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PREFACE

A workshop on atmospheric processes over complex
terrain, sponsored by the American Meteorological So-
ciety, was convened in Park City, Utah from 24-28 Oc-
tober 1988. The overall objective of the workshop was
one of interaction and synthesis—interaction among at-
mospheric scientists carrying out research on a variety of
orographic flow problems, and a synthesis of their results
and points of view into an assessment of the current status
of topical research problems. The final day of the work-
shop was devoted to an open discussion on the research
directions that could be anticipated in the next decade
because of new and planned instrumentation and obser-
vational networks, the recent emphasis on development
of mesoscale numerical models, and continual theoretical
investigations of thermally forced flows, orographic waves,
and stratified turbulence.

The Park City Workshop was planned by a program
committee consisting of Bob Banta, Jan Paegle, Bill Blu-
men, Bill Clements, Sumner Barr, and Mike Fosberg. The
workshop could not have taken place without generous
grants from the following organizations, with the respon-
sible individuals also indicated: the U.S. Forest Service
(M. Fosberg), the U.S. Department of Energy (A. Patri-
nos), the U.S. Army Research Office (W. Bach), and the
U.S.A.F. Office of Scientific Research (Lt Cols J. Koermer
and J. Stobie). We also thank both the Rocky Mountain
Forest and Range Experiment Station of the U.S. Forest
Service (D. Fox) for arranging for the federal funds from

all sources to be transferred to the American Meteoro-
logical Society, and Joe Egger for contributing his illus-
trations of atmospheric processes over complex terrain to
the workshop.

This monograph represents an outgrowth of the Park
City Workshop. The authors have contributed chapters
based on their lecture material. Workshop discussions in-
dicated interest in both the remote sensing and predict-
ability of orographic flows. These chapters were solicited
following the workshop in order to provide a more bal-
anced view of current progress and future directions in
research on atmospheric processes over complex terrain.
The timely publication of this monograph has been aided
by additional grants from the U.S. Forest Service (M.
Fosberg), the U.S. Department of Energy (A. Patrinos and
H. Moses), the U.S. Army Research Office (W. Bach), the
U.S.A.F. Office of Scientific Research (J. Stobie), and the
Environmental Research Laboratories of the National
Oceanic and Atmospheric Administration (NOAA/ERL).

Others have also provided important and timely con-
tributions. Merlyn Holmes provided editorial assistance
and Lynda McGinley was invaluable in keeping all of the
editorial activities running smoothly. We thank both of
them.

ROBERT M. BANTA
WILLIAM BLUMEN
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CHAPTER 1

Mountain Meteorology

WILLIAM BLUMEN

Astrophysical, Planetary, and Atmospheric Sciences Department, University of Colorado, Boulder, Colorado

ABSTRACT

Some historical footnotes in the field of mountain meteorology are presented. This background provides a brief
exposure to the early foundation for current research activities in the collection of meteorological data over complex
terrain, physical modeling, and the development of diagnostic and theoretical models of thermal circulations and
orographic wave motions. Nascent areas of research, including boundary-layer turbulence and the prediction of weather
regimes and pollutant dispersal are assessed in light of the observational and theoretical limitations to be surmounted.

1.1. Introduction

The earth’s orography is revealed by almost impercep-
tible bulges and depressions on a world globe. This is un-
derstandable when you consider that the highest mountain
barriers only extend the earth’s radius by about one-tenth
of one percent from its sea-level value. Depressions in the
earth’s crust are even less noticeable. Nevertheless, the
presence of mountains with their endless varieties of
passes, valleys, and slopes provides a breeding ground for
a myriad of extraordinary meteorological phenomena.

