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WAVE CHECKOUT FORM

Name:

@//%V

Glider flying experience (last 3 months/total) |hours: #flights:
Mountain flying experience (circle one): none some extensive

Wave flying experience (circle one): none some extensive

Wave theory Completed

Airspace and regulations Completed

Wave window check out (optional) Date accomplished: CFl Initial

Hazards:

Weather

High surface wind, Turbulence, Clouds, Foehn Gap Closure

Medical

Oxygen, Temperature, Dehydration, Urination

Aircraft and aircraft systems

Oxygen, Electrical, Vne and Va

Minimum arrival altitudes for return to
Minden

at least 7,000 ft MSL over KMEV

Emergency procedures

Emergency descent, benign spiral (gap closing), oxygen failure, air
brake freezing canopy frost/visability

Personal limits as established during the wave
check out

Light wave (gentleman's wave) or higher limits need to be
demonstrated to at least 80% of limits

Maximum surface wind (take off and

landing) Light wave (15 kts.) or higher kts.
Maximum crosswind Light wave (10 kts.) or higher kts.
Maximum wind at ridge level (9,000ft) Light wave (20 kts.) or higher kts.
Maximum wind at 18,000ft Light wave (40 kts.) or higher kts.
Maneuvers:
Safe high wind ground handling Completed
Peflight inspection (high altitude flight) Completed
Aero tow Completed
Slack line recovery from altitude upset Completed
Cross wind takeoff Completed
Cross wind landing Completed
High wind landing to PTS standard Completed
Situational awareness Completed
Cloud/changing conditions awareness Completed
Sound decision making and discipline Completed

Date and signature of pilot

| am aware that wave flying in stronger than light wave conditions printed above involves higher risk than other
soaring flights. | will stay within consiervative limits to minimize these risks.

Date and signature of CFI
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Mountain Waves

y intent for this column was
to provide some insights into
the atmosphere’s mecha-

nisms for vertical motion that are useful
for soaring flight. I also base my sub-
ject matter or comments on points-of-
misunderstanding that are encountered
from student pilots or applicants in
the course of conducting glider flight
checks. Despite the mountain wave
being one of the significant sources of
strong lift for soaring, the mountain
wave conceptual model is often con-
fused by pilots. This month’s “Weath-
er-To-Fly” will focus on the definition

and conceptual model of the mountain
wave. Subsequent columns will discuss
key elements of the mountain wave and
when it can be expected.

The non-flying public often attri-
butes the ability of a pilot to soar due
to only the presence of ridge lift and
that population is therefore completely
oblivious to the other types of upward
vertical atmospheric motion due to tem-
perature differential (thermals), conver-
gence or shear lines, and the mountain
or lee wave. While the interaction of
airflow with terrain can support lifting

air motion on the windward or upwind

side of rising terrain features (ridge lift),
an established mountain (lee) wave pro-
vides lifting action on the Jeeward or
downwind side. [See: “‘Mountain (Lee)
Wave Cross-Section.”]

The lee wave sets up with some form
of topographical or terrain feature that
acts as a disturbance to the airflow such
that air is forced up over the terrain as
an obstacle and subsequently drops back
down toward its original level after pass-
ing over that obstacle. Terrain that dis-
turbs the airflow to the extent that a lee
wave develops can vary from an isolated
mountain peak to a larger-scale moun-
tain range. If the proper conditions are
met within the complex interaction
between the size and shape of the ter-
rain and the characteristics of the air
mass and wind, a lee wave will develop.
This interaction between terrain and air-
flow can be described through a series
of complex mathematical equations. I
will defer any further points for math-
ematical description of the mountain
wave to another time. Suffice it to say
that the interaction of the wind veloc-

Antares is Here !
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Cross-Section

Primary Wave

Cap Cloud

ity and atmospheric stability are crucial
to the development and formation of a
mountain wave. The two primary factors
for development of mountain lee waves
are temperature stratification and the
vertical wind profile.

From a historical perspective, modern
meteorology began to get a fundamental-
ly sound understanding of the mountain
wave due to the efforts and subsequent
documentation of wave flights conduct-
ed around Bishop, California, under the

auspices of the “Sierra Wave Project”

during the 1951-1952 time period. As a
young aviator and meteorologist in the

Secondary
Wave

National Weather Service’s Reno Fore-
cast Office in the mid-1970s I initially
had no idea that a frequent office visi-
tor from the Desert Research Institute,
very unassuming, knowledgeable, kind,
and quick to share his insights about
Sierra Nevada meteorology, was one of
the key personnel, Mr. Hal Klieforth, in
that famous project. [See: “Sierra Wave
Project Participants.”] Since the publi-
cation of the final report on the Sierra
Wave Project in 1957 and the develop-
ment of computer technology, there has
been a continuous gain in the knowledge
of mountain waves around the world
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through numerous research papers.
Mountain wave(s) descriptions in mod-
ern research papers are often expressed

mn great mathematical detail along with

sophisticated model simulations of at-

mospheric motion that includes terrain
feature interaction.

For reference, I have listed some
mountain (lee) wave definitions and
vocabulary [See: “Mountain (Lee) Wave

Mountain or Lee Wave Terminology

Lee Wave - Any wave disturbance that is caused by, and is therefore
stationary with respect to, some barrier in the fluid (air) flow.

Cap Cloud - An approximately stationary cloud, or standing cloud, on
or hovering above a mountain peak or range crest. It is formed by the
cooling and condensation water vapor within that air as it is forced to rise
over the mountain peak or range (upslope/orographically formed).

Altocumulus Standing Lenticularis (ACSL) - A cloud species at the
middle levels (6,500 to 20,000 feet mean seal level) of the troposphere,
of which the elements have the form of more or less isolated, generally
smooth lenses or almonds. The outlines of the ACSL are often sharp
and sometimes exhibit brilliant spots or borders of coloration. The soar-
ing community often will refer to this cloud type as a “lennie” and the
description “pagoda cloud” is used to describe the appearance of verti-
cally stacked ACSL clouds that have formed due to air layers of varying
moisture content within a mountain wave.

m Rotor Cloud - (Sometimes called Roll Cloud.) A turbulent, altocumulus-

type cloud formation found in the less of some large mountain barriers,
particularly the Sierra Nevada Range near Bishop, California. The air in
the cloud rotates around an axis parallel to the range.

Foehn = A warm, dry wind on the lee side of a mountain range, the
warmth, and dryness of the air being due to adiabatic compression upon
air descending the mountain slopes.

Foehn Wall = The steep leeward boundary of flat, cumuliform clouds
formed on the peaks of mountains during foehn conditions.

Foehn Gap - A Foehn gap is a cloud-free area just downstream of a
mountain crest, between the cloud layers on the upstream side of the
mountain range, and the lee wave (or lenticular) cloud on the down-
stream side.

Primary Wave - The first atmospheric wave crest leeward and down-
wind of the mountain range or peak in an established lee wave.

Secondary Wave (tertiary, quaternary, etc.) — A repeating atmospheric
lee wave downstream of the primary wave that has resulted from airflow
over a disturbing topographic feature such as a mountain range or peak.

Vertically Propagating Wave — A mountain (lee) wave that may reach
all the way into the stratosphere (above 35,000 feet MSL) but has few or
no secondary wave crests farther downstream.

Trapped Wave — A mountain (lee) wave that has repetitive wave crests
downstream.

Soaring * December 2011 ® www.ssa.org

Terminology.”] Fundamentally, the de-
velopment of clouds in and around a
mountain wave are consistent with the
same conditions needed for cloud devel-
opment within the general atmosphere,
i.e., a lifting action that cools air to the
point where water vapor in that air con-
denses to its liquid state (suspended
water droplets) or sublimates to its solid
state (suspended ice crystals). In the
mountain wave regime, clouds are of-
ten seen “capping” the airflow-disturb-
ing mountain range or isolated peak,
as “rotor” or “roll” clouds, and/or as the
altocumulus standing lenticularis clouds
(ACSL or “lens” clouds).

