Iversitat

DISSERTATION

Titel der Dissertation

Mountain-wave-induced rotors and low-level turbulence:
new insights from remote-sensing observations and

numerical simulations

verfasst von

Dipl.-Ing. Lukas Strauss

angestrebter akademischer Grad

Doktor der Naturwissenschaften (Dr. rer. nat.)

Wien, 2015

Studienkennzahl 1t. Studienblatt: A 791 415
Dissertationsgebiet It. Studienblatt:  Meteorologie
Betreuerin: Univ.-Prof. Dr. Vanda GrubiSic¢






Abstract

Atmospheric rotors are among the most vigorous phenomena related to the airflow over moun-
tains. Rotors are traditionally described as turbulent low-level circulations, forming downwind
of a mountain range in association with large-amplitude mountain waves. Today, the physical
mechanisms of rotor formation are relatively well understood, owing to several observational
programmes devoted to their study and high-resolution numerical simulations. The traditional,
time-averaged description of the rotor circulation is, however, overly simplistic. It disregards the
possibility of time-varying meteorological conditions upwind of the mountain range and the dy-
namic and thermal characteristics of the downwind environment. Also, quantitative measurements
of turbulence intensity and its temporal evolution in the rotor interior are quite rare.

The objectives of this work are, first, to develop an observational technique allowing a quan-
titative estimation of the spatial distribution and intensity of rotor turbulence, and second, to
elucidate the origin of unsteadiness of the rotor flow and to understand better its spatial structure
in complex topography. To this end, observations of mountain waves and rotors are analysed and
reproduced with real-case numerical simulations. The observational data was collected during
two field campaigns that were carried out in 2006, one over the Medicine Bow Mountains in
southeastern Wyoming, the other over the southern Sierra Nevada and Owens Valley in California.

Airborne in situ and Doppler radar measurements made over the Medicine Bow Mountains
provide insight into the turbulent rotor flow in unprecedented detail. A method to derive turbulence
intensity from the radar data is devised and it is shown that quantitative estimates of low-level
turbulence can be obtained within reasonably small uncertainty bounds. The results of this analysis
offer a quasi-instantaneous, two-dimensional depiction of turbulence intensity in the rotor interior.

Numerical simulations of two cases of rotor formation in the lee of the Medicine Bow Moun-
tains reveal that the observed rapid evolution of rotors is caused by the transient breaking of
large-amplitude hydrostatic mountain waves. The onset and cessation of wave breaking are tightly
linked to the passage of short-wave synoptic disturbances, modulating the vertical profiles of wind
and stability upwind of the obstacle and causing a change in lee-side flow regimes.

In order to broaden our understanding of atmospheric rotors in different topographic environ-
ments, several cases of enhanced mountain-wave activity and associated low-level turbulence
over the Sierra Nevada and in Owens Valley are examined. Their analysis sheds new light on the
complex interactions between cross-mountain and along-valley flows and points to substantial
modifications of the rotor flow by atmospheric processes in the valley. Four typical scenarios of
turbulence generation are distilled from the observations, representing extensions to the traditional
rotor concept that are appropriate for a deep elongated valley.

This work contributes to a more realistic description of the rotor flow by the new airborne
observation approach and the design of refined conceptual models. It also points to the big
challenges in the accurate forecasting of mountain-wave-induced low-level turbulence, which is of
great relevance for aircraft navigating over mountainous terrain.






