DIAGNGSING AND FORECASTING AIRCRAFT TURBULENCE
WITH STEEPENING MOUNTAIN WAVES

Donald W. McCann

McCann Aviation Weather Research, Inc.
Overland Park, Kansas

Absiract

If aviation forecusters are to understand why pilots
complain of rough rides in some weather situations over
mountains, they shoutd understand how mountain waves
produce turbulence, Unfortunately, the extensive research
in breaking mountain waves has barely reached opera-
tional meteorology. This paper summarizes the pertinent
theory so that a forecaster can recognize the atmospheric
conditions fovorable for mountain wave breaking. The
theory describes two primary parameters needed for
mountain wave analysis. First is a local non-dimensional
amplitude number (an inverse Froude number). When
this number is greater than one, the wave is nonlinear
which indicates wave breaking. Second. is the wave drag
which estimates the wave energy available for turbulence,
These two parameters depend on the vertical distribution
of stability and wind, which a forecaster can assess on
atmospheric soundings, and the height of the mountain, A
new term, “breaking wave drag” is defined as the wave
drag of turbulent waves and is useful metric for diag-
nosing aircraft furbulence in mountain waves, Breaking
wave drag can be computed from the stability and wind
vertfical profiles when the mountain height is known.
Certain atmospheric conditions favor two nonlinear
enhancements of mountain waves, hydraulic jump-like
Phenomena and wave reflection ] resonance. In order to
forecast breaking wave drag over large areas, the MWAVE
algorithm was developed to apply the mountain wave
equations to model soundings over high terrain.

1. Introduction

Experienced aircraft pilots know that when they fiy
over mountainous terrain, they may encounter turbu-
lence caused by mountain waves. Experienced aviation
meteorologists know that only pilot reports of turbu-
lence associated with thunderstorms can mateh the
severity of some pilot reports for mountain wave tur-
bulence. Mountain waves are sometimes associated
with significant aircraft accidents (Wurtele 1970;
Ralph et al. 1997). Research in the early 1950s esti-
mated one mountain wave updraft speed at about 40
m s (Blumen 1990) - a speed comparable to vertical
motisn in severe thunderstorms.

Mountain waves also cause severe downslope winds
that have produced major damage in cities such as
Bouider, Colorado (Brinkman 1974). Wind gusts greater
than 45 m s' are observed in the stronger downslope
wind cases. Again, the severity of seme downslope wind
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events can only be matched by the severity of some thun-
derstorm events.

Mountain waves develop as air flows over a mountain
in a stably stratified atmosphere. Since buoyancy is the
restoring force, mountain waves are internal gravity
waves. Mountain waves oscillate in the vertical at the
Brunt-Vdis4li frequency:
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where g is gravitational acceleration, ® is the potential
temperature, and dz is the layer thickness. Note that in
unstable conditions (N? < ) air parcels accelerate away
from their original level and no gravity wave develops,

If the wave amplitude is large enough, then the waves
become unstable and break. Analogous to breaking water
waves, the almospheric flow becomes turbulent which
can affect an aircraft, Most mountain waves probably do
not break. Forecasters are familiar with mountain waves
seen on satellite imagery in the lee of mountains, Since
the wave energy propagates horizontally, these do not
break. Even waves with significant vertical propagation
do not break unless they encounter special atmospheric
conditions. Thus, the forecast problem is determining
whether these special atmospheric conditions exist over a
mountain.

