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The motivation for this study was to understand the complex shear flow associated with the evacuation of
inversion layers and the removal of pollution from mountain valleys. An upper level flow across an inversion layer
within a mountain valley can create strong wind shear and turbulence at the inversion interface. In our experi-
ments, the inversion layer was forced over the downstream mountain followed by the establishment of a new
steady-state equilibrium position for the inversion. The evacuation process was dependent on the onset of a stand-
ing wave in the mountain valley and the formation of a vortex on the leeside of the upstream mountain. This phe-
nomenon only occurred at higher flow velocities. Subsequently, the inversion layer was no longer forced over the
downstream mountain, but drawn up the leeside of the upstream mountain by the vortex and transported away
by the upper level flow. This situation has important implications for airports in mountainous regions, suggesting
it may be feasible to predict the onset and time scale of the erosion process. We include comparisons with atmo-
spheric flows.

Introduction

THERE have been studies of the interaction between flows
aloft and cool, stable air trapped by valleys. Laboratory1 and

combined numerical/laboratory2 results, as well as field measure-
ments,3'4 Indicate that the Froude number can be used as an index
to determine the start of the erosion process of the cool air pool.
However, the erosion process can be expected to be more complex
because of the combined effects of valley flow oscillations and
instabilities related to flow separation near a mountaintop. These
possibilities were suggested by Neff and Ruffieux.5 Our laboratory
experiments focused on defining the types and sequences of physi-
cal processes that dominate the erosion process.

We performed the scale model experiments in a water tunnel at
the University of Colorado. We used mathematically defined
forms for the valley model hoping that these laboratory model
experiments will provide a resource for comparison with numeri-
cal models. For example, Durran6 has used a "Witch of Agnesi"
mountain profile in his numerical simulations. We combined two
Witch of Agnesi mountain profiles in creating the valley model
shown in Fig. 1. The mountain profiles were calculated from the
following relation for the height z as a function of the horizontal
distance x, the mountain half-width a, and maximum height h.
Thus,

ha
(1)

Overview of the Erosion Process Observed
The sequence of events can be divided into four stages. The

starting stage involves an unsteady, starting eddy, which removes
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dense fluid from the downstream valley slope before traveling
away with the moving fluid as shown in Fig. 2. Initially, the flow
removes some of the denser fluid when the mountaintop flow has
sufficient inertial force to overcome the negative buoyancy forces.

In the next stage, this initial process continues, and the height of
the dense fluid eventually falls below the mountaintop, becoming
partly sheltered from the shearing flow. Erosion occurs by entrain-
ment at the top of the dense, trapped fluid. Kelvin-Helmholtz
waves can occur on the leeside of the upstream mountain, but these
tend to dissipate rapidly. This initial stage is shown schematically
in Fig. 3.

The intermediate stage occurs next when the leeside contour of
the obstacle interacts with the flow and a lee eddy forms. Figure 4
shows a schematic view of this intermediate stage. The leeside
eddy continues to erode the dense valley fluid, paradoxically mov-
ing the dense fluid toward the upstream slope, where it is driven
upward until it reaches the model mountaintop and is then driven
downstream. During this process, an oscillation occurs in the val-
ley fluid, either driven by the eddy, or conversely, the valley oscil-
lation could control the eddy formation. Figure 4 shows this inter-
mediate stage in two phases. After half a period of the valley
oscillation shown in Fig. 4a, where the dense valley air has moved
up the leeside slope, a vortex forms at the lee of the upstream

L = 16:5 cm
h = 9.0 cm
a = 8.5 citi
H = 17.5 cm

0.0 < hi <8.8 cm
-- Level of Water

Fig. 1 Details of the Witch of Agnesi mountain profile used in scale
model experiments.
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Starting Stage

Initial Starting Vortex Propagates Down Stream

Fig. 2 Starting stage of the erosion process.

Initial Stages

Erosion by Entrapment at Upper Surface.
K-H Waves evident on Lee Side of Upstream
Mountain but Dissipate Quickly.

Fig. 3
fluid.

Erosion by entrainment at the upper surface of the trapped

mountain. Successive vortices evacuate the inversion by forcing
the dense fluid up the lee slope of the upstream mountain where it
is entrained by the mountaintop shear layer and taken downstream.
Some of the inversion is blown over the downstream mountaintop,
but most is evacuated at the upwind side of the valley by succes-
sive vortices (Fig. 4b). Several of the figures show conceptual
views of these processes and are accompanied by photographs of
the laboratory experiment.