Zusammenfassung

Atmosphérische Rotoren zidhlen zu den turbulentesten Stromungsphinomenen im Gebirge. Roto-
ren werden im Allgemeinen als turbulente, bodennahe Wirbelwalzen an der windabgewandten
Seite eines Gebirgsriickens beschrieben, welche zusammen mit Gebirgswellen groer Amplitude
entstehen konnen. Durch mehrere grofle Messkampagnen und hochauflésende numerische Simula-
tionen ist die Physik der Rotorbildung heute relativ gut gekldrt. Die traditionelle, zeitlich gemittelte
Beschreibung der Rotorstromung ist jedoch eine stark vereinfachende. In ihr unberiicksichtigt sind
die zeitliche Variabilitdt der Anstrombedingungen an der Luvseite eines Gebirges und die dynami-
schen und thermischen Eigenschaften der Atmosphére an seiner Leeseite. Zudem sind quantitative
Messungen der Turbulenzintensitédt und ihrer zeitlichen Verdnderlichkeit im Rotorinneren rar.

Das Ziel der vorliegenden Arbeit ist es zum einen, eine Beobachtungsmethode zu entwickeln,
die die quantitative Messung der rdumlichen Verteilung und Intensitét der Rotorturbulenz erlaubt,
zum anderen, die zeitliche Verdnderlichkeit der Rotorstromung und deren rdumliche Struktur
im komplexen Geldnde besser zu verstehen. Zu diesem Zwecke werden Beobachtungen von
Gebirgswellen und Rotoren analysiert und mittels numerischer Simulationen nachgestellt. Die
Beobachtungsdaten stammen von zwei Feldkampagnen iiber den Medicine Bow Mountains in
Wyoming und iiber der Sierra Nevada und dem Owens Valley in Kalifornien aus dem Jahr 2006.

Flugzeuggetragene in situ- und Dopplerradar-Messungen iiber den Medicine Bow Mountains
erlauben einen detaillierten Einblick in die turbulente Rotorstromung. Eine Methode zur Be-
stimmung der Turbulenzintensitédt aus den Radardaten wird entwickelt und es wird gezeigt, dass
quantitative Aussagen iiber die bodennahe Turbulenz innerhalb akzeptabler Unsicherheitsgrenzen
moglich sind. Die Ergebnisse ermdglichen eine unmittelbare, zweidimensionale Darstellung der
Turbulenzintensitit im Rotorinneren.

Numerische Simulationen zweier Fille von Rotorbildung im Lee der Medicine Bow Mountains
zeigen, dass die beobachtete rasche zeitliche Entwicklung der Rotoren durch das kurzzeitige
Brechen von hydrostatischen Gebirgswellen gro3er Amplitude verursacht wird. Das Einsetzen
und Abklingen des Wellenbrechens ist eng verbunden mit dem Vorbeiziehen einer kurzwelligen
synoptischen Stérung, welche das luvseitige vertikale Wind- und Stabilitédtsprofil veridndert und zu
einem Wechsel der leeseitigen Stromungsregime fiihrt.

Um atmosphirische Rotoren in verschiedenartiger Topografie besser zu verstehen, werden
mehrere Fille erhohter Gebirgswellenaktivitit und damit einhergehender bodennaher Turbulenz
iiber der Sierra Nevada und im Owens Valley untersucht. Die Fallstudien werfen neues Licht auf
die komplexen Wechselwirkungen zwischen den Strémungen iiber den Gebirgsriicken und jenen
entlang des Tales und zeigen damit den wesentlichen Einfluss der atmosphérischen Prozesse im
Tal auf die Rotorstromung auf. Vier typische Szenarien der Turbulenzbildung werden aus den
Beobachtungen gewonnen. Diese ermoglichen Erweiterungen des traditionellen Rotorbegriffs,
welche fiir ein tiefes, langgezogenes Tal Giiltigkeit besitzen.

Die Arbeit trigt durch die neue flugzeuggetragene Beobachtungsmethode und die Entwicklung
verfeinerter konzeptueller Modelle zur realistischeren Beschreibung der Rotorstromung bei. Sie
zeigt auch die grolen Herausforderungen bei der genauen Vorhersage von gebirgswelleninduzierter
bodennaher Turbulenz auf, welche insbesondere fiir den Flugverkehr in Gebirgsnihe von grofer

Relevanz ist.
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“Like Cerberus at the gate of Hades, the rotor guards the gates to the
smooth wave and a flying intruder venturing unsuspectingly into his
range is first clubbed by an unbelievable turbulence, then dumped in a
severe downdraft and eventually will be happy to beat a hasty retreat.”