In looking at the cross-section of a
mountain wave, wind speeds over the
airflow-disturbing terrain must be suf-
ficiently high to make “local” influences
in the wind flow insignificant. Typically,
a minimum wind speed threshold over
the mountain peak or range crest for
mountain wave development is in the
25 to 30 knot speed range. The wind
direction should be within 30 degrees of
perpendicular to the orientation of the
mountain range. Because the mountain
wave exists as a “standing” wave in the
atmosphere, the cloud features remain
stationary over a geographic point.
However, the wind speed through the
wave is anything but stationary. Since a
mountain wave can be vertically propa-
gating, wind speeds at the higher alti-
tude within the wave can seasonally
approach those of higher speed jet
streams, i.e., often in excess of 120
knots. A lenticular cloud develops in the
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area of rapidly rising air on the upwind
side of the wave crest. With adiabatic
cooling, water vapor within that rising
air condenses or sublimates to visible
moisture (cloud). The laminar flow in
the wave keeps the cloud quite strati-
fied but the cloud depicts the shape of
the airflow over the wave crest, thus the
lens shape. After crossing the peak of
the wave crest, air begins a descent on
the downwind side of that wave crest.
Now undergoing compressional heating
with descent into the higher pressure of
lower altitudes the air warms enough
to evaporate the visible moisture (water
droplets or ice crystals) that had formed
the lenticular cloud. Again, the cloud
may appear stationary over a geographic
point on the ground but the air is mov-
ing with high speed through the cloud.

Two types of flow mark the airflow
within a mountain wave; turbulent
and laminar. The rotor region is turbu-
lent with rapid changes in both speed
and direction of the airflow across the
region. Typically, the rotor altitude is
near the altitude of the upstream ter-
rain crest. The dangers of the rotor re-
gion for pilots of all aircraft categories is
two-fold, the existence of severe to ex-
treme turbulence and the inconsistency
of wind direction and speed in the rotor
region due to turbulent eddies. Typi-
cally above the altitude of the upstream
mountainous terrain or peak, the airflow
in the lee wave transitions to smooth,
laminar flow. Although the airflow
may be laminar, wind speeds are high.
Significant wind correction angles and
high-indicated airspeeds are necessary
for sailplanes to remain in regions pro-
viding upward motion, i.e., the upwind
side of the wave crests.

One of the frequent misconceptions
in regard to the mountain wave is that
it develops and propagates directly verti-
cal over the airflow-disturbing mountain
range. This is not the case. The mountain
wave is a downstream lifting phenom-
enon caused by an upstream mountain
range or peak interacting with airflow!
The reason for the misconception by
Student Pilots is understandable. In a
deep, vertically propagating lee wave, the
wave crest tilts upwind with an increase
in altitude. This upwind tilt of the pri-

mary wave crest can result in ventricular
clouds marking the location of the pri-
mary wave crest at that high altitude and
over the disturbing terrain thousands of
feet below. A pilot flying in the lee wave,
without understanding the proper con-
ceptual model of the wave, could mis-
takenly assume that he is flying in some
form of vertically propagated ridge lift.
Within the mountain wave regime,
the cap cloud is formed due to cool-

ing in upward vertical air motion akin
to ridge lift over the airflow-disturbing
mountain range or peak. Likewise, the
descent of air on the downwind side
of the mountain range results in com-
pressional warming and the subsequent
evaporation of the cap cloud. A Foehn
Wind refers to this warming, drying
air descending from higher terrain. The
often impressive “wall” of clouds cap-
ping a mountain range as seen looking
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upwind from a downwind location is
referred to as the Foehn Wall and the
cloud-free area between cap clouds and

#M\leeward rotor and/or lenticular clouds is

"~ the Foehn Gap [See: “Mountain Wave
Foebn Gap”]. Having described the
mechanism for formation and location
of clouds in a mountain wave, sufficient
air layer moisture is a necessary for any
wave cloud development. In the absence
of adequate air layer moisture and/or
insufficient cooling during any wave
lifting process, a mountain wave can
still exist but with no visible moisture
to mark wave features, i.e., no clouds!
Due to severe-to-extreme turbulence in
the vicinity of the wave rotor and large
downdrafts downwind of the airflow-
disturbing mountain range, a “blue” or
cloud-free wave is extremely dangerous
to the unwary aviator.

The conceptual model of a mountain
(lee) wave works well for soaring flight.
Like water flowing over smooth rocks
in a stream bed, the fluid we know as
the air in the atmosphere oscillates like
the water waves downstream of those

streambed rocks. With visualization of
the wave conceptual model, the soaring
pilot can use the uplift side of the ro-
tor rotation thus transitioning to the lift
in the laminar flow on the upwind side
of the mountain wave crest. In the next
issue of Soaring, 1 will show more ex-
amples of mountain waves and discuss
some of the physics behind the wave
development.

References:

“Glossary of Meteorology,” Published by
the American Meteorological Society,

Edited by Ralph E. Huschke, copyright
1959 and corrected 1970.

“Investigation of Mountain Lee Waves
and_the Airflow over the Sierra Ne-
vada. Final Report’, Holmboe, J.R.,
and H. Klieforth, 1957, Department
of Meteorology, UCLA, Contract AF
19(604)-724, 283 pp.

“Stalking the Mountain Wave”, Pub-
lished by the Alberta Soaring Council,

Written and compiled by Ursalu Wiese,
copyright 1988.

“Weather Forecasting for Soaring Flight,
Technical Note No. 203" World Me-
teorological Organization; Prepared by
Organisation Scientifique et Technique
Internationale du Vol a Voile (OSTIV);
2009 Edition; (Mountain Wave Char-
acteristics, detailed on pp. 40-48).
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We introduced the ‘Mountain Wave’
as an atmospheric lift mechanism,
its conceptual model, some history on
its exploration, and wave terminology
in the December 2011 issue of Soaring.
Because of frequent confusion in regard
to the location of the primary wave lift
zone, 1 emphasize that the mountain
wave is a “downwind” lift phenomenon,
i.e., the upward vertical motion associ-
ated with the primary wave for purposes
of soaring flight is downwind of the dis-
turbing mountain boundary to the mean
wind flow.

The conceptual model of the moun-
tain wave [See Diagram #1: “Mountain
(Lee) Wave Cross-Section] is quite sound
and has been known for several de-
cades. What has changed is the power
and speed of technology to run com-
plex mathematical equations that en-
able meteorologists to graph and provide

visualizations of atmospheric air mo-
tion within a wave. Deferring discussion
further on the physics of the mountain
wave to a future article, I wish to item-
ize some of the “forecast rules” that have
been empirically derived by pilots and
soaring meteorologists. There is nothing-
new under-the-sun (pun intended!) in
regard to these simple rules for forecast-
ing a mountain wave. In fact, parameters
that would lead to a mountain wave were
posted with a date in the late 1950s in
the old Riverside (California) National
Weather Service (NWS) Office of Agri-
culture and Fire Weather.

Meteorology texts are consistent in
their listing of the parameters necessary
for the development of a mountain wave.
Physically some favorably shaped topo-
graphic feature is needed to disturb fast
moving air. Typically, a terrain feature
that can establish a wave is presumed to

Vieuntain(ifee)vvave
Cross-Section

Primary Wave

Cap Cloud

Secondary
Wave
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be a mountain range but it can vary to
that of a single mountain peak. The mini-
mum threshold wind speed over the top
of the mountain boundary varies among
textbooks but it is generally stated to be
in the 25 to 30 knot range. To provide
conditions favorable for a wave to ex-
ist over long distances, a long mountain
range of nearly constant height aligned
nearly perpendicular to the wind flow is
necessary to have the air go up and over
the terrain rather than flow around the
disturbing boundary. Within some ref-
erence sources, the angle of the moun-
tain range to that of the wind direction
may vary up to +/-30 degrees from per-
pendicular for a wave to still be feasible.
The shape of the mountain range is also
very important for optimum mountain
wave development. A shallow angle of
terrain increase providing airflow up-
lifting is necessary up to the mountain
range crest; and then marked by a steep
decrease in the terrain height from that
crest. The air mass wind speed needs to
be sufficiently fast such that turbulent
eddy wind speeds are negligible when
compared to the overall wind speed
over the mountain crest. Upon reaching
the top of the mountain range the ter-
rain “drop-off” leads to a katabatic wind,
i.e., wind blowing down an incline. As
the air descends, it rapidly warms due to
compressional heating in response to the
higher pressure at lower altitudes. The at-
mosphere’s response to this heating and
rapid loss of altitude in the wind flow re-
sults in a “hydraulic jump” and initiates
the mountain wave. While the terrain
features sufficient to develop a mountain
wave are numerous around the United
States, the most classic terrain feature is
the “Sierra Front” along the California-
Nevada border. [See Satellite Photo:
“Full Range Sierra Nevada Wave’; 6:15
PM PDT, June 15, 1999.] The escarp-
ment or rapid drop from the high Sierra
Nevada and Tehachapi Mountain crest
eastward to the high desert floor pro-
vides arguably the best terrain conditions
for mountain wave development in the
country. Established airfields such as the
Minden Airport south of Reno, Nevada,
or Bishop Airport, Inyokern Airport, or
California City Airport in California are
positioned frequently beneath mountain
waves. Again, any mountain barrier can
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develop mountain wave action whether it
is a range such as the Sierra Nevada or a
single peak like Mt. Shasta in Northern
California.

