the steepness of the
ridges increases. We emphasize that these
measurements are somewhat subjective, as it is
difficult to see accurately the shape of the region
in the video images. However, by making several
measurements we are fairly confident that the
trends of the data are reproducible.

It appears from our observations plotted in
Fig. 6 that the eventual height of the wave
breaking region, whenever it existed continuously
in our experiments, is close to the critical height
predicted by Smith’s theory. Thus, based on the
theory, we would expect a severe downslope wind
state to exist in our experiments whenever a wave
breaking region existed above the ridge.

o o ]
°
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£
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-

Fig. 6. A plot of the nondimensional critical streamline
height H, as a function of the Froude number. Experi-
mental measurements: B, steep ridge; @, intermediate
ridge; ®, gentle ridge. Numerical simulations: V,
Peltier and Clark (1979); A, Durran (1986); ¥,
Bacmeister and Pierrechumbert (1988). Theory: —,
eq. (5.2).
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3.4. Measurement of the downslope flow speed

In the numerical simulations described in the
introduction, a severe wind state was defined by
a large increase in the drag and in the downslope
surface wind speed over that expected from linear
or nonlinear steady theory based on Long’s
equation. In our experiments, it is very difficult
to measure accurately the drag on the ridges
(although we did attempt to measure the drag
unsuccessfully), so we have only the downslope
surface wind speed as a measure of the existence
of a severe wind state.

We used digitized video images of the tows to
measure the velocity on the downstream side of
the ridge. The position of blobs of dye in the dye
plumes were measured and tracked over several
frames of the video tape. This enabled an average
speed to be computed for each blob over a short
distance. We made these measurements for
several dye plumes to produce a velocity profile
for the flow near the ridge surface on the
downstream side of the ridge along the centerline.

The main point of interest here is the ratio of
the maximum speed of the downslope flow to the
upstream mean flow speed; these values are
plotted in Fig. 7, along with the values obtained
from numerical simulations and Smith’s theory.
Without the presence of a wave-breaking region
a speedup of about 1.5 was measured. With wave
breaking, the measurements show that the
speedup is between about 2.0 and 2.5. Although

5
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umx/U ’. ‘ LN
»
2 LK BUAS J . R
g ©®o° a
1
[}
0 0.5 1 15 2
F

Fig. 7. A plot of the nondimensional maximum surface
downslope windspeed as a function of the Froude
number. Experimental measurements: @, steep ridge;
@, intermediate ridge; @, gentle ridge. Numerical
simulations: V¥, Peltier and Clark (1979); &, Durran
(1986); Y%, Bacmeister and Pierrehumbert (1988).
Theory: ——, eq. (5.5). A solid symbol indicates that
wave breaking was present and an open symbol that it
was not.
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the downslope flow is clearly stronger with the
presence of a wave-breaking region than without
it, the speedup, as shown in Fig. 7, is less than
would be expected based on the results of numeri-
cal simulations and Smith’s hydrostatic theory.
Apparently some physical effect in the experi-
ments is not accounted for in the numerical
simulations nor in the theory.

3.5. Separation on the lee of the ridges

An important influence on the existence of the
severe wind state is where the flow separates, or
whether the flow separates at all, on the lee side
of the ridge. Separation will increase the
turbulence near the surface and decrease the
mean tangential flow speed. The numerical simu-
lations described briefly in the introduction and
in more detail in the next section do not properly
account for separation.

The experiments of Hunt and Snyder (1980) on
stably stratified flow over three-dimensional hills
provide some guidance on this point. They
showed that lee side separation in stably
stratified flows is determined by the parameter
A2L, where A=2nU/N is the fundamental lee
wave wavelength in a vertically unbounded fluid
domain. When 1/2L » 1, the over the hill is like
that of neutral flow; that is, separation is
controlled by the pressure field in the boundary
layer over the ridge. For the present case, this
means that the flow separates near the crest.
When A/2L is of order unity, separation is
determined by the pressure field associated with
the lee waves. When A/2L =~ 1, the lee wave
closely matches the contour of the hill and
separation is completely suppressed. When
A2L < 1, separation occurs at the location of the
trough of the first lee wave; that is, the
separation point is located at x, = 34, where x, is
the horizontal distance downstream from the
ridge crest to the separation point. The value of
A/2L for each experiment we performed is listed
in Table 3.