Joachim Kuettner (1959)
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Introduction

Mountains exert a great influence on the atmosphere. Their presence enhances the amount of
rainfall on their windward slopes, accelerates the flow at their flanks, promotes the genesis
of weather systems, or produces severe winds in their lee. People living in the vicinity of
mountains are familiar with their impact on the local weather and the associated implications
for their lives. Hikers depend on good mountain weather for their tours, tourism entrepreneurs
rely on sufficient snowfall in the winter season, air-traffic controllers know how to cope with
periods of foehn windstorm at Alpine airports, and energy suppliers benefit from enhanced
wind speeds at the flanks of the Alps for wind power production.

The impact of mountain-induced atmospheric phenomena on social and economic matters
is one of the greatest motivations for their scientific description. The field of mountain meteo-
rology today represents a very active branch of the atmospheric sciences. This is evidenced
by a large number of textbooks overviewing the subject and scholarly books reviewing recent
advances in the field!, as well as regular specialized scientific conferences. Through scien-
tific progress, mountain weather forecasts have improved significantly over the past decades.
The accurate prediction of precipitation, severe winds, or lightning in mountainous terrain,
however, remains a great challenge due to the multitude of physical processes and the wide
range of spatial and temporal scales that need to be faithfully represented in numerical weather
prediction models.

One of the most intriguing atmospheric phenomena related to the airflow over mountains
is the generation of atmospheric gravity waves. When the air flows over a mountain ridge,
internal waves can be excited owing to the vertical layering of air density. Unlike waves
travelling along the free surface of a body of water, these waves can propagate both in the
horizontal and vertical directions. For high mountains and suitable environmental conditions,
in terms of the vertical profile of wind speed and air density, vertical wave deflections of the
initially undisturbed air parcels of one kilometre or more can occur. Mountain waves of such
amplitude are often associated with impressive formations of lenticular clouds — a popular
object among nature photographers.?

Large-amplitude mountain waves may also cause more vigorous perturbations in the
atmosphere. As mountain waves propagate upward they can steepen, overturn, and break — in

I See, for example, Mountain Meteorology. Fundamentals and Applications by Whiteman (2000) and Mountain
Weather Research and Forecasting by Chow et al. (2013).

2 A collection of photographs of mountain-wave clouds can be found on the website of the Cloud Appreciation
Society.


https://cloudappreciationsociety.org

Introduction

a similar manner to water waves running up a beach — thereby causing turbulent mixing of the
atmospheric flow. The breaking of mountain waves also favours the generation of downslope
windstorms. These shooting flows form over the lee of a mountain ridge and underneath a
wave-breaking region and can lead to severe lee-side winds, sometimes reaching speeds of
150 kilometres per hour or more. Downslope windstorms are known in various regions around
the world. Prominent examples include the severe occurrences of foehn in the Alps, bora
over the Dinaric Alps at the eastern coast of the Adriatic Sea, chinook in the lee of the Rocky
Mountains, or Santa Ana winds in southern California.

Among the most energetic atmospheric disturbances associated with mountain waves are
atmospheric rotors. The formation of rotors is tightly linked to the pressure forcings that
mountain waves exert on the low-level flow in the lee of a mountain. These act to accelerate the
flow under the downwelling wave branches but decelerate it under the upwelling ones. If the
wave amplitude and the resulting pressure perturbations are sufficiently large, the lee-side flow
may be brought to a standstill and may be forced to detach from the surface (Figure 1a). Once
the near-surface flow has separated, a turbulent rotor circulation downwind of the mountain
ridge forms, rotating around a horizontal axis parallel to the ridge line. The rotor turbulent
zones can reach a vertical extent well beyond the mountaintop height (Figure 1b).