Intuitively, the faster the wind speed
then the greater the uplift in a moun-
tain wave. The fastest wind speeds occur
in upper air jet streams (relatively strong
winds concentrated in a narrow stream
in the atmosphere). By definition, a wind
speed of 50 knots at the 500-millibar
pressure level (approximately 18,000 feet
Mean Sea Level) is a2 minimum thresh-
old for defining a jet stream. Despite
the fastest winds speeds occurring in the
jet stream, the presence of too much at-
mospheric uplift results in widespread
cloudiness when the jet stream is directly
overhead. Therefore, the best mountain
wave conditions are often ahead of an ap-
proaching trough of low pressure before
the arrival of its supporting jet stream, or
just south of the axis of the jet stream (in
the Northern Hemisphere). The presence
of too much wind shear will not allow
mountain wave development. Therefore,
some degree of consistency is necessary
in wind direction with a gain in altitude
through the troposphere, the lower por-
tion of the atmosphere, along with some
degree of wind speed consistency. With
less frictional influence from the earth’s
surface, wind speeds typically increase
with a gain in altitude. [See Diagram #2;
‘Mountain Wave Upper Air Sounding”;
QOakland Raob; 4 AM PST, March 16,
2001 (: around the wind speeds)).
This referenced upper air sounding was
upstream of a large and sustained moun-
tain wave in the lee of the Tehachapi
Mountains.

Itis known that “stable air”is also a nec-
essary ingredient for mountain wave de-
velopment. However, that stable air needs
to be positioned in an atmospheric mid-
level layer approximately at or just above
the altitude of the mountain range crest
or peaks. Remember that any isothermal
layer (no change in temperature with a
gain in altitude) or temperature inversion
(temperature increases with a gain in al-
titude) is deemed a stable atmosphere by
definition. [Referencing the “Mountain
Wave Upper Air Sounding”, note the red
circle at a mid-level stable layer around
6,500 feet MISL]. Recalling our aviation
meteorology training, there is a tempera-

ture inversion associated with any fron-
tal passage. Therefore, the approach of a
warm front or passage of a cold front as
depicted on surface weather charts con-
veys the expected arrival or presence of
some form of temperature inversion aloft
due to the fronts. The presence of frontal
boundaries contributes to meeting the

0 112~ I13

0 100-.403
990616

conditions for mountain wave develop-
ment when combined with terrain and
other meteorological parameters.

One last issue in regard to moun-
tain wave flying that I wish to address
is that of cloud cover. If the atmosphere
contains a deep layer of moist air then
the likelihood of getting Visual Flight
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Rule (VFR) conditions is not likely to
occur due to widespread cloudiness.
Aforementioned, the best mountain

() wave conditions are often ahead of an

approaching jet stream, or just south of
the jet stream axis, so that the uplift and
resulting widespread cloud development
associated with a trough of low pressure
does not remove VFR flying conditions.
If the observed or forecast atmospheric
sounding, on the other hand, shows

well-separated vertically spaced layers of
moist air then VFR conditions may exist
so that the wave can be accessed for soar-
ing flight. The absence of moist layers
and resultant clear skies does NOT mean
that a mountain wave may not exist...
only that it may be “blue” or unmarked
due to a lack of cloud features. The “blue
wave” is one of the most threatening of
meteorological situations. Not being
marked by wave cloud signatures, lentic-

D

Mountain or Lee Wave Terminology

Lee Wave — Any wave disturbance that is caused by, and is therefore sta-
tionary with respect to, some barrier in the fluid (air) flow.

Cap Cloud — An approximately stationary cloud, or standing cloud, on or
hovering above a mountain peak or range crest. It is formed by the cooling
and condensation water vapor within that air as it is forced to rise over the
mountain peak or range (upslope/orographically formed).

Altocumulus Standing Lenticularis (ACSL) — A cloud species at the
middle levels (6,500 to 20,000 feet mean seal level) of the troposphere,
of which the elements have the form of more or less isolated, generally
smooth lenses or aimonds. The outlines of the ACSL are often sharp and
sometimes exhibit brilliant spots or borders of coloration. The soaring com-
munity often will refer to this cloud type as a “lennie” and the description
“pagoda cloud” is used to describe the appearance of vertically stacked
ACSL clouds that have formed due to air layers of varying moisture content
within a mountain wave.

Rotor Cloud — (Sometimes called Roll Cloud.) A turbulent, altocumulus-
type cloud formation found in the less of some large mountain barriers,
particularly the Sierra Nevada Range near Bishop, California. The air in the
cloud rotates around an axis parallel to the range.

Foehn — A warm, dry wind on the lee side of a mountain range, the warmth,
and dryness of the air being due to adiabatic compression upon air de-
scending the mountain slopes.

Foehn Wall —The steep leeward boundary of flat, cumuliform clouds formed
on the peaks of mountains during foehn conditions.

Foehn Gap — A Foehn gap is a cloud-free area just downstream of a moun-
tain crest, between the cloud layers on the upstream side of the mountain
range, and the lee wave (or lenticular) cloud on the downstream side.

Primary Wave —The first atmospheric wave crest leeward and downwind of
the mountain range or peak in an established lee wave.

Secondary Wave (tertiary, quaternary, etc.) — A repeating atmospheric lee
wave downstream of the primary wave that has resulted from airflow over a
disturbing topographic feature such as a mountain range or peak.

Vertically Propagating Wave — A mountain (lee) wave that may reach all
the way into the stratosphere (above 35,000 feet MSL) but has few or no
secondary wave crests farther downstream.

Trapped Wave — A mountain (lee) wave that has repetitive wave crests
downstream.
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ular or roll clouds, the presence of large
downdrafts on the lee side of mountains
and/or the extreme turbulence associated
with mountain wave rotor poses danger
to an unwary aviator.

Therefore, in summary and courtesy of
decades of empirical knowledge, here are
some “guidelines” for the development of
a mountain wave:

1) Terrain: Ideally some degree of
asymmetry for a high mountain range or
peak with a “flat” windward slope and a
steep leeward slope;

2) Wind direction perpendicular (or
nearly perpendicular) to the mountain
range. Typically the range is a north-
south oriented mountain range resulting
in a perpendicular boundary to the mid-
latitude westerly or zonal wind flow;

3) Wind direction that remains consis-
tent in direction or only changes slightly
and smoothly with an increase in altitude;

4) Wind speed that smoothly increases
with a gain in altitude starting with wind
speeds in the 25 to 30 knot range over the
mountain range crest or peak;

5) Optimum wave development occurs
close to the axis of the jet stream or high-
est wind speeds aloft. Minimum winds
speeds at the 500-millibar pressure level
(approximately 18,000 feet Mean Sea
Level) are close to 50 knots;

6) A frontal inversion that provides for
a mid-level stable layer close to the crest
level of the mountain range or peak; and,

7) Layers of moisture rather than a
deep layer of moisture over the mountain
range that provide some “marking” of the
wave with cloud features.

In the next issue of Soaring, we will
continue discussing mountain waves and
describe some of the physics behind the
wave development.

References:

“Glossary of Meteorology,” Published by
the American Meteorological Society,
Edited by Ralph E. Huschke, copyright
1959 and corrected 1970.

“Weather Forecasting for Soaring Flight,
Technical Note No. 203% World Me-
teorological Organization; Prepared by
Organisation Scientifique et Technique
Internationale du Vol a Voile (OSTIV);
2009 Edition; (Mountain Wave Charac-
teristics, detailed on pp. 40-48). <
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'By Fred LaSor

Reprinted from SoaringNV's 2011 Wave
Camp Binder

ountain Wave. Lee Wave. Sierra
Wave. Standing Wave. Call it
what you will, the right combination of
topography and atmospheric conditions
will create some of the most dynamic
soaring conditions a pilot can experience.
And although it happens year-‘round,
winter and spring create the most wave
days in northern Nevada —a perfect com-
plement to our traditional thermal soar-
ing during the summer months.
Mountain wave occurs on the lee, or
downwind side, of whatever obstacle is
generating it; hence the name “lee wave.”
Minden has what it takes to create reli-
able wave, and we believe we fly in the
world’s “sweet spot” for wave.

n What Makes Wave?