The final stage is shown schematically in Fig. 5. At this later
stage, a valley oscillation or seiche is no longer apparent, and there
is a drop in the rate at which the inversion is evacuated. During the
final stage, the inversion is driven up the lee of the upstream
mountain and no inversion fluid is pushed over the downstream
mountain.

Experimental Techniques
The water in the model valley was made more dense by adding a

mixture of salt, condensed milk, and food coloring. The dense
fluid was syphoned into the valley, creating a stable pool of liquid
clearly separated from the clear water outside. The water tunnel is
a dual flow design permitting separate control of the flow in the
top and bottom halves of the water tank. We slowly increased the
flow speed in the top half of the tank until evacuation started. The
process was monitored from the side through a grid with a video
camera for after-the-fact analysis. The mountains were 12.2 cm
wide and spanned the tank which was 17.5 cm high. Tests were
run over a range of density increases from 2 to 10%, resulting in
evacuation flow speeds ranging between 7 and 17 cm s"1. The fol-
lowing sections summarize the results of these observations.

Experimental Results
Valley Oscillations

Haurwitz7 reviewed some observations of atmospheric valley
oscillations and developed an analytical model for an idealized
basin of cold air. In addition, many estimates of standing wave
systems have been made for more complex geometries, often
directed toward estimating the standing wave periods of seiche
phenomena in lakes excited by earthquakes or traveling pressure
disturbances. Janardhan8 has computed standing wave periods for
a variety of geometries, and we have adapted one of these which
approximates our laboratory conditions. We use a geometry of a
concave, complete, parabolic basin to represent our laboratory
geometry, applying a reduced gravity to account for buoyancy

Intermediate Stage (a)

Standing Wave Oscillates in Valley

Intermediate Stage (b)

Vortex Forms in the Lee of Upstream
Mountain Interacting with Standing Wave

Fig. 4 Intermediate stage of erosion with standing wave present in the
valley.
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Final Stage

Standing Wave no Longer Present
Inversion Layer is Removed on Lee
of Upstream Mountain by Eddy

Fig. 5 Standing wave no longer present; erosion continues from leeside
eddy.
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Fig. 6 Computed valley standing wave period as a function of valley
half-width for two different values of density difference.

effects. The relation obtained for the period of standing wave
oscillation i is

T =
2na

(2)

where a is the valley half-width, N the number of nodes, dp the
density difference between the valley fluid p and the medium fluid,
g the local gravitational acceleration, and ht the height of the dense
fluid in the valley.

The experiments were recorded with time on video tape and the
images were analyzed. Figure 6 presents plots of the computed
standing wave period as a function of the valley half-width for two
different density differences, showing periods in the range from 1
to 3 s. The average period observed for a valley fluid height of
about 7 cm and a density difference of 5% was 2.4 s and is shown
on the plot. We note that for an experimental half-width of about 6
cm and an eddy circulation flow speed of about 10 cm s"1, this will
be about the time it takes a fluid parcel to make one complete cir-
cuit in a lee eddy. Thus, a feedback mechanism is very likely to be
effective in the ventilation process.

Valley Ventilation as a Function of Time
The height of the dense fluid in the valley was measured as a

function of time for different flow speeds (7,10.5, and 13.1 cm s'1)

and densities (2, 5, 8, and 10%). A plot of the 2 and 5% cases as a
function of time for a flow speed of 7 cm s"1 appears in Fig. 7.
The 2% solution is eroded much faster (about 10 min) than the 5%
solution (about 50 min). A region of change in slope noted on the
plots occurs for both fluids. This slope change region coincided
with the time at which the standing wave oscillation was no longer
evident, indicating that the standing wave contributed to a more
efficient erosion process. The fact that the less dense fluid was
eroded more rapidly at the same flow speed is consistent with the
weaker negative buoyancy forces available to provide stability.
Figure 8 for density increases of 8 and 10% and a flow speed of
13.1 cm s"1 shows similar results. Figure 9 compares a range of
density increases indicating a difficulty in obtaining repeatability
for two 10% runs. This could be caused by the strong dependence
of erosion rate on flow speed documented in Fig. 10, and difficul-
ties in returning to the precise flow speed could explain the differ-
ences between the two 10% runs. In Fig. 10 for 5% solutions, there
are increases in erosion times of about a factor of five as the speed
was incrementally reduced from 13.1 to 7 cm s"1. We interpret
this (higher than anticipated) sensitivity to flow speed as caused by
the presence of the lee eddy, with changes in the mean flow speed
moving the recirculating parcels of fluid on or off the system reso-
nance. A slope change was evident in all of these figures.
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Fig. 7 Height of the dense fluid in the model valley as a function of
time for a flow speed of 7 cm s"1 and valley fluid density increases of 2
and 5%.
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Fig. 8 Height of the dense fluid in the model valley as a function of
time for a flow speed of 13.1 cm s"1 and valley fluid density increases of
8 and 10%.
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Sensitivity to Froude Number
The Froude number is a measure of the ratio of the inertial to the