Rotors and intense small-scale perturbations embedded in them pose a significant aero-
nautical hazard. Sailplane pilots seeking the upwelling branches of mountain waves to reach
spectacular altitudes are aware of the violent low-level turbulence they need to overcome
before entering the smooth wave updraught. Vertical gusts on the order of 10 ms™ or
accelerations of 5 g on aircraft penetrating into the rotor zone are not uncommon. Numerous
aviation incidents and accidents have been related to encounters of commercial and general
aviation aircraft with rotors. Due to their potential threats, special attention is paid to mountain
waves and rotors in aviation guidelines and handbooks for pilots®. The popular literature and
features on TV and on the web* convey their impacts to a broader audience.

Fascination with the coupled system of the smooth mountain wave and the turbulent
rotor and its threat for aviation have been among the primary drivers of scientific research
on the subject. Since the 1930s, a number of meteorological field campaigns have been
devoted to their study. The most recent of these investigations was the Terrain-Induced Rotor
Experiment (T-REX), organized in 2006 in the southern Sierra Nevada and Owens Valley,
California. The main objective of T-REX was to further our understanding of the interaction
between mountain waves, the atmospheric boundary layer and rotors. Among other aspects,
the experiment aimed at new observational insights into the small-scale turbulent structure of
rotors and improvements in the high-resolution numerical modelling of the rotor flow. A vast
set of meteorological instruments was deployed in the field, including ground-based scanning
lidars and research aircraft equipped with modern on-board instrumentation and radars.

3 See, for example, Hazardous Mountain Winds and Their Visual Indicators by Carney et al. (1997), or Turbulence:
A New Perspective for Pilots by Lester (1993).

4 See, for example, Exploring the Monster. Mountain Lee Waves: The Aerial Elevator by Whelan (2000), or the
OSTIV Mountain Wave Project website.


http://www.mountain-wave-project.com

Photograph by R. Symons Photograph by T. Henderson

Figure 1: Photographs over Owens Valley in the lee of the southern Sierra Nevada, California, taken during
the Sierra Wave Project in the 1950s. The view in both photographs is from the north with the cross-mountain
flow coming from the right. (a) Near-surface blowing dust and crest-level cumulus clouds, indicative of flow
separation and rotor formation. (b) A severe rotor with an almost vertical wall of clouds topped by lenticular
wave clouds, extending considerably beyond the mountaintop height. Reproduced from Doyle and Durran (2004).

Through the scientific studies excited by T-REX, significant progress in the understanding
of mountain waves and associated low-level turbulence has been made in the past fifteen years.
Nevertheless, a few open questions remain. For example, until recently, the measurement of
turbulence intensity in rotors relied on research aircraft penetrating into the rotor zones — a
hazardous undertaking. Also, conceptual models of the coupled mountain-wave and rotor flow
in the lee of an isolated mountain range exist today, but they largely lack information on the
rotor temporal evolution and they do not account for the possible influence of the downstream
atmospheric environment or secondary topography.

The present work contributes to a more realistic description of the rotor flow, its spatial
structure and temporal behaviour in different topographic environments. A new approach is
proposed to deriving quantitative estimates of atmospheric turbulence in mountainous terrain
from airborne remote-sensing measurements. The rapid temporal evolution of observed cases
of mountain-wave breaking and rotors is studied using high-resolution numerical simulation.
Finally, the onset and evolution of rotors and similar turbulent flow patterns in a deep valley
are investigated.

The remainder of this work is organized as follows. In Chapter 1, a review of past and
present research on mountain waves and rotors is given and open research questions are
presented. In Chapters 2—4, the open questions are addressed in three journal contributions,
including the numerical simulation of two transient rotor events, the analysis of mountain-
induced turbulence from airborne Doppler radar, and the systematic comparison of rotor-
like turbulent structures in Owens Valley. Results are summarized and discussed and final
conclusions are drawn in Chapter 5.