Mountain wave needs four conditions:

1) A stable air mass,

2) Wind speed of a certain value that
increases with altitude,

3) An obstacle to fall over and that ob-
stacle should be. ..

4) Nearly perpendicular to the wind.

Perhaps the most important feature
for Minden is the obstacle, which in our
case is the Sierra Nevada escarpment.
The eastern slope of the Sierras is steep,
oriented essentially north/south, and
extends for several hundred miles. This
steepness means the air “tumbles” over
the top with a great deal of force. The
north/south orientation of the mountain
range means it lies perpendicular to the
prevailing westerly, and the continuous
run means pilots can anticipate a steady
source of lift from Herlong, 100 miles
north of Minden, to Inyokern, 350 miles
to our south.

People sometimes envision wave as an
undulation created by some barrier (a
mountain ridge, for example) “pushing
up” on the moving air. This is how ridge
lift is created, but it is really the falling
action that results in the up and down
motion, we recognize as mountain wave.
Think of standing waves in a river: it is
the falling action that creates the wave
below the dam or the submerged log.
Similarly, it is not the air being pushed
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up by the Sierra ridge that creates our
wave — it is the air falling down the lee
side of that ridge, where it is heated (by
land temperatures, katabatic action, and
compression). This is why we think of the
steepness as being more important than
the sharpness or height of the ridge to
our west.

Stability adds coherence to the wave. It
is not impossible to see wave at higher
altitudes when there are thermals (a cre-
ation of unstable air) down low in the
Carson Valley, but the very strongest wave
is usually a product of stable air. On days
when we see both stable and unstable air
during the warm months we anticipate
the thermal activity will break up the
wave. Our experience is that the stron-
gest lift is from stable wave or unstable
thermals — not a mixture of the two.

Where to find lift

If conditions for wave are good, we
want to determine where to find the
rising band of air, also referred to as the
lift band. This is a line of lift that lies
parallel with the Sierra ridge about three
miles east of the mountains. Other loca-
tions will have their own reliable lift line,

>
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normally parallel with the geographic
feature that triggers it, and once that
line is identified, it is reliably going to
be in the same location from day to day.
And don't forget that we commonly see
secondary and tertiary lines of lift over
* our valley, with the secondary being just
a little east of the airport and the third
line being at the base of the Pine Nut
Mountains.

The actual distance from the moun-
tains to the primary wave is a function
of wind velocity at the ridge top — higher
wind speed will move the lift further from
the mountains. We in Minden expect to
find the first lift band west of the airport,
frequently right over U.S. Highway 395.
If you are planning a long flight in wave,
you will not go far wrong if you look for
the lift band very close to that highway
the entire length of your flight.

Depending on wind direction and
speed, you might find lift broken into
smaller “wavelets” that do not parallel the
ridge. A wind from a more southerly di-
rection (190° or 200°) might trigger wave
off Job’s Peak that shows up in patches
between the airport and Heavenly ski
area, often with a northwest/southeast
orientation. In addition, a wind from a
more northerly quadrant (300° or 310°)
might trigger wave off Genoa Peak or
the mountains around Spooner Summit,
oriented northeast/southwest. It

find reliable lift, especially if it is not the
first tow of the day. Some days a 9,000’
tow (4,500° AGL) toward Heavenly will
put you in wave; other days you’ll want to
tow to 10,000’ over JacK’s Valley.

In a classic wave situation lenticular
clouds will line up parallel with Runway
34, more or less over the airport, and ex-
tend to Reno (or beyond) in the north
and to the end of the Carson Valley to
our south. It is common at this point (just
a little south of Job’s Peak) for the pri-
mary wave to jump east several miles as
the Sierra escarpment also moves east by
Lake Topaz.

We normally try to tow to the leading
(western) edge of lenticulars to place our-
selves in the climbing side of the cloud.
The cloud itself appears to be standing
still, but as you get closer, you will see it
forming at the leading edge as the moist
air reaches the dew point, and dissipat-
ing at the trailing edge as the air descends
below the condensation level.

Rotor tow is something you will re-
member for a long time. You will likely
find it hard to maintain position behind
the tow plane as it abruptly climbs and
descends in front of you. Be patient: in
about two seconds, you will find your-
self in the same air that just bumped the
Pawnee up or down 100 feet. The more
daunting feeling is the severe rolling

action you will occasionally en-
counter. Here again, strong control
pressure and patience will bring you
through safely. Finally, your typical tow
through rotor will show you more slac
line than you ever wanted to see, so do
brush up on slack line recovery technique
as you prepare for your first wave flight.

How do you know when you're in
wave? As with chickenpox or rattle-
snakes, you'll recognize it immediately
the first time you come face-to-face with
it, only your reaction will be dramatically
positive. To begin with, the tow through
rotor, which has been rowdy, all of a sud-
den it feels like you're on an elevator in
a high-rise building. The air will prob-
ably be the smoothest you've ever flown
in, with 600 FPM climb common and a
pegged vario needle not at all unusual.
Looking over the nose will give you a
definite sensation that the close moun-
tains are dropping away below you as
you climb without turning at all. If you
are in laminar flow and the climb rate
is not above 500 FPM, you are prob-
ably not in the strongest lift. Our advice
would be to fly faster and move west to
see if the lift increases. Chances are good
you’re being blown east (downwind) and
need to penetrate into the wind to find
the strongest lift.

Continued on page 32 &

is instructive to remember that
tall peaks not associated with
mountain ranges (Mt. Shasta is
a good example) can generate
wave on any side depending on
the wind direction.

Try to get a feeling for wind
direction at altitude before you
tow. Ask your tow pilot, other
glider pilots, or examine the len-
ticular clouds in the valley. An
experienced tow pilot will usu-
ally be able to tell you where and
how high you'll have to tow to

Opposite page: Oscar Oscar (Devin
Bargainnier) over Minden at 24,000,
Photo by Fred LaSor

Right: Headed home to Minden after a
long day in wave. Lots of moisture be-
low, and cap cloud spreading out into the
Carson Valley. Cloud can fill in below
you very quickly! Photo by Hugh Milne
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The mountain range at the left edge of the '

photo is cloud-capped as air moves over it and
descends rapidly into the valley to the right. The air

@
then jumps” upward developing the primary mountain
wave that is marked by a line of “roll” clouds formed at
\( , the ridge line height. Lenticular clouds are seen
5 :

i at a higher altitude in the distance.
—

3 Photo by Gordon Boettger
PHOTO'SHOWCASE( G2 S e
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Airflow is moving from the right fo the left.
B The line of clouds at the ridge level marks
\ the primary wave at that altitude. ;
Note the smooth top of the cloud line >
as the airflow is laminar. '
Photo by Gordon Boetiger




Note the downward dip of the clouds as air moves from right to left.
The Foehn gap between the cloud-capped ridge and the primary
wawve clouds is well-marked. A lenticular cloud line is seen above
the “roll” or rotor cloud line thus providing visual markings
of the rising air in the primary mountain wave.
Photo by Gordon Boettger

As air moves from the right fo the left (and
skightly into the photo), a line of thin rotor clouds is
seen developing in the uplift of the primary wave
over the valley below the glider.
Photo by Gordon Boettger




As you climb above the level of
the lenticular cloud, you will want to
stay on the upwind side of the cloud. In
addition, since wind speeds increase with
altitude you will need to increase your
airspeed merely to stay in the same place
over the ground. If you don’t concentrate
on staying west of the lennie, you will
gradually find yourself being moved back
to the east and into the cloud itself. More-
over, should you ever turn east chances
are good you will be blown through the
back of the wave window if you are up
that high or certainly well away from the
airport if you are below the window.

Blue Wave

Our escarpment creates Wave; lennies
are created by moisture. It is possible to
have wave without lenticulars because
the air has lost its moisture climbing the
Sierra Nevada range between the Pacific
Ocean and us. In fact, even on days with
plenty of moisture it is common to see
a line of clouds on the top of the Sier-
ras (the “cap cloud”), then a space of blue
east of that (the “Foehn gap”) before the
first roll cloud or lenticular occurs. Foehn
is a Swiss word describing a dry wind,
and the gap that bears its name is an il-
lustration of air losing its visible moisture
— first by being cooled, then by warming

— as it falls into the valley downwind of
the Sierra escarpment. The lesson to take
from this explanation is that wave can
occur without cloud, and we frequently
experience this “blue wave” when the
moisture has been stripped out of the air.