1.2. Some historical footnotes
1.2.1. Surface winds

The history of mountain climate has been etched into
the landscape in one form or another. For example, the
distortions of trees as shown in Fig. 1.1 are clear indicators
of the wind direction over many years. Clues are also
obtained from eroded rock surfaces that face the wind.
Written history also provides evidence of unusual past
events, To Strabo, the Greek historian and geographer, a
wind descending through the Rhone Valley onto the Crau
Plain was one of the great marvels that ravaged the South
of France two thousand years ago. He writes (Jones 1917),
“The Black North, a violent and chilly wind, descends
upon this plain with exceptional severity; at any rate, it
is said that some of the stones are swept and rolled along,
and that by the blasts the people are dashed from their
vehicles and stripped of both weapons and clothing.” This
north wind, the mistral, has hardly subsided. It rages fre-
quently through the Rhone Valley and explodes into the
Mediterranean basin often at speeds up to 100 mph. Ship
logs tell of the havoc inflicted upon vessels caught in the
path of the mistral and other winds that have emerged
from coastal mountains.

Unusually large wind speeds are common in moun-

tainous terrain and the surrounding foothills, even when
the air is not funneled through a narrow gap or valley by
the natural barriers on either side. Winds sweeping down
the slopes of mountain ranges may match or even exceed
the speed of the mistral. Quite often these blasts will cause
thermometers to soar, producing temperature increases
of 10°C or more in a matter of minutes. This combination
of downslope winds and warmth has inspired a long list
of names that either describe the phenomenon or its locale.
The oroshi of Japan is ““a wind blowing strong down the
slope of a mountain.” The foehn of the Alps has been
traced to the Latin word favonius, a warm westerly wind;
while the chinook, which appears on the eastern slope of
the Rockies, is associated with the name of an Indian
tribe that lived near the mouth of the Columbia River in
the northwestern United States. The “snow eater” is an
apt description of the chinook, since many inches of snow
may be cleared away by this warm, dry wind.

Although in some cases strong downslope winds can
cause events ranging from destruction and (foehn) sick-
ness to a temporary disruption of daily life, such winds
usually represent an intrusion upon the average climatic
variability of a locale. The more prevalent gentle breezes,
typically less than 10 m s™!, have become embodied in
the history of mountain culture. For the most part, these
milder winds are of thermal origin. The pressure gradient
force that provides the driving mechanism arises from the
difference between the temperature of the air above a
heated (or cooled) slope and that of the free air at the
same level above a nearby valley or level plain. As simple
as this widely accepted physical concept appears, the his-
torical development leading to its delineation as the pri-
mary controlling mechanism for slope and valley winds
has not been without controversy. Vergeiner and Dreiseitl
(1987) aptly comment that the nineteenth century dis-
putes over valley wind theory (Hawkes 1947) “seem so
picturesque, laborious, and irrelevant today.”
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FIG. 1.1. A typical timberline tree at about 11 000 ft on a ridge near Arapahoe Glacier, Colorado
(photo by Ives 1964). Coring showed this tree to be about 300 years old.

In contrast to strong winds that sweep out and disperse
pollutants, low intensity orographic winds can transport
harmful gases and particulate matter en masse. Since the
weaker wind systems are pervasive over much of the year,
the problem of anthropogenic pollution is exacerbated
over mountainous terrain. This is not a new problem. For
example, damage to crops in the State of Washington
during the early 1930s from sulfur fumes from a Canadian
smelter became an international controversy (Hewson
and Gill 1944). Further, the contribution to smog con-
ditions in the Los Angeles basin and the San Gorgonio
Pass from orographic influences have been under study
since at least the 1940s.

1.2.2. Observations and observers

The following accounts have been extracted from the
daily journal of meteorological observations made on the
summit of Pike’s Peak, Colorado, between 1874 and 1888

(Annals of the Astronomical Observatory of Harvard
College 1889).

November 30, 1875—Observer shot a large mountain
lion this morning.

June 16, 1876—At 5:30 P.M. as the observer was sitting
on a rock near the summit, a blinding flash of lightning
darted from a cloud seemingly not more than five hundred
feet northeast of him, accompanied by a sharp, quick,
deafening report, and at the same time he felt the elec-
tricity dart through his entire person, jerking his extrem-
ities together as though by a most violent convulsion, and
leaving lightning sensations in them for a quarter of an
hour afterwards.