Chapter 1

Mountain-wave and rotor research

The purpose of this chapter is to provide a review of the rich literature on mountain waves,
mountain-wave-induced turbulent phenomena, and the airborne measurement of atmospheric
turbulence. In Sections 1.1 and 1.2, the scientific findings on which this work relies are
presented in a chronological manner, starting with the early descriptions of wave and rotor
clouds and ending with recent progress in the understanding of the fine-scale rotor structure.
Open research questions are formulated in Section 1.3.

1.1 Past research on mountain waves and rotors

1.1.1 Early observations of wave and rotor clouds

For a long time preceding the first scientific studies of mountain waves, people living in
the vicinity of mountains must have been struck at the view of impressive cloud formations,
sometimes lingering in the lee of hills or mountain ridges for hours without notable motion,
amidst periods of strong and gusty winds at the surface. Short notes on sightings of these
standing clouds started to appear in the scientific literature during the second half of the
19™ century, at the time of the foundation of the first meteorological journals.! Mohorovi&ié
(1889) and Marriott (1886, 1889) seem to have been the first to conduct systematic studies
of such clouds in southeastern Europe and on the British Isles (Grubisi¢ and Orli¢ 2007).
Andrija Mohorovici¢, a professor at the Royal Nautical School in Bakar, made observations
of a special type of stationary cumulus clouds in Bakar Bay on the northern Adriatic coast
of Croatia during bora wind events. William Marriott had been requested by the Royal
Meteorological Society to enquire the origin of the Helm Bar, a horizontal, slim cloud bar
occasionally appearing downwind of Cross Fell (the highest mountain of the Pennines, northern
England) during episodes of the Helm Wind. The sketches of the flow in and around these
clouds that emerged from Mohorovici¢’s and Marriott’s work (Fig. 1.1) were influenced by the
visual appearance of rotation at the stationary cloud tops, which seemed to imply the presence

! The Meteorologische Zeitschrift of the Austrian Meteorological Society and the Quarterly Journal of the British
Royal Meteorological Society were first issued in 1866 and 1873, respectively.
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Figure 1.1: Historic depictions of the rotor flow. Upper panel: wind directions and cloud formation over the
Bakar Bay during bora wind episode on 18 October 1888 (reproduced from Mohorovici¢ 1889). Lower panel,
the Helm Cloud and Helm Bar and wind vectors during periods of the Helm Wind at Cross Fell, northern
England (reproduced from Marriott 1889).

of a counter-current underneath them against the ambient wind. Even if marked by a few
elements of speculative character, Mohorovici¢’s and Marriott’s conceptual drawings are today
regarded as the pioneering contributions to the scientific research on mountain-wave-induced
rotors.

Numerous reports of stationary clouds, together with a variety of explanations of their
origin, were given over the following decades (e.g. Koschmieder 1920; Koch and Wegener
1930). The increase in popularity of the sport of gliding in Central Europe after World War I
offered new perspectives on the phenomenon. In 1933, sailplane pilot Wolf Hirth (1933)
reported encounters with violently turbulent near-surface winds underneath unexpectedly
smooth and sustained updraughts in the lee of the Riesengebirge, Sudetes Mountains?, a
mountain ridge well known for its stationary Moazagotl cloud. Hirth’s and other pilots’ reports
sparked the interest of fellow glider pilot Joachim Kuettner, then aspiring atmospheric scientist.
In spring 1937, Kuettner and Hirth coordinated measurements by 25 instrumented sailplanes
with the aim of characterizing the three-dimensional structure of the Moazagotl wave. In his