Numerous investigators have published research arti-
cles furthering the understanding of mountain waves,
but few have focuged on their turbulence-producing
potential. As a result, practical turbulence forecast meth-
ods are rare. Nevertheless, two efforts appear to have
promise. First, high resolution numerical models have
been successful in simulating breaking mountain waves
(e. g. Doyle et al. 2000). However, the resolution needed to
run these models (1 km horizontal and 200 m vertical
grid spacing) over large mountainous regions is many
years away from operational meteorology. Second, moun-
tain waves transport momentum upward from the moun-
tain, but any turbulence aloft dissipates the mountain
wave. This causes the momentum to be deposited onto
the general atmospheric flow at that leve] which slows
the wind. Today’s numerical forecast models have to
parameterize these effects in order to keep from over-
forecasting the wind speed (McFarlane 1987). Therefore,
turbulence is a hyproduct of this parameterization.
Bacmeister et al. (1994) outlines a dynamically-based
algorithm for forecasting mountain wave turbulence
based on McFarlane’s method.
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The McFarlane/Bacmeister method computes a non-
dimensional wave amplitude which is related to wave
breaking, By examining the momentum flux or wave ener-
gy lost, the method can estimate turbulence intensity. The
method works well in the stratosphere where the waves
are mostly linear (i.e. the wave fluctuations locally change
the atmosphere quickly in comparison with the large scale
atmospheric changes). Applying it to the troposphere
where most aviation traffic exists sometimes gives unac-
ceptable results because additional nonlinear effects can
sometimes create wave turbulence (Laprise 1993)".

This paper explains the MecFarlane/Bacmeister
method in forecaster-friendly terms and shows how a
forecaster can subjectively assess the mountain wave tur-
bulence potential on atmospheric soundings. Included
are some conditions in which the primary technique fails
and ways to apply additional methodology to overcome
the failures. The MWAVE algorithm implements the pre-
sented formulae to compute aircraft turbulence potential
from numerical forecast model grids.

2. The Inverse Froude Number as a Non-dimensional
Wave Amplitude

Smith (1879) and Durran (1990) provide excellent
source reading for those interested in the general topic of
mountain waves. It is not the intent here to provide rig-
orous mathematical details concerning mountain wave
dynamics. The equations introduced in this paper have
been derived in the referenced material. These formulae
can describe characteristics of breaking waves that are
responsible for the turbulence that aircraft encounter
(Wurtele et al. 1993).

The basic concepts needed to understand mountain
wave phenomena use linear theory of hydrostatic gravity
waves as a foundation, This theory is restricted to waves
with small amplitudes relative to the background flow. As
a first approximation, it has provided qualitative ideas
which allow general statements to be made about moun-
tain waves (Smith 1977), Unfortunately, breaking moun-
tain waves are nonlinear. The nonlinear effects control
the eventual characteristics of the wave. Although linear
theory is not valid for breaking waves, it can be used to
diagnose the conditions when wave breaking will occur
(Laprise 1993).

A number that measures the nonlinearity of the
mountain wave in uniform stability and wind with height
is N/ U, where h is the height of a symmetric mountain
from base to peak over which the air flows, and U/ is the
wind speed. This number is a non-dimensional inverse
Froude number and will be designated as £ for conve-
nience. When > 1, then the wave becomes nenlinear; it
is unstable and breaks (Smith 1977). Turbulence produc-
tion with mountain waves actually occurs with A values
lower than one. Miles and Huppert (1969) found that tur-
bulence begins when /4 > 0.85, and Smith (1977) derived
a wave breaking threshold of 0.74 using second order per-
turbation theory.

* Section 6 in this paper discusses two of the most common non-
linear effects.
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Fig. 2. Numerical simuiations of flow past a circular bell-shaped
mountain with Nb/U = .045. a) Flow in the x-z plane. b) Flow in the
x-y plane. (Units in km) (From Smolarkiewitz and Rotunno 1989)

Obviously, real atmospheres have variable stabilities
and winds with height. Smith (1977) and McFarlane
(1987) showed how to account for these variables by cal-
culating a local non-dimensional amplitude number, 4:
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where p is the air density, the zero subseripts indicate
evaluation at ground level, and the z subseripts indicate
the mean evaluation in any layer aloft above sea level.
This number, ¢, indicates how the initial wave ampli-
tude, A, changes with height as it propagates upward.
Wave breaking thresholds are identical to those of A, i.e.
when 4 is greater than one®.