May 11, 1881—A hurricane struck the summit during
the night, wind attaining a maximum velocity of one
hundred and twelve miles per hour; at 12:15 AM. the
anemometer cups were blown from their socket and car-
ried away. From this time until 2:30 A.M. the wind in-




WILLIAM BLUMEN

creased in violence and the estimated velocity must have
been one hundred and fifty miles per hour.

July 1, 1882—At 4:31 P.M., during a heavy fall of hail,
a bolt of lightning struck the station building near the
southeast corner, having followed the course of the tele-
graph wire a distance of several rods. The fluid passed
through the outer partition walls and entered the office
in the southeast corner near the stove, tearing up the floor,
melting and tearing off the zinc sheeting around the stove,
jumped to the self-register, which it demolished, also the
regulator clock on the wall, burned up completely the
office wires, and, passing out the north window to the
roof, burned out the dial of the anemometer. The explo-
sion was terrific, breaking out every light in the office
windows, and, bruising both observers.

The fact that many meteorological observations have
been accumulated at Pike’s Peak and at other mountain
observatories' must be attributed to the tenacity of ob-
servers, who were exposed to perilous conditions. How-
ever, individuals confined to fixed mountain observing
sites are not the only ones exposed to the hazards of
weather observing. For instance, meteorological obser-
vations have been brought back from climbing assaults
on Mounts Everest (Longstaff 1923) and Kilimanjaro
(Hunt 1947). To the climbers involved in these expedi-
tions, the foremost consideration is climbing the moun-
tain—all other tasks are subordinate. The difficulty of re-
cording observations during such ventures is dramatized
in a report of the 1924 Everest expedition (Sommervell
1926). Although daily observations along this route were
taken during May and early June, 1t should be underscored
that ‘‘the greatest credit is due to those members of the
expedition who summoned up the strength to swing a
thermometer for five minutes, or to go out in a blizzard
to see what was last night’s minimum.”

Fortunately, heroic deeds are not always a by-product
of acquiring meteorological information above moun-
tainous terrain. Besides outfitting climbers with instru-
ments, a cog railroad at Mount Washington, New Hamp-
shire, and a cable car reaching the Zugspitze Peak in
Germany have been used as platforms for meteorological
measurements; however, the accumulation of data
through the efforts of climbing expeditions and by the use
of moving surface vehicles have been sporadic endeavors.
The quest for information near the surface of the earth
1s, for the most part, aided by routine measurements made
on a day-to-day basis at ground level meteorological sta-
tions situated in virtually all land areas of the globe.

! Stone (1934) presents a succinct, highly informative summary of
the history of meteorological observations obtained at North American
and Pacific island mountain observatories.

1.2.3. The discovery of atmospheric waves

The realization that gliders or sailplanes could be used
as atmospheric probes developed during the decade fol-
lowing the late 1920s, when the art of soaring was enjoying
wide popularity in Europe. Evidence of pronounced ver-
tical undulations of the airflow in the lee of mountain
ridges and isolated peaks began to emerge when pilots
were able to exploit these currents to rise to great heights
and stay aloft for long periods of time. In fact, altitude
records were frequently being surpassed during these years.

As Queney et al. (1960) point out, “Theoretical workers
had not been idle,” as a body of descriptive information
about the characteristics of these undulations was being
established. It is further noted that Queney, in his paper
“Influence du Relief sur les Eléments Météorologiques,”
did in fact provide the theoretical explanation of the so-
called mountain lee wave in 1936 before this phenomenon
was properly depicted by observational means. Since
Queney’s pioneering work the study of lee waves has
flourished. Not only has the theory been honed, for ex-
ample, by Scorer (1949) and Long (1953b) among others,
but field programs to investigate lee-wave characteristics
have been carried out over many of the prominent peaks
and ridges that characterize the earth’s orography. The
comprehensive monograph by Queney et al. and the ex-
tended reviews by Nicholls (1973 ) and Smith (1979) pro-
vide evidence of the worldwide scope of these studies.