gravitational forces and is defined as

A- After Bedard et al.4

Fr = U
(3)

where U is the flow speed above the dense layer. The Froude num-
ber has been used as a criterion of the onset of erosion processes in
numerical and laboratory studies,2 and the value of this criterion
has been verified in field measurements.3'4 However, these past
studies did not take into account unsteady flow effects involved
with complex obstacles interacting with a moving medium. In our
experiments, there are several different physical processes control-
ling the erosion, and it may be more difficult to identify a simple
criterion for onset. Specifically, the initial erosion process is domi-
nated by horizontal shear instabilities as evidenced by the exist-
ence of Kelvin-Helmholtz waves. Following this, vortex sheets
generated by flow across the upstream model mountain create cir-
culations and excite valley oscillations, which eventually reach
large amplitudes. As the dense fluid is evacuated, primarily on the
leeside of the upstream mountain, the valley oscillations decrease.
Finally, a large leeside eddy completes the erosion process at a
slower rate, again primarily near the leeside of the peak of the
upstream mountain. A value of Fr of 1.3 is suggested by the work
of Bell and Thompson,2 whereas Bedard3 and Bedard et al.4
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Fig. 9 Height of the dense fluid in the model valley as a function of time
for a flow speed of 10.5 cm s-1 for a range of valley fluid density
increases.
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Fig. 10 Height of dense fluid in the model valley as a function of time
for a valley fluid density increase of 5% and three values of flow speed,
showing the strong dependence of erosion rate on flow speed.
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Fig. 11 Evacuation Froude number as a function of valley fluid den-
sity increase for all runs.

observed slightly smaller values (usually in the range 0.6 to 1) in
the atmosphere. Bell and Thompson2 indicated the existence of a
rotor in their laboratory experiments under some conditions and
noted the possibility for wave resonance to occur. They did not
explore the implications of the existence of lee eddies.

We found that the rate of erosion was larger when the standing
wave was present than after the fluid had stopped oscillating later
in the process. The ratio of the two rates was typically a factor of
two. We surmise that without the existence of the recirculating
eddy the erosion would have ceased as the dense fluid height
dropped below mountaintop height and became sheltered from the
flow above.

Values of Fr were calculated for each run and appear in Fig. 11
plotted as a function of solution density difference in percent. The
values of Fr at which the evacuation process started are shown in
Fig. 11 plotted as a function of the fluid density difference in per-
cent, falling in a range between 0.4 and 1.0. This is in the range of
Fr observed in the atmosphere. There seems to be a trend for the
experiments operated at higher densities to show more scatter.
This may result from the larger inertial forces required to start the
erosion process also having the potential to excite a broader range
of fluid instabilities. We also note that at higher Fr more complex
valley oscillations are often excited. This probably is related to
more rapid flows near the mountaintop exciting higher order
modes of valley oscillation.

Concluding Remarks
These model comparisons have indicated the complex series of

processes involved with the evacuation of dense fluid from valleys
by mountaintop flows, showing the importance of standing waves.
A field experiment run by the Wave Propagation Laboratory of the
National Oceanic and Atmospheric Administration9 provided clear
evidence of the existence of such valley oscillations. Improving
our ability to predict this erosion process can be important for air-
craft operations, not only because of the wind shear, waves, and
turbulence at the interface, but also because of the reduced visibil-
ity often accompanying a trapped pool of cold air. Also, there are
often serious degradations in air quality.

We validated the use of the Froude number as a valuable index
for the onset of valley evacuation. The model results obtained for
valley evacuation should be valuable for numerical model experi-
ments and provide guidance for field experiments. The Froude
number also provides an index of the likelihood of a microburst
penetrating an inversion layer, as shown by the scale model studies
of Young et al.10 Specifically, they found that the details of
microburst interaction with an inversion will depend on a Froude
number defined using the height of the inversion, the density dif-
ference between the microburst and the inversion, and the speed of
the microburst before impact. For Fr < 0.6, the microburst would
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not penetrate to the surface. For Fr between about 0.6 and 1.2, the
microburst would penetrate to the surface but not diverge. Above
Fr = 1.2, significant divergence occurred.
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