The photographs in Figs. 3-5 show that the
flow does separate on the lee side of the ridge
when A/2L <1 and that separation is suppressed
when A/2L =~ 1. Although it is difficult to measure
the separation point with any accuracy, we
estimated the position of the separation point
from the averaged streamline plots and found
that x,~3A is a fairly good description of
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Table 3. The value of the parameter A/2L for each
experiment, where A = 2nU/N

AL
Steep Intermediate Gentle
F ridge ridge ridge
0.2 0.35 0.21 0.10
0.3 0.52 0.32 0.15
0.4 0.70 0.43 0.21
0.5 0.87 0.53 0.26
0.6 1.05 0.64 0.31
0.7 1.22 0.75 0.36
0.8 1.40 0.85 0.41
0.9 1.57 0.96 0.46
0.95 * * 0.49
1.0 * 1.06 0.52
1.1 * * 0.57
1.2 * * 0.62
1.45 * i 0.74

* No experiment performed for this value of F.

our measurements when A/2L < 1. That is, it
appeared as if the lowest dye plume turned
upward from the lee slope where 0.41 < x, < 0.84,
when 1/2L < 1. Some other technique must be
used to measure this with any more accuracy.

4. Comparison with numerical simulations

Three numerical studies of downslope winds
reported in PC79, D86 and BP88 were done
under conditions similar enough to our laboratory
experiments that a reasonable comparison can be
made. In each of these studies the upstream mean
flow and stability were uniform, just as in our
experiments, and the ridges used were two-
dimensional with a witch of Agnesi cross section
(z = H/[1 + x?/D?], where D is the half-width of
the ridge surface when z = H/2), not the same but
similar enough to our experiments for a
reasonable comparison. All of these studies used
finite-difference schemes to obtain a numerical
solution of the two-dimensional equations of
motion for large Reynolds number flow, with a
free-slip boundary condition on the ridge surface.
The effects of turbulence on the mean flow were
approximated by first-order closure schemes.

In Section 4 of PC79 the results of one numeri-
cal simulation is reported in detail in which
F=0.78 and H/D = 0.17. The streamwise aspect
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ratio H/D is close to that of our gentle ridge
(although there is no direct analog to L for the
witch of Agnesi ridge), and the value of F puts this
simulation, based on our experimental results, in
the strong wave breaking regime. The numerical
simulations were initiated in essentially the same
way as in our experiments; that is, by acceler-
ating the flow from rest to a constant speed over
some small time. The calculations were not con-
tinued to a complete steady state, but were
stopped at about the time wave breaking began.
For this particular calculation the turbulence
model was turned off, although the main results
are nearly the same as described in CP77 in
which the same calculation was made with the
turbulence model turned on.

Both the surface drag and the maximum
surface wind in the calculation increased linearly
with time. When the calculation was terminated,
the upstream height of the streamline that first
became vertical was about NH,/U = 5.0 and the
ratio of the maximum surface wind speed to the
mean upwind speed u,,,/U was about 3.2 (the
linear theory value for this quantity is 1.64).
These values are plotted in Figs. 6 and 7,
respectively.

In Section 6 of D86, numerical calculations
similar to those of CP77 and PC79 except carried
further in time, closer to a steady state, are
described. Apparently simulations were made for
6 values of F ranging from 0.7]1 to c. Since the
ridge half-width was fixed and the ridge height
varied to change the Froude number, the
streamwise aspect ratio H/D was different in
each calculation, varying from 0.14 to 0,
respectively.