'The advantage of flying on a blue wave
day is that you don’t have to worry about
cloud clearance and visibility; the disad-
vantage is that you don’t have lenticulars
to mark the lift line. If you will think of
the lift as being a function of the air fall-
ing over the crest of the Sierras you will
have an idea of where it should occur
over the valley east of the barrier creating
it. You can fine tune this image of the lift
line by flying east and west approximately
over U.S. Highway 395, but remember:
the wind is always pushing you east, so
the chances are that you need to fly west
to get into the best lift.

The point is lenticular clouds are an
indication but not an absolute precon-
dition of wave. When atmospheric con-
ditions are right for mountain wave, we
will likely experience it whether we see
those clouds or not. Experienced pilots
generally prefer a day with lennies, both
to show us where the lift should be and
because let’s face it: they’re downright
beautiful! However, if the wind is the
right direction and speed you should

25,000’ and climbing over Lake Tahoe. Lots of blue sky
in front, so well have to ‘feel” the lift line instead of just
staying in front of the lennies. Photo by Fred LaSor
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be trying for wave even if there are no
lennies in the valley.

Flying for altitude in the Wave Window

If you are flying for an altitude dia-
mond, you will need to gain 16,405’
above your release point. Obviously, we
need to know where your release point is
on the GPS trace. The most visible means
of marking that is to make a 360 degree
turn when you release so we will see a
sharp circle (smaller than you normally
fly on tow) at the beginning of soar-
ing flight. Our wave window extends to
28,000’ so you can tow above 11,000’ and
still have space for a diamond climb. You
might consider giving yourself a little
challenge, though, by releasing as soon as
you feel decent rotor lift and working it
into laminar flow. Diamonds have been
flown from Minden with a tow to less
than 8,000’ (=3,000' AGL.)

If your goal is a diamond altitude,
you'll be climbing into one of the three
wave windows above our valley. These
windows are precisely defined “boxes” of
airspace approximately 15 miles north
to south and 5 miles east to west. Oak-
land Center likes to open only one at a
time and we find Minden West to be the
most useful as the primary wave is usu-
ally found there.

A local instructor will brief you on the
procedure we use to open the window.
If you are the first pilot into the win-
dow that day, please establish yourself
in laminar flow before requesting the
window. Somewhere around 12,000’ you
should definitely be solidly in wave and
have an indication of how soon you'll
reach 18,000’.

Air Traffic Control does not want to
hear from individual pilots. Call Soaring-
NV on 123.05 with information about
current altitude and how fast you're
climbing, and they will arrange with
Reno and Oakland Center to open the
window and call back to let you know.
You should also be prepared for the pos-
sibility that air traffic is currently in the
airspace crossing through the window so
there will be a delay while that clears out.

Use of the Wave Window comes with
certain responsibilities and you will be
briefed on these. Most important, obvi-
ously, is that you need to stay inside the
lateral boundaries of the window so sepa-




ration can be guaranteed from other air
traffic. You will also need to know who
to communicate with, on what frequency,
and when. All this information will be
included in your preflight briefing and
you must adhere to the rules so we can
continue to have access to the window.

Staying Safe in the Wave Window

You must stay clear of clouds inside
and outside the wave window, just as you
do on normal VFR flight. If it appears
you are approaching cloud you should
probably consider moving somewhere
else and descending because increasing
moisture can close the clouds below you
very quickly and you do not want to be
caught on top.

You should also anticipate that your
exhaled breath will condense inside the
canopy when you get to about 22,000’
and the higher you go the worse this
will get. Do NOT try to clear this with
a glove or a rag: you will only make it
worse. The best action you can take is to
direct outside air from your vent window
on a small patch of the canopy and to try
to keep it clear.

Another consideration is reduced VNE
at altitude. The issue here is flutter, which
is a function of True Air Speed, not Indi-
cated Air Speed, and so decreases as you
climb. You need to know what your VNE
is at various altitudes and not exceed that
value while high above the Carson Valley.
Your glider ASI should be marked for
VNE at altitude: make sure you observe
those limits. In addition, if you have any
question about this talk to an instructor
so you understand what’s at stake.

Flying Long Distances in Wave

The lift we use for diamond altitude
flights can also be used for very long
cross-country flights. These are either “yo
yo” flights up and down the face of the
Sierras or a straight out downwind dash.
Occasionally they include a little of both:
along flight south along the Sierras, back
to the north, then downwind to the east.
Whatever you choose there is a lot of
advance preparation needed; including
knowing landout locations if you are un-
able to return to Minden, dressing warm-
ly enough to withstand hours of sub-zero
temperatures, navigation, and aero medi-
cal factors and how to recognize lift lines

R

as you jump downwind from one to the
next. Remember to carry a SPOT tracker
and have it turned to the breadcrumbs
feature so ground crew will know where
you are as you progress on course.

The north/south flight along the Sier-
ras will always involve strong crosswind,
so ground track and heading differ quite
a bit. Obviously, there is a wind speed
at which heading will be so far off track
that forward progress is prohibitively
slow. The ideal wind speed appears to
be somewhere in the area of 50 MPH.
Wind speeds above that threshold result
in you having to fly “sideways” to progress
along your intended track.

Discuss your proposed cross-country
course before takeoff with more expe-
rienced pilots and instructors, as well as
with your Official Observer. They will
have suggestions regarding courses that
allow you to make use of lift lines that
are well known. They will also point out
airports you can land at if the lift stops
working. Make sure you have entered
the correct information into your Flight
Recorder and that your Official Observer
knows your intended course, especially if
you are flying for a badge that requires
advance declaration.

Finally, remember that climbing above
18,000’ MISL outside the wave window
will disqualify the flight for a badge or
record unless you have a Letter of Agree-
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A line of lenticular clouds oriented northwest to
southeast, triggered by winds from the southwest.
Photo by Fred LaSor

ment with Air Traffic Control Centers
responsible for the airspace you will be in&/
If climbing through 18,000’ sounds fan-
ciful, rest assured it is remarkably easy to
do and you need to guard against it. One
way to avoid busting Class A airspace is
to feel out the edges of the lift so you can
fly out of the lift when you are at 17,500’
and climbing fast. This is where your un-
derstanding of reduced VNE at altitude

22,000’ above Minden with extensive rotor cloud
marking the lift line. Photo by Fred LaSor
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is important: you cannot merely
point the nose down and fly at sea
level Red Line when you are at 18,000’.
If you are flying north and south par-
! allel with the Sierras, you will have air-
space considerations. For most of your
flight north of Carson City, you will need
to be in communication with the NorCal
controllers who sequence air carriers into
Reno International Airport. Pilots and
instructors who fly wave out of Minden
regularly have worked extensively with
Air Traffic Control to let them know
how and where gliders will be, and we
have a good working relationship we
want to preserve. Please follow our guid-
ance on this aspect of your flight.

In addition, if you go more than 60
miles to the south you will be in airspace
managed by Joshua Approach and will be
talking to them on a different frequency
and squawking a different transponder
code. By common agreement, gliders
change squawk codes at the north shore
of Mono Lake. It is your responsibility
as PIC to familiarize yourself with these
details before departure.

m Getting out of the Wave

Descending out of strong wave is some-
times harder than you anticipate. As the
day progresses and the wave spreads out
you might find there is lift everywhere
you fly. You have two options: fly over the
lenticulars if you are high enough to clear
cloud and descend in the sinking air
on the east side, or fly to the south
end of the Carson Valley, where the
wave usually jumps 10 miles east |
and there is a non-wave area to de-
scend. We frequently begin our de-
scent headed south over the town of
Genoa, flying fast and with spoilers out,
toward Woodfords and Markleeville.
Usually about the time, you are even with
Job’s Peak you'll be running out of lift and
can slow yourself as you fly into the tur-
bulence associated with rotor.

Plan to turn east when you are be-
low the lenticular cloud and fly under it.
About the time, you reach the back edge
of the cloud you’ll fly into the descend-

m ing part of the wave and will be coming

“down at something like 2,000 FPM.
Make a large circle to the east side of the
airport and plan your flight path so you
can fly over the center of the airport to
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check the wind tee. Listen to Minden
AWOS (119.325) and plan to fly a high,
fast pattern so you have plenty of alti-
tude and speed to fly through the wind
gradient as you get near the ground. You
should be comfortable with the idea of
shedding your excess speed and energy in
the last few feet before you touch down
so you make a normal landing. Do not
get slow on final as the wind gradient
will drop your wind speed even further
leaving you too slow on short final. Wind
speeds on the ground will likely be high
enough that you will experience very
short ground roll, so landing long is not
a problem.