2 situated at today’s borders between Poland, Czech Republic, and Germany
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1.1 Past research on mountain waves and rotors

seminal papers (Kiittner 1938, 1939), Kuettner summarized previous observations of similar
terrain-induced clouds in different regions of the world and detailed the characteristics of
foehn episodes associated with their occurrence. His careful analysis of the 1937 sailplane
measurements led him to the conclusion that the observed phenomenon corresponded indeed
to a wave-like oscillation in the atmospheric flow (a question then yet to be answered) and
that stationary wave clouds were simply the result of the lifting of moist air to its level of
condensation in the upwelling branches of the waves. Kuettner finally commented on the
origin of the lines of cumulus clouds, frequently occurring under the crests of strong waves.
The fragmented character of these clouds and the apparent rotation at their tops suggested that
they were part of a violent circulation extending from the surface to the cloud tops, inspiring
Kuettner to give them the name rotor clouds.

1.1.2 Field experiments and theoretical advancements

In the following years, the interest in mountain waves and related phenomena grew in a broader
scientific community (e.g., Queney 1936a,b; Hoinkes 1942; Manley 1945). From the 1950s to
the 1970s, several field campaigns devoted to the study of mountain waves were organized
in the U.S. and Europe. The Sierra Wave Project (SWP) and the Mountain Wave-Jet Stream
Project (JSP, Holmboe and Klieforth 1957; Grubisi¢ and Lewis 2004) were conducted in the
early 1950s over the southern Sierra Nevada and Owens Valley, a region famous for its wave
clouds (the Bishop-Wave phenomenon, Colson 1952). A large number of scientists, glider
pilots, and U.S. military staff were involved in the experiment. Comprehensive measurements
by upstream radiosondes, surface stations in Owens Valley and instrumented sailplanes and
powered aircraft were made during several months of field activities, allowing to document
a few dozen mountain-wave cases. The SWP and JSP are today considered as important
predecessors of modern mesoscale field experiments (Grubisi¢ and Lewis 2004).

Other experiments in Europe and the U.S. with a similar focus followed, the most note-
worthy of which are the studies of lee waves over the French Alps in the late 1950s (Gerbier
and Berenger 1961) and the Colorado Lee Wave Program (CLWP) over the Rocky Mountains
in the 1960s and 1970s (Kuettner and Lilly 1968; Lilly and Toutenhoofd 1969). In the latter
programme, specially instrumented research aircraft by U.S. and Canadian agencies® were used
to obtain estimates of the wave length and amplitude of lee waves and the momentum fluxes
and low-level turbulence associated with them at various levels across the mountains (e.g.,
Vergeiner and Lilly 1970; Lilly 1971; Lester and Fingerhut 1974).

Stimulated by the growing quantitative evidence of mountain waves, important steps ahead
in their theoretical description were made from the 1940s to the 1960s. Queney et al. (1960)
and Grubisi¢ and Lewis (2004) deliver a comprehensive review of these, of which a brief
account is given here.

Steady-state solutions for small-amplitude upward-propagating mountain waves in flow

3 The aircraft were deployed under the auspices of the recently established National Center for Atmospheric
Research (NCAR), founded in 1960.



1 Mountain-wave and rotor research

over two-dimensional obstacles had first been derived by Queney (1936a,b, 1947) and Lyra
(1940, 1943). These solutions, obtained for highly idealized inflow profiles of constant
wind speed and stratification, were soon extended to account for two-layer and multi-layer
atmospheres (Scorer 1949; Palm 1955), permitting partial wave reflection on the interface
between two layers and consequently the formation of horizontally propagating but vertically
trapped lee waves.

Even though the above authors laid the foundations of mountain-wave theory, the com-
monality of their perturbation theories, describing only linear deviations from the mean state,
called for further improvement. In fact, linear theories would not allow to model or even
predict the large-amplitude mountain waves observed, for example, over the Sierra Nevada.
Important contributions to the solution of this problem were made in a series of papers by
Long (1953a,b, 1954, 1955). Long found that the steady-state non-linear mountain flow can be
described by a simple linear equation of the same form as that analysed earlier by Lyra (1943)
and Queney (1947) for a special class of vertically uniform upstream profiles. His approach,
known today as Long’s model, “stands as one of the cornerstones of the subject” (Smith
1979) for the remarkable agreement of his theoretical predictions of finite-amplitude waves
with laboratory experiments of continuously stratified fluids (Long 1955). In the latter, Long
observed turbulent stagnant regions underneath the lee-wave crests, which he attributed to the
effect of lee-side flow separation. Scorer and Klieforth (1959) adopted Long’s model to the
atmosphere allowing for vertically varying stratification and linked their results to the newly
available case studies from the Sierra Wave Project.