It is now well established that lee waves are simply in-
ternal gravity waves maintained in an essentially steady
state in a stably stratified airstream. It is also evident that,
similar to surface water waves, lee waves may overturn
and be associated with extremely turbulent conditions.
Striking evidence for highly unusual and hazardous con-
ditions was uncovered during the comprehensive field in-
vestigation of airflow over the Sierra Nevada range in the
vicinity of Bishop, California (Holmboe and Klieforth
1957). Both gliders and powered aircraft were used during
the 1951-52 and 1955 field programs to gather meteo-
rological data. Vertical currents exceeding 10 m s ' were
encounted within the fully developed “Bishop wave.”
However, in one reported incident, the mountain induced
updrafts in this locale were found to be of such intensity
that the pilot of a P-38 aircraft was able to feather the
propellers and soar like a glider for over an hour on the
cushion of rising air. These updrafts were estimated to be
about 40 m s !

1.3. Current directions

Orographic flows encompass all scales of motion, and
disturbances forced by orography may even extend to
thermospheric altitudes. Both observational analyses and
numerical model experiments have revealed that the
planetary general circulation including the energy, mo-
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mentum, heat, and moisture balances is significantly af-
fected by orography. There continues to be widespread
interest in the scientific exploration of phenomena either
produced or affected by local inhomogeneities of the
earth’s terrain. The contributors to this volume consider
those orographic responses that are principally confined
to the troposphere and are of sufficiently small horizontal
scale (L < 10° m) that they may be completely unobserved
by the present synoptic-scale observational network.

The two most important mechanisms that force oro-
graphic flows are thermal and mechanical in nature.
Thermal circulations are intimately related to differential
heating and cooling associated with diurnal insolation.
Wave motions arise because a resting state of stable strat-
ification is perturbed by the low-level undulations of an
incident airstream that is constrained to follow the to-
pographic surface profile. The interactions between ther-
mal and mechanical forcing give rise to convective and
stratiform clouds, and to both stably stratified turbulence
and small-scale instability that characterize the orographic
boundary-layer regime. This wide range of physical phe-
nomena are not necessarily restricted to orographic flows.
Yet the fact that excitation, maintenance, and dissipation
of these flows are intimately related to complex terrain
features does not mitigate the problems of data collection,
analysis, and prediction.

In situ measurements by ground-based measuring sys-
tems and by balloons and aircraft have traditionally been
the mainstays of field programs. These traditional methods
of acquiring data will undoubtedly continue for the fore-
seeable future, but will be increasingly supplemented by
physical model experiments on the laboratory scale, and
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by remote sensing of thermal and motion fields and cloud
features that characterize the real atmosphere. Expansion
of these facilities will continue to depend on technological
advances that are difficult to predict. Among the more
promising observational tools is Doppler lidar, which
provides real-time two-dimensional wind vectors over 10
s of kilometers with a resolution of about one-third of a
kilometer (e.g., Bilbro et al. 1984 ). This range and reso-
lution provides data for relatively detailed analyses of
orographic waves and convective motions, and its use-
fulness for depicting fields adjacent to complex terrain
has recently been demonstrated by Post and Neff' (1986).

There has been notable progress, in recent years, both
in the analysis and the modeling of thermal circulations,
drainage flows, mountain waves, and related downslope
windstorms. Yet the problems of data paucity and the
sensitivity of physical responses to terrain features con-
tinue to pose formidable barriers to comparable progress
in nascent research directed toward basic turbulent pro-
cesses, and to the development of models for the reliable
prediction of weather regimes and transport of pollutants
over complex terrain.