Get Home before Sunset

Finally, you need to return to the field
by official sunset, which appears in the
daily weather forecast. Unlike thermal
lift, wave lift occurs independently of
solar heating and so can be present any
time of the day or night. If you are flying
late in the day you will still be in full day-
light at altitude when shadows are filling
the valley below you, especially because
the mountains will block late afternoon
sun. Note official sunset before you de-
part so you can be on the ground before
dusk. Landing after sunset is illegal, un-
safe AND will result in invalidation of a
badge or OLC claim. Remember to carry
clear glasses with you if you normally fly
with prescription sunglasses — you will

Left: Lennie over Carson
Valley. Lasor photo.

Below: Climbing in solid
wave. Photo by Brad Bullion
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likely need them when you return
in the late afternoon.

The Flight’s not over until the Glider is
tied down

Mountain wave frequently precedes a
cold front with all the weather consid-
erations such a front brings: rain, snow,
high winds, and clouds. As the front
approaches, weather conditions often
deteriorate. It is not uncommon for the
wind on the ground to be benign when
you depart and to have picked up speed
and changed direction when you return.
If the rotor is touching down when you
land, the wind will sometimes be 180°
opposite from the wind only a thousand
feet higher. Checking with AWOS while
still 2,000 high will let you know what
the wind is doing on the ground.

Strong winds on the ground mean you
might have to stay in the glider “flying” it
on the ground while you wait for ground
crew to secure it so you can exit the cock-
pit. Securing a glider in high wind is not
a one-person task.

If this is a badge flight, you will want
to secure the Flight Recorder and get it
to your Official Observer to be down-
loaded. S/he must attest with his/her
signature that he has maintained custody
of the secure file since your landing. If
you will be submitting the flight trace to
the OLC, you will want to upload the file
before the end of the day.

We who fly out of Minden think our
mountain wave is the best in the world.
You can find wave elsewhere, but no-
where as close to the airport as here, and
few places that have as long a continu-
ous run. We think of wave as Minden’s
special treasure and while we’re happy to
share it with other pilots, we hope you’ll
take advantage of our experience to make
your flying safer. >«

Fred LaSor moved to Minden in 2005
Jfor the soaring. He is a Master CFI-G and
was a co-founder with Laurie Harden of
SoaringNV. For the
past five years, he has
towed glider events at
the Hilton Ranch and
Jfor Hugh Bennett and Jes
Gordon Boettger. He |
also instructs with the
Civil Air Patrol.







Mountain Wave Comments

he past couple of installments of
“Weather To Fly” has concentrated
on the lee or mountain wave phenom-
enon: 1) defining it; and, 2) guidelines
to assist in anticipating its development.
Before continuing with some of the more
academic aspects of the mountain wave,
I'would like to simply address some mis-
cellaneous aspects of the subject.
Previously mentioned, a “classic” lee
or mountain wave is an atmospheric lift
phenomenon providing uplift for the
soaring pilot in the downwind area of a
mountain range (as a disturbing bound-
ary in the face off a moderate to strong
wind). But even a single mountain peak
can act as that required topographic fea-

nture needed to establish a “local” wave

under the right circumstances (See Photo
#1: Mauna Kea Wave; Photo courtesy of
Woody Wooeds). All of the wave charac-
teristics, including cloud features, can
be present in just a small geographic
area: cap cloud, Foehn gap, rotor cloud,
and altocumulus standing lenticularis
(ACSL) or “lennies.” Under what cir-
cumstance airflow decides to move ver-
tically in response to the lone moun-

tain peak and develop a mountain wave
rather than simply flow around that peak
horizontally cannot be described by this
author. However, the phenomenon does
exist and if the meteorological situation
seems to fit wave development soaring
pilots should remain aware of the pos-
sibility of a “lone peak” wave even if the
topography doesn’t look “classic.” Along

the thought of “/ift is where you find it,”

lee wave action may simply exist at the
lowest levels of the atmosphere and not
extend to high altitudes. On many occa-
sions in the Tehachapi Valley of Interior
South-Central California, a moderate-
to-strong low-level southeast wind flows
across a NE-to-SW oriented 1000-foot
high ridge just southeast of Mountain
Valley Airport. Departing with glider-

in-tow into the wind on Runway 09,

I have often utilized a “wave bounce”

climbing out on the crosswind leg to
enhance the tow plane climb rate and
subsequently soared in the same area
after release from tow as a glider pilot.
'The “wave bounce” does not extend typi-
cally to very high altitudes, but the ef-
fect has been observed up to 3,000 feet

Mauna Kea Wave
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AGL and often times only a primary
wave is usable for soaring flight. While
not objectively measured by instrumen-
tation, the line-of-lift runs parallel to the
mountain ridge and a small, low altitude
atmospheric lee wave appears to be the
only mechanism for such lift. Remember
that the atmosphere is a fluid so visual-
izing airflow behavior like one might see
water wave behavior downstream from
a smooth rock in the stream is advanta-
geous for a soaring pilot to find lift areas
in mountainous terrain.

While focusing on the features and
airflow action associated with the moun-
tain wave, descriptions have concen-
trated largely on the primary lee wave.
However, it is important to remember
that the sinusoidal action of the lee wave,
if no other terrain influence interferes,
can lead to multiple wave crests (and
troughs) downstream before the action
dampens. In the open Mojave Desert
southeast of the Tehachapi Mountains,
multiple wave crests are often seen when
the lee wave develops. But anywhere
in the country that frequently supports
mountain wave development, multiple
wave crests are often marked by parallel
lines of clouds (See Photo #2: Stratocu-
mulus Standing Lenticular Clouds over
the Southwest San Joagquin Valley).

While I have addressed the mountain
wave as a meteorologist, I feel compelled
to mention a few things from a flight in-
structor point-of-view in regard to safety
considerations:

Per the Federal Aviation Regulations,
Title 14, Part 91, visibility and cloud
clearance requirements increase in Class
E airspace above 10,000 feet mean sea
level (MSL) in the contiguous United
States. Mountain wave altitudes above
10,000 feet MSL are commonplace
and glider pilots operate under Visual
Flight Rules (VFR). At those altitudes,
the horizontal distance from any cloud
feature is mandated to be one statute
mile for VFR flight. However, the abil-
ity to use lift provided by the mountain
wave may not be available more than one
mile in front of the rotor/roll clouds or
lenticulars. While I am zo# endorsing or
encouraging pilots to break this regula-
tion to accomplish soaring flight, I do
wish to put the strongest emphasis on




why that regulation is in place and the
safety threat that results from violating
cloud separation requirements. Aircraft
above 10,000 feet MSL are allowed to
fly above the 250-knot speed limit up to
Mach One speed. Therefore, a pilot loi-
tering “close” to a lenticular in soaring
flight could near instantaneously find
themselves in a mid-air collision with
any one of a number of fast-moving jet
aircraft legally flying under Instrument
Flight Rules. I admonish anyone violat-
ing this very practical rule to consider
the aforementioned situation and avoid
the risk of disaster from such a violation!

The loss of visual references for VFR
flight is ever-present in mountain wave
conditions in a couple of ways. Since the
presence of cloud features is dependent
upon a moist layer of air or sufficient
moisture to form clouds in the uplift of
the wave, cloud features develop and dis-
sipate as the moisture field varies. An un-
observant pilot flying in unrestricted vis-
ibility below or abreast of clouds might
suddenly find that an undercast quickly
forms trapping the airman in VFR-on-
top conditions. Since cloud layers can
form quickly in the mountain wave,
soaring pilots must respond at the first
indications of cloud layers developing
below them to plan for sufficient time to
descend in a safe manner. Further threat-
ening loss of visibility is that of canopy
frost! Air temperatures aloft in a win-
ter mountain wave will easily reach 30
degrees below zero Celsius at altitudes
above 18,000 feet MISL. In combination

Stratocumulus Standing Lenticular Clouds over the Southwest San Joaguin Valley

with the super-chilled canopy from this
very cold air, moisture from a pilot’s res-
piration and perspiration inside a glider
cockpit results in sublimation and frost
on the glider canopy inhibiting visibility
for VFR flight in the least; and in the
worst, frost obscures all outside visual
references. Be prepared for canopy frost
in wave flight by constructing “clear pan-
els” that will keep sections of the canopy
clear for VFR flight.