The streamline plot shown in Fig. 16d of D86,
for the case with F=0.71 and H/D =0.14 (the
only case for which a streamline plot is pre-
sented), is qualitatively similar to our Fig. 5f, if
account is taken for the exaggerated vertical scale
in D86. The most important difference is that the
laboratory experiments show some separation at
the base of the lee slope of the ridge that does not
appear in the computed streamline pattern. From
the plot in D86, we estimate the level of the wave
breaking region to be NH,/U = 4.0. This value is
plotted in Fig. 6 and the values of u,,,,/U for all 6
cases are plotted in Fig. 7.

In Section 4 of BP88, two numerical calcu-
lations for which F=1.02 and H/D = 0.098 and
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F=20 and H/D=0.05 are described. These
calculations were initiated with the flow pro-
duced from S85’s ideal high drag state (as
sketched in Fig. 8 of the present paper). For the
case with F = 1.02, the flow remained essentially
in the high drag state as the calculations
progressed in time, whereas in the F=2.0 case
the flow relaxed to that expected from Long’s
model. This is the anticipated result since, for the
streamwise aspect ratios of the ridges in these
calculations, we would expect wave breaking to
occur for F=1.02 but not for F=2.0.

From the streamline pattern for the ¥ =1.02
case, Fig. 12 in BP88, we measured NH,/U = 4.9,
which is plotted in Fig. 6. The value of ug,,/U
reported for this case is 3.5, which is also plotted
in Fig. 7. We cannot compare the streamline
pattern in Fig. 12 directly with any of our experi-
ments, since for the streamwise aspect ratios in
our experiments wave breaking did not occur for
this value of F. However, the flow pattern in Fig.
12 is clearly qualitatively similar to our Fig. 5g,
when the scale differences are taken into account.
It is concluded in BP88 that continuous wave
breaking is required to maintain the severe wind
state and that a substantial amount of energy is
transported vertically away from the wave break-

Y

3d u=20 h{x)

TN N

Fig. 8. A schematic of the idealized severe wind state
configuration as hypothesized by Smith (1985). The
upstream fluid speed U is uniform and the upstream
density gradient is linear with buoyancy frequency N.
The upstream flow has been modified by a blocked
layer of depth d, where d =0 when NH/U < 0.985 and
d=H—0.985U/N when NH/U > 0.985.
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ing zone. These observations are completely
consistent with our experimental observations.

In summary, the numerical simulations do a
fairly good job of describing our laboratory ex-
periments. The breaking region, when it exists, is
calculated to have approximately the same shape
as in our experiments and the computed height of
the breaking region as shown in Fig. 6, is very
consistent with our measured height. The main
discrepancy is the strength of the downslope
flow; in general the numerical simulations have
larger downslope flows than we measured in the
laboratory, as shown in Fig. 7. Two obvious
reasons the experimental values are lower than
the numerical simulations is the existence in the
laboratory of a turbulent boundary layer and the
possibility of separation on the lee of the ridges.
(The numerical models all use a free-slip bound-
ary condition at the hill surface.) Another reason
the experimentally measured values of the
speedup ratio are lower than expected is that the
measurement technique we used averages the
speed over about half the distance from the crest
to the ridge base on the lee side of the ridge.
Since the numerical simulations indicate that the
tangential surface speed peaks rather sharply on
the lee side of the crest, it is not surprising that
our measured values for the speed are somewhat
lower than the computed maxima.

5. Comparison with the theory of Smith

Fig. 8 shows a sketch of the idealized severe
downslope wind configuration hypothesized in
S85, in which the ridge is centered at the origin of
a coordinate system with x as the horizontal
coordinate as z as the vertical coordinate. Far
upstream of the ridge the flow has uniform speed
U with constant buoyancy frequency N. Over the
ridge there is an intrusion consisting of stagnant
but well-mixed fluid of density p.. The critical
streamline that splits to go around this intrusion
originates upstream at the height z = H,. Above
H,, the flow is undisturbed. Below the streamline
that is the lower boundary of the intrusion the
flow is assumed to be described by the hydro-
static version of Long’s (1955) equation for a
Boussinesq fluid. The boundary conditions for
the solution of Long’s equation in this lower
region are d(x,h) = h(x) on the lower surface
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z= h(x), where &(x,z) is the vertical displace-
ment of a streamline from its upstream height,
and 6,=0 on the streamline bounding the in-
trusion z = H, + §.(x), where J.(x) is the vertical
displacement of the critical streamline from H,.