In the early theoretical works on mountain waves, rotors almost always received con-
siderable attention (e.g., Lyra 1943; Scorer 1949; Scorer and Klieforth 1959). At that time,
obtaining a better idea of the origin of rotors was not regarded merely as a beneficial side
result, but became a major motivator for scientists seeking to develop realistic descriptions of
large-amplitude mountain waves. In addition, a few studies focused explicitly on rotors (e.g.,
Queney 1955; Scorer 1955; Kuettner 1959). Towards the end of the 1950s, a number of
possible explanations of rotors existed, of which Kuettner (1959) listed six prominent ones.
Two of them deserve special attention.

Lyra (1943) had noted that pressure perturbations induced by lee waves and resultant
adverse pressure gradient forces may decelerate the lee-side low-level flow sufficiently to
bring it to a standstill. For reasons of continuity, the decelerated flow may be forced to detach
from the ground, be lifted upwards and subsequently form a closed circulation at the location
of surface pressure maxima below lee-wave crests. Lyra concluded that rotors were therefore
“merely a concomitant phenomenon of the lee-wave flow”. Taking note of Lyra’s description,
Scorer (1949) referred to this process as boundary-layer separation, a process which he later
described on a broader basis, going beyond purely wave-induced flow separation (Scorer
1955).

The second explanation of rotors was motivated by the similarity of observations of strong
downslope winds in the lee of the Sierra Nevada and of foehn in the Central Alps (Knox 1952,
1954; Schweitzer 1952) with laboratory experiments of two-layer hydraulic flows (e.g., Long

8



1.1 Past research on mountain waves and rotors

1953a, 1954) . Under conditions in which the lower and mid-tropospheric layers are decoupled
by a strong temperature inversion or by significant directional wind shear between them, the
flow may be described in the framework of hydraulic theory. According to this concept, gravity
accelerates the airflow over the lee slope of a mountain range to a supercritical shooting flow.
At some point downstream of the obstacle, however, the flow switches back to subcritical in an
internal hydraulic jump, in which streamlines shoot vertically up (equivalent to the separating
flow in Lyra’s explanation) and can extend considerably y above the height of the mountain. A
considerable portion of the kinetic energy acquired by the shooting flow is dissipated in the
internal jump through turbulent mixing, a possible origin of the severe rotor turbulence.

1.1.3 Idealized conceptual models

With the completion of several field experiments and advancements in mountain-wave theory,
a good level of understanding of the origin of severe turbulence beneath large-amplitude
lee waves was reached by the mid-seventies. From this period, schematic depictions of
the mountain wave-rotor system emerged which have since then shaped the ideas about
rotors. Until today, they are featured in mountain meteorology textbooks as well as aviation
handbooks (e.g., Whiteman 2000; Lester 1993; WMO 1993).