Wind speeds aloft increase with a
gain in altitude but the mountain wave
is essentially a stationary phenomenon.
A pilot will need to increase his airspeed
to remain in proper position in the wave
as he/she climbs. Aircraft “Never Ex-
ceed Speed” (Vne) design limitations
are established to avoid aircraft control
surface flutter and are a function of true
air speed (TAS). With flight at much

higher altitudes comes much faster true
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air speeds and the threat of control sur-
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aircraft design speed limitations in re-

lationship to TAS.

New innovations provide more power, more redundancy,
smoother operation and reduced noise.

East Coast Agent
Knut Kjenslie

352 617.8049
kjensliek@ aol.com
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Often mentioned in my post-check flight discussions with
check ride applicants, one of the ironies of gliding is that our
“simple” soaring aircraft puts a pilot into a harsher environ-
ment, aeromedically, than that of a “complex” airplane that is

maltitude-limited due to carburation. Therefore, the prudent

~ and safe soaring pilot must “think ahead” of the aircraft and be
prepared for the harsh environment of high-altitude mountain
wave flight. Preparations for such flight must consider, but not
necessarily be limited to, oxygen requirements and equipment,
very low outside air temperatures, large air temperature varia-
tions (mild temperature conditions at launch but becoming
frigid aloft), and physiological triggers from the very cold air
aloft (increased kidney function, etc.).

Mountain wave flying can be exhilarating! The ability to fly
in wings-level attitude while still climbing 1,000 feet per min-
ute without an engine is quite enjoyable for those who often
twist and turn for the meager reward of a 100 foot per minute
climb in weak thermals. There are many fine books and indi-
viduals who provide solid information in regard to mountain
wave flying, Pilots such as Jim Payne, Gordon Boettger, Kemp-
ton Izuno, and instructor pilots around the Truckee, Minden-
Tahoe, California City, and Tehachapi areas are walking en-
cyclopedias for mountain wave flying. Since I am the most
familiar with those folks who fly the Sierra Nevada and Te-
hachapi Mountains, my personnel bias reflects the referenced
geographic area. Nonetheless, consider taking the opportunity
to read some of the reference materials and listen to the advice
from wave-knowledgeable pilots in wave soaring areas around

nthe country before undertaking high-altitude wave flying. Bet-

ter yet, participate in one of the many “wave camps” that are
annually offered around the country. Such camps teach wave-
flying lessons developed over years of experience. .

References:

“Weather Forecasting for Soaring Flight, Technical Note No.
203" World Meteorological Organization; Prepared by Or-

ganisation Scientifique et Technique Internationale du Vol a
Voile (OSTIV); 2009 Edition; (Mountain Wave Characteris-
tics, detailed on pp. 40-48).

“Stalking the Mountain Wave”, by Ursula Wiese; Published by
Alberta Soaring Council; copyright 1988.

“Glider Flying Handbook”, FAA-H-8083-13, FAA/ Gov't
Printing Office, 2003.

“Soaring Beyond the Basics”, Dale Masters, c. 2006.

‘Meteorology for Glider Pilots” by C.E. Wallington; First Edi-
tion published by John Murray (Publishers) Ltd. Copyright
1961 and 3" Internation Edition in 1977.

00- viation Weather”, FAA/Gov't Printing Office,
1975

(also available on-line at http://www.srh.noaa.gov/faa/pubs.
html

HAviation Weather”, Dr. Peter Lester; Jeppesen Sanderson,
Inc. Englewood, CO; ¢.1994.
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Mountain Wave

Parameters

Fly, we discussed characteristics and
the conceptual model of the moun-
tain wave, mountain wave forecasting,
and implications of flight in and around
the phenomenon. To close out the topic,
a little discussion on the complexity of
numerical forecasting is appropriate.
When the subject of mountain waves is
discussed very often someone eventu-
ally asks, “Why does the mountain wave
form?” A complete explanation of why
the wave forms and a numerical descrip-
tion requires advanced mathematics and
hysics. This is the reason for the vague
~answer that is often given regarding the
appropriate question “why?” from in-
quisitive aviators.
'The complexity of a comprehensive nu-
merical description for a mountain wave
cannot be overstated. In keeping with the

In previous renditions of Weather to

meteorology profession’s reputation of
subterfuge — along with the complexity
of atmospheric interactions that lead to
the development of the mountain or lee
wave — I use this month’s installment of
Weather to Fly to just give just a taste of
the theory. I will point out a few of the as-
sumptions, and numerical equation terms
and variables that only begin to describe
the atmospheric motion that results in
the development of the mountain wave.
I am also including a more extensive,
yet still abridged, reference section for
those who wish to see examples of wave
research continually underway. Personal
recommendations for further informa-
tion about mountain wave would be the
“The Mountain Wave Project” [7] and
any research conducted by the University
Corporation for Atmospheric Research
(UCAR) and National Center for Atmo-

Viountainyifee)Wyave
Cross-Section

Primary Wave

“_. = Cap Cloud

Secondary

spheric Research (NCAR).

In looking at the conceptual model
of the mountain wave, the definition of
the (vertical) wavelength is the distance
between the crests of the waves. Reliably
this is the distance between the first and
second waves (not the distance from the
disturbing terrain feature to the first wave
crest). The amplitude of a wave is the
measure of the air’s vertical change in its
oscillation (See Diagram #1: “Mountain
Wave Conceptual Model”).

Courtesy of Holton [4], a mountain
or lee wave develops when air is forced
to flow over a mountain under statically
stable conditions. Individual air parcels
are displaced from a level where they
were at an equilibrium level. As a result
of the displacement by terrain, the air
parcels undergo buoyancy oscillations as
they move downstream of the mountain.
An internal gravity wave system is excit-
ed in the lee of the mountain. A gravity
wave [5] is defined as a wave disturbance
in which buoyancy (or reduced gravity)
acts as a restoring force on parcels of

Hydrostatic Equation [5]
Underscoring just some of the as-
sumptions and yet considerations
that constitutes the complexity of
attempting to describe the motion of
the atmosphere in regard to moun-
tain waves, this meteorological for-
mula derivation represents the verti-
cal component of the vector equation
of motion. All Coriolis, earth curva-
ture, frictional, and vertical accelera-
tion terms are considered negligible
compared with those involving the
vertical pressure force and the force

of gravity.
Thus dp/o0z=-pg

where p is the pressure, p is the den-
sity, g the acceleration of gravity, and
z the geometric height. For cyclonic-
scale motions the error committed in
applying the hydrostatic equation to
the atmosphere is less than 0.01%.

NOTE: Strong vertical accelera-
tions in thunderstorms and moun-
tain_waves (editor’s emphasis) may
be 1% of gravity or more in extreme
situations.
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air displaced from hydrostatic equilib-
rium. Hydrostatic equilibrium [5] is the
state of a fluid (the air) with consistent
horizontal surfaces of constant pressure
and constant mass (or density). In this
equilibrium, a balance exists between the
force of gravity acting on the mass of air
and the pressure force (Note: Remember
pressure changes with altitude height
gain or loss). With assumptions, the re-
lationship between the pressure and any
geometric height in the atmosphere is
defined by the Hydrostatic Equation (See
Text Box #1: Hydrostatic Equation [5]).

The first term that must be addressed
by numerical modelers of the atmosphere
is stability, and in the mountain wave
case, static stability. Static Stability [5],
also called hydrostatic stability or vertical
stability, is the ability of air at rest to be-
come either turbulent or laminar due to
the effects of buoyancy. A fluid - the air
- tending to become or remain turbulent
is said to be statically unstable; a fluid
tending to become or remain laminar is
statically stable. A fluid on the borderline
between the previous two (which might
remain laminar or turbulent depending
on its history) is statically neutral. The
most prevalent type of the mountain
wave, commonly known as a “trapped
wave,” typically requires static stability.
With the aforementioned basic concepts
and definitions, meteorologists begin to
numerically describe the atmosphere’s
stability.

The concept of static stability can also
be applied to air not at rest by consider-

Wavelength Relationship [4]

A =[S/w-1/4]?=S"/u

where:

A = vertical wavelength of the
gravity wave;

H = a constant scale height
S = stability; and,
u = zonal wind speed.