The authors of the following chapters have provided
historical perspectives and assessments of current knowl-
edge that are intended to provide the fulcrum for the de-
velopment of research goals in the decades ahead.
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CHAPTER 2

Observations of Thermally Developed Wind Systems in Mountainous Terrain

C. DAVID WHITEMAN

Pacific Northwest Laboratory, Richland, Washington
ABSTRACT

Slope and valley wind systems are local thermally driven circulations that form frequently in complex terrain areas.
Recent research has focused on the temperature structure along the slope and valley axes that leads to the wind systems.
Two new tools being used in these analyses include the topographic amplification factor, which quantifies the role of
the topography in producing bulk temperature gradients along a valley’s axis, and atmospheric heat budgets, which
identify key physical processes leading to changes in temperature structure. Both tools are in an early stage of development,
are being applied primarily to steady-state nighttime periods, and are leading 1o new concepts and understanding.

Recent climatological evidence in Austria’s Inn Valley and in several Colorado valleys supports the concept that
valley winds are driven by horizontal pressure gradients that are built up hydrostatically by the changing temperature
structure along a valley’s length. Topographic amplification factors appear to be useful in assessing the strength of
valley wind systems. Several components of valley atmospheric heat budgets have proven difficult to measure, and
large imbalances are being experienced. Several recent experiments, in a range of climatological regimes, suggest that
measured nighttime surface sensible heat fluxes are too small to result in balances. This may be caused by measurement
errors or by nonrepresentative measurements. The advective and radiative flux divergence components are also uncertain.

A simple conceptual model of diurnal wind and temperature structure evolution in deep valleys is presented. During
the morning transition period, upslope flows form over heated valley sidewalls and compensatory subsidence over the
valley center produces warming that eventually reverses the down-valley winds. The key role of vertical motions in
transferring energy through the valley atmosphere during the morning transition period has been demonstrated by
field and modeling studies.

The evening transition period has received little observational attention, and the key physical processes are not yet
well known. Investigation of slope wind systems has focused mostly on the nighttime flows. Flows on the sides of
isolated mountains are reasonably well understood when external flows are weak, but slope flows on valley sidewalls
are complicated by the continued evolution of temperature structure within the valley and the strong influence of the
overlying along-valley flows.

Recent experiments have shown that thermally driven flows within the topography may be influenced in subtle
ways by the overlying circulations. This influence is nearly always present to some extent, but has not yet been system-
atically investigated. Recent research on strong winds that issue from a valley’s exit at night and on tributary flows is
briefly summarized, and some comments are made on Maloja winds and antiwind systems. The chapter ends with a

summary of topics needing further research.

2.1. Introduction to diurnal mountain winds

Two classifications of diurnal mountain wind systems
are generally recognized (Fig. 2.1). Slope winds blow par-
allel to the inclination of the sidewalls and are called up-
slope and downslope winds. The slope winds are produced
by buoyancy forces induced by temperature differences
between the air adjacent to the slope and the ambient air
outside the slope boundary layer. Typically, slope winds
blow up the slope by day and down the slope by night.
Valley winds blow parallel to the longitudinal axis of a
valley. These winds are produced by horizontal pressure
gradients that develop as a result of temperature differ-
ences that form along the valley axis or temperature dif-
ferences between the air in the valley and the air at the
same height over the adjacent plain. Valley winds typically
blow up-valley during daytime and down-valley during
nighttime, although their onset can be substantially de-

layed in valleys where large atmospheric volumes are in-
volved. A variety of names have been applied to these
wind systems, with usage varying somewhat from country
to country. Alternative terminology for the diurnal
mountain winds is listed in Table 2.1.

Study of the pure thermally developed winds is com-
plicated by the influence of other wind systems that de-
velop on different scales, of regional pressure gradients
superimposed on the topography, and of mechanical ef-
fects induced by the topography on the wind systems
themselves or on overlying wind systems. In this chapter,
we emphasize thermally developed wind systems, and
these complications will be considered as modifying in-
fluences.

Increases in understanding of slope and valley wind
systems in the last decade have come from the combined
efforts of observationalists, theoreticians, and modelers.
This chapter deals primarily with observations of ther-