With these assumptions the vertical dis-
placement 4.(x) of the critical streamline is the
solution of

h=56,cos(Hy+6.—h) (5.1)

for a specified ridge profile A(x). A circumflex

over a quantity means that the quantity is
nondimensionalized with the length scale U/N.
Fig. 9 is a plot of 5C as a function of A that
satisfies (5.1), for several specified values of H,.
Note that for a given H, the maximum ridge
height, there is only one value of A, (except for
values that differ from H, by an integer multiple
of 2z, which have the same solution curve) for

= >

Fig. 9. Solution curves for eq. (5.1). Each curve is for a
different value of the critical streamline height H,. The
curves in the 4th quadrant represent transitional flows
over positive ridges, like the flow illustrated in Fig. 8.
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which there is a transitional flow over the ridge;
that is, only one value of H, will produce a
permanent displacement of the critical stream-
line, which is associated with the severe wind
state, for a given maximum ridge height. These
solutions for “positive” ridges are the curves in
the fourth quadrant.

The critical streamline height H, is given by
the expression

H,=H -6, + arccos(H/S,,) + n2n, (5.2)
where n=0,1,2,...and
Oem = —[A?/2 + H(H? + 4)112)2)'12, (5.3)

(Smith and Sun, 1987). This expression is valid
for positive mountains with 0< H <0.985
although for A <0.67, say, there may be no
mechanism (such as wave breaking) in a time
dependent flow to initiate a re-organization into a
severe wind state. The theory has no transitional
solutions for A > 0.985, although numerical simu-
lations and our experiments show that a severe
wind state generally exists for A > 0.985.

Smith suggests that in this case a blocked layer
exists upstream of the ridge, as shown in Fig. 8,
such that the effective ridge height H.g, the height
of the ridge crest above the blocked layer, is near
0.985; that is, the blocked layer has a depth
d=H-0985 when H>0.985. This idea is
consistent with the extensive observations of
Snyder et al. (1985) and others who found that
stably stratified flow around three-dimensional
obstacles is essentially horizontal below the
height d meaning that the flow below d goes
around the ridge instead of over it. Substituting
H.;=0.985 for H in (5.2) and (5.3), we get
Hoyenr = 3n/2 + n27 as the upstream height of the
critical streamline above the blocked layer and
therefore

H,=3n2+d+n2n

for all H > 0.985.

H, given by (5.2) and (5.4) (with n=0) is
plotted as a function of F=1/H in Fig. 6 along
with our experimental measurements of the
height of the wave breaking region and estimates
of H, from the numerical simulations. As noted
previously, the agreement is very good. We
comment here that when H=0.985 both the
linear theory of Peltier and Clark (1983) and the
nonlinear theory of S85 give the same value for

(5.4)
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H, = 3n/2, although for smaller values H they
give different results. Thus, since H.;= 0.985 in
all of our experiments, our results cannot be used
to distinguish between the two theories if in both
we incorporate the idea of a blocked layer of
depth d. (The numerical calculations of Durran
and Kilemp (1987) and BP88 seem to be best
suited for this purpose and as noted in the
introduction are consistent with the theory of
S85).

The maximum speedup ratio u,,,,/U can also
be computed from the theory. If we let d.,,,, be
the value of §, as x = oo for transitional flow
over the ridge, then

umax/U= 1 Scma)(' (55)
When H < 0.985, then ..., is the value of 4, at
A=0in (5.1); that is, b, ., = 7/2 — H, with H,
given by (5.2). When H > 0.985, the situation is
complicated by the existence of the blocked layer
upstream of the ridge. In this case 56,,,3,( is the
value of 8, at A= ~d = 0.985 — H in (5.1), which
must be determined numerically.