Two idealized cross-sections of the rotor flow, reproduced from Lester and Fingerhut
(1974), are shown in Fig. 1.2. The lee-wave-type rotor is depicted in Fig. 1.2a. In the lee
of the mountain range, a large-amplitude lee wave forms in the laminar mid-tropospheric
flow. The lee-wave-induced pressure perturbations decelerate the boundary-layer flow and
force it to separate from the mountain lee slope. A low-level rotor circulation forms, rotating
around a horizontal axis parallel to the mountain range. Downwind of the separation point,
the flow recirculates back toward the mountain. The top of the rotor is often capped by a roll
or rotor cloud. Turbulence, as experienced by aircraft penetrating into the rotor region, is
severe underneath the leading wave updraught (vertical gusts exceeding 10-15 ms™), while it is
somewhat weaker and more diffuse but still strong beneath the wave downdraught. The vertical
extent of lee-wave rotors is usually that of the upstream mountain ridge. Their horizontal
dimension depends on the lee wave’s length (typically on the order of 10-30 km). If a train
of lee waves is present, several rotors can exist under successive lee-wave crests, evident as
several parallel lines of cumulus clouds downwind of the mountain range (Kuettner 1959).

The hydraulic-jump-type rotor is shown in Fig. 1.2b. It is distinguished by its vertical
extent, sometimes reaching twice the height of the mountain crest and more. To the visual
observer, this rotor type is evident by an almost vertical wall of cloud located a significant
distance downstream of the mountain range (cf. Fig. 1, right panel). Uttermost turbulence
is expected in rotors of this type, however, quantitative aircraft measurements are almost
non-existent — for good reason. During the JSP of 1955, Lawrence Edgar’s sailplane was
destroyed in the leading edge of a jump-type rotor, as his plane was exposed to accelerations
in excess of 10 g.* Decades later, Kuettner and Hertenstein (2002) still concluded that it seems

* The pilot survived thanks to his parachute.
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PRIMARILY
LAMINAR
FLOW

— STREAMLINES

SEVERE
TURBULENCE

Figure 1.2: Schematic representations of (a) a lee-wave rotor and (b) a hydraulic-jump-type rotor. (a) The
low-level turbulence zone (LTZ), reproduced from Lester and Fingerhut (1974, their Fig. 1): “Idealized cross
section of the LTZ: A, lenticular clouds; B, cap cloud; C, reversed rotor; D, region of gusty surface winds; E,
region of strong updraught and extreme turbulence; F, rotor or roll cloud; G, region of strong downdraught and
severe turbulence; H, lower portion of rotor circulation and occasionally reversed surface winds.” (b) Hydraulic
airflow over a mountain ridge: supercritical downslope flow over the lee slope and hydraulic jump-like adjustment
to the subcritical regime further downwind, with a large rotor forming underneath the jump. Reproduced from
Lester and Fingerhut (1974, their Fig. 10). (Copyright 1974 American Meteorological Society. Used with
permission.)

“unlikely that aircraft can be designed strong enough to withstand the excessive loads of a fully
developed [jump-type] rotor” and that “this rare rotor type should be avoided the same way
boats avoid the Niagara Falls”.

Beyond the conceptual models of rotors, a multitude of other findings emerged from the
observational and theoretical studies, not all of which are reflected in the idealized descriptions
of the rotor flow. In the following, the most relevant results are summarized in loose order.

Vergeiner and Lilly (1970), among others, recognized that the two idealized types of lee
flow patterns only rarely occurred in pure form, referring to a third type as “irregular three-
dimensional flow structure”. Also, changes in the flow regime from jump-type to wave-type
may happen within one hour or less due to the sensitivity of the flow patterns to small changes
in the upstream conditions. Another contribution to the temporal variability of wave patterns
was the diurnal heating cycle. Lee waves were frequently observed to reach their largest
amplitude in the afternoon (Kuettner 1959).

10


http://www2.ametsoc.org/ams/index.cfm/publications/authors/journal-and-bams-authors/author-resources/copyright-information/copyright-policy/

1.1 Past research on mountain waves and rotors

Early on, the rotor clouds had been noted for their appearance of rotation (Section 1.1.1).
However, several authors (e.g., Scorer 1955) remarked that the apparent rotation may be
attributed to the large vertical wind shear, present during most of the cloud occurrences. They
concluded that the presence of a counter-current, closing the (idealized) rotor circulation
underneath these clouds may not be a strict requirement for rotor formation. Indeed, near-
surface reversed flow