By derivations of numerical equa-
tions, this relationship shows that
the vertical wavelength of the grav-
ity wave excited by zonal flow over
a mountain is proportional to the
zonal wind speed and inversely pro-
portional to the square root of the
stability.

p

ing only the buoyant effects and neglect-
ing all other shear and inertial effects of
motion. Shear and inertial effects of motion
result in dynamic stability contributions,
or the measure of the ability of the air to
resist or recover from finite perturbations
of what was a steady state condition.
However, if any of these other dynamic
stability effects is indicative that the flow
is dynamically unstable, then the flow
will become turbulent regardless of the
static stability. In other words, turbulence
has a physical priority in the atmosphere
when considering all possible measures
of air flow stability (e.g., the air is turbu-
lent if any one or more of static, dynamic,
inertial, etc., effects indicates instability).
Turbulence that forms in statically unsta-
ble air will act to reduce or eliminate the
instability that caused it by moving less
dense air up in height and more dense
air down thus creating a neutrally buoy-
ant mixture. Thus, turbulence will tend to
decay with time as static instabilities are
eliminated in the mixing (unless some
outside forcing such as heating of the
bottom of a layer of air by contact with
the warm ground during a sunny day)
continually acts to destabilize the air.

By mathematical derivations and as-
sumptions (See Text Box #2: Wavelength

vertca Wing

M

Relationship), the vertical wavelength of
the gravity wave excited by zonal flow
(westerly flow) over a mountain is pro-
portional to the zonal wind speed, and
inversely proportional to the square root of
the stability [4]. Mountain lee waves are
stationary with respect to the ground.
The initial energy source for disturb-
ing the air flow is the ground and this
disturbing energy must be transported
vertically. At the same time, the phase
velocity relative to the mean wind flow
has a downward component. In the
mathematical derivation of the wave-
length, the constant phase velocity of the
wave shows a westward (or upstream)
tilt of the wave crest with height. When
viewed within a coordinate system mov-
ing at the speed of the mean zonal wind,
constant phase lines of lee waves set up
by westerly flow appear to progress up-
stream toward the west (the direction
from that the wind is coming from).

As mentioned, early wave modeling
work proceeded with a series of assump-
tions to keep the Lee-Wave Equation
[8] simplified. It was assumed that the
amplitude of the waves is relatively small
compared to the wavelength (wave-
lengths ~6 miles or 10 km), and that the
effect of the earth’s rotation could be dis-

Graphical rendition of vertical wind and turbulence (Turbulent Kinetic Energy) observed in wave.
Rendition courtesy of “The Mountain Wave Project”from data gathered during the Terrain-Induced Ro-
tor Experiment in 2006 in the lee of the Southern Sierra Nevada over the Owens Valley.
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regarded. The air motion was described
in a coordinate system where the wind
was relatively undisturbed, and along an

( Maxis perpendicular to a mountain ridge

considered to have an infinite extension.
Other assumptions were that the motion
would be described as non-viscous, lami-
nar, and isentropic. Isentropic implies that
potential temperature is constant with
respect to space, in this regard [4].
Turbulent flow is not the type of air
movement desired for soaring wave
flight. As such, the “trapped wave” regime
of air that is relatively stable provides for
the laminar flow. Numerical work must
account for the effects of both variation
of wind and stability with height. Early
work by R.S.Scorer and the subsequent
development of an older wave forecast
tool, the Scorer Parameter (See Text Box
#3: Scorer Parameter [6]), underscores
the importance of femperature, tempera-
ture lapse rates, and wind shear in the gen-
eration of mountain wave laminar flow.
As observed, some degree of stability is
desired at lower atmospheric levels with
increasing destabilization aloft that often
pproaches the dry adiabatic lapse rate.
What else makes mountain wave
numerical description complex? The basic
structure of the mountain wave is initially
determined by the size and shape of the
mountain. Downwind terrain can inter-
fere with the wave. Constructive interfer-
ence occurs when the downwind terrain
features align favorably within the wave-
length to support the updraft of the wave;
or destructive interference occurs when
the downwind terrain is out of phase with
the wavelength. Terrain shape and size
must fit in with the functions of the ver-
tical profiles of temperature, wind speed,
and moisture in the impinging flow [3]
for wave development. Linear theory fits
well for the assumption that mountain
waves are generated by terrain relatively
small compared to the wavelength. If the
aforementioned assumption is not the
case, then nonlinear dynamics play a sig-
nificantly larger impact on the low-level
wave field over the lee slope.
The role of stability as a function of
emperature and temperature changes
has been discussed. Wind shear is also
a key term in the development of the
mountain wave. If numerical simula-

tions change only the vertical wind
shear, then the following wave develop-
ment occurs [6]:

e If a wave structure develops that oc-
curs with weak wind shear (change in
wind speed), on the order of 10 meters/
second or 20 knots from mountaintop to
the Tropopause (the top of the lowest at-
mospheric level extending upward from
the surface to around 30,000 feet MSL
at mid-latitudes in the winter), the waves
are primarily in a vertically propagating
mode with wave response mostly higher
than the mountain ridge. Only minimal
disturbed flow is noted downwind of the
mountain;

* Moderate wind shear with winds in-
creasing 20m/s or 40kts leads to lee
waves occurring farther downwind with
longer wavelengths aloft. The primary
wave has a very pronounced upwind
tilt. The mountain wave system then has
both high-level vertically propagating
and low-level trapped-wave modes. This
is an optimum wave condition for pilots
looking for maximum altitude or altitude
gain; and,

* Strong wind shear through the Tropo-
pause, winds increasing 45m/s or 90kts,
results in wave energy that is largely
trapped in waves in the lower tropo-
sphere and minimal disturbed flow at
higher altitudes. Wave updrafts develop
farther downwind of the mountains.

One other flow structure can develop
from terrain influence that is differ-
ent from the trapped-wave considered
above. This type of mountain-wave is re-
ferred to as an atmospheric jump (or hy-
draulic jump as studied in engineering
and fluid-dynamics). The atmospheric
jump is analogous to a shock wave in a
compressible fluid. The jump develops
one large wave oscillation downwind of
the lee slope of a mountain with no res-
onant waves. Rotor or turbulence forms
not only under the wave crest, but also
occurs downwind as well. Atmospher-
ic jumps are much less frequent than
trapped-wave systems. They tend to fa-
vor development with the presence of
bigh, steep lee slopes, strong near-mountain
top inversions, and relatively weak verti-
cal shear environments [6].

In summary, accurate and comprehen-
sive numerical descriptions and modeling

www.ssa.org ® March 2012 * Soaring

of a mountain wave (and subsequently
the ability to numerically forecast) is
quite complex for all aspects of wave de-
velopment, especially if one is striving
for 3-dimensional representation of the
wave. The understanding of the complex
interactions within the atmosphere has
been aided immeasurably by high-speed
computing along with technological ad-
vances in observation capabilities to the
extent that we can graphically display
air motion (See Diagram #2: “Mountain
Wave Project Rotor Depiction [7]”). In
order to model the mountain wave, at-
mospheric stability and its variation must
be defined and measured, any changes
in the wind’s character (wind speed and
direction changes, including eddy devel-
opment) must be noted and calculated,
and the variation of terrain in regard to
shape, height, and its influence the initial
air flow disturbance must all be numeri-

Scorer Parameter (12), [6]

A wave forecast tool that emphasiz-
es the importance of wind speed, sta-
bility, and shear throughout the tropo-
sphere in the generation of mountain
waves:

P = [g(y* p/ATw?)] — [Vu(du/d7’)]
where;

g = acceleration due to gravity;

y* = dry adiabatic lapse rate;

y = ambient lapse rate of the layer;

T' = average temperature in the layer;
u = average wind speed in the layer;
and,

d’u/dz’> = curvature term, specifically
the vertical derivative of the vertical
wind shear

If the Scorer Parameter decreases
with height, trapped waves are likely.
The Scorer Parameter will decrease
with height if: stability decreases with
height, wind _speed _increases with
height, and vertical wind shear_in-
creases with height.

Rules:

* A sharp decrease of I* with altitude
indicates lee waves; or

* A sharp increase of I? with altitude
indicates turbulence or rotors.
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cally described. And even as the wave
is generated, downwind terrain features
then interfere with the wave. Given the
“introduction to numerical modeling of
the mountain wave” in this article and
for the sake of my compatriots in the
meteorological field, please be a little un-
derstanding if we seem elusive when an-
swering questions about “why” a moun-
tain wave forms :) .
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