Forecasters should take the time to understand the
effects of the changes in stability, wind speed, and densi-
ty with height on wave breaking potential. Layers in

Fig. 3. Same as Fig. 2 except NnU=4.5.

which the stability is high and/or the wind speed is low
compare more favorably for wave breaking. Breaking
potential also inereases high in the atmosphere because
of the density decrease. Wave breaking is relatively fre-
quent in the stratosphere above mountains because of
the high stability, slow winds, and low density. The less
frequent occurrences of wave breaking in the troposphere
challenge the forecaster.

3. Mountain Height
The non-dimensional amplitude, 4, is also proportion-
al to the mountain height and is assumed to be symmet-

* The actual & threshold for turbulence depends on the environ-
mental Richardson number. See Appendix A. Turbulence will
begin with & > 0.85 in most instances.
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Fig.4. Same as Fig. 2 except NW/U =15

rically-shaped above a flat terrain. The higher the moun-
tain is, the greater the chances for wave breaking aloft.
Reality is more complicated because real mountains are
not symmetrical, nor is the adjacent terrain flat.

Asymmetry ¢an enhance or diminish a mountain wave
(Smith 1977, Lilly and Klemp 1979). Figure la from Lilly
and Klemp shows a simulated wave that forms from flow
over a symmetrical mountain. In Fig. 1b, the lee portion
of the mountain is steeper than the windward portion.
The wave amplitude that ensues is higher than that for
the equally high symmetric mountain. Figure 1c shows a
much more shallow wave when the mountain has little
downslope steepness. Thus, the downslope steepness is a
major influence. Kim and Arakawa (1995) experimented
with a number of simple, idealized mountain shapes and
confirmed that the downslope steepness has the greatest
effect on the wave amplitude.

Intuitively, there exists a symmetric mountain with a
height such that the same wave amplitude will occur as

high wind speed), air parcels flow over the mountain.
With high /4, as in Fig. 3, a condition under which one
expects that air parcels would have difficulty flowing over
the mountain, the air indeed flows around the mountain.
The high-A flow is similar to two-dimensional potential
flow past an obstacle. With moderately high /i (Fig. 4),
part of the flow goes over the mountain, and part flows
around. There is an elevation, called the effective height
(hegr < R), below which the wind is stagnated and flows
around the mountain, while the wind above flows over
that mountain. This blocking effect occurs even if the
mountain were infinitely long and perpendicular to the
flow so that the flow would be two-dimensional (Smith
1990).

4. Wave Steepening and Breaking

Smith (1977 and McFarlane (1987) showed that
determining whether wave steepening will occur in any
atmospheric layer above a mountain is a matter of exam-
ining the vertical structure of é. An experienced forecast-
er will be able to qualitatively estimate & from a sound-
ing plot in an analogous manner to thunderstorm poten-
tial analysis. Layers with stable lapse rates and slow
wind speeds are favorable for wave breaking, but must be
analyzed while considering the mountain height. The
mountain height is analogous to the lifted parcel. That is,
all other factors being equal, the higher the mountain,
the larger the wave amplitude, and the more likely wave
breaking will occur in a layer with a given lapse rate and
wind speed. Computing é is more enlightening and is a
matter of performing an appropriate sounding analysis
much like one would compute convective available poten-
tial energy (CAPE).

An atmospheric level at which any gravity wave’s hor-
izontal velocity becomes equal to the wind flow is called a
“critical level.” At a critical level, all of the wave’s energy
is absorbed so the wave cannot propagate verticaily.
Instead, the wave energy is converted to turbulence as
the wave approaches it (Geller et al. 1975; McFarlane
1987). For a mountain wave, a critical level is whenever
U, = 0 since a mountain wave's horizontal velocity is zero
— the mountain cannot move. Examming Eq. 2,if U, = 0,
the nen-dimensional amplitude, &, becomes indinite. As
[/, — 0, there must be a level at which é > 1. Therefore,
between this level and the critical level, wave breaking is
causing turbulence. Above a critical level there is no tur-
bulence because 4 = 0.







