The values of u,,,, /U computed as described
above are plotted in Fig. 7 as a function of
F=1/H along with the previously described
experimental and numerical results. As seen from
the plot, the theory over-predicts the speedup
ratios compared with the experiments and with
the numerical simulations, although the latter are
closer to the theory than the former. As men-
tioned previously, two reasons the experimental
values for the downslope flow are so much lower
is the existence in the laboratory of a turbulent
boundary layer and the possibility of separation
on the lee of the ridges. The effect of a separated
flow may be partially accounted for in the theory
by defining 8_,,., as the value of &, at A where
separation occurs. This will reduce the value of
Unay/U, but it is somewhat difficult to apply in
the context of a hydrostatic theory when the
separation point is a function of H/L.

Finally, the shape of the wave-breaking region
assumed by S85 and sketched in Fig. 8 is in some
important ways not quite what is observed in the
experiments. The observed well-mixed region,
created and maintained by continuously breaking
lee waves, always appears downstream of the
ridge and is generally greatly distorted by the lee
waves, whereas the theoretical well-mixed region
begins as a sharp wedge at the upstream base of
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the ridge and extends downstream with a flat
upper boundary. In addition, as already noted,
the flow above the well-mixed region was always
observed to be disturbed by large amplitude lee
waves, whereas S85 assumes that the flow above
the well-mixed region is undisturbed. That is, S85
assumes the well-mixed region to be a perfect
reflector of internal waves, which apparently is
not the case.

These observations about the strength of the
downslope flow, the shape of the well-mixed
region and the flow aloft are probably all related
and suggest that the upper boundary condition in
S85, while possibly a useful first approximation,
needs to be modified to explain some important
details of the flow.

6. Summary and conclusions

We have found experimentally that in linearly
stratified flow over a ridge a well-mixed region of
turbulent field, created and maintained by break-
ing lee waves, forms in the lee of the ridge over a
range of Froude numbers that is a function of the
ridge steepness. This range of Froude numbers
was measured to be 0.2 < F < F_, where F_= 0.8,
0.9 and 1.0 for the steep, intermediate and gentle
ridge, respectively.

The measured values for H,, the upstream
height of the streamline that marks the top of the
well-mixed region (when such a region existed),
were shown to compare very well with the values
that correspond to a severe downslope wind state
as predicted by the theory of S85, although there
was a slight trend for H, to decrease as the
steepness of the ridge increased. The measured
values of H,, also compared well with the results
of previous numerical simulations which
exhibited severe downslope winds.

However, although the measured velocity pro-
files on the downstream side of the ridges showed
a definite speedup in the presence of a well-mixed
region aloft, the speedup tended to be weaker,
based on the previous numerical simulations and
the theory of S85, than would be expected in a
severe downslope wind state. Possible physical
reasons for this discrepancy are the presence of a
boundary layer near the surface and flow
separation on the lee side of the ridge, which are
not present in the numerical simulations nor in
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the theory. Another possibility is that our
measurement technique was not precise enough
to measure the maximum speedup, which the
numerical simulations indicate tended to peak
sharply downstream of the ridge crest.

We conclude that the numerical simulations do
a very good job of describing severe downslope
wind states generated by the flow of real
stratified fluids over a ridge, although this
conclusion is based on a rather small number of
numerical simulations. Another difficulty for
these two-dimensional numerical models can be
foreseen when calculations are made for small
Froude numbers. In this case strong upstream
effects will be generated and the upstream bound-
ary conditions will have to be treated very
carefully.

Based on our laboratory experiments and pre-
vious numerical simulations, we conclude also
that, although not perfect, the nonlinear hydro-
static theory of S85 apparently captures the essen-
tial mechanism of severe downslope winds. The
deficiencies in the theory may be related to the
upper boundary condition, in which the flow
above the well-mixed region is assumed to be
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undisturbed. The results of our experiments show
that a significant amount of energy escapes the
flow below the well-mixed region and is
propagated vertically by lee waves. This may
account in part for the theory’s over prediction of
the strength of the downslope flow as compared
with both the numerical simulations and our
laboratory experiments. These observations indi-
cate that the upper boundary condition in S85
needs to be modified to explain some details of
the flow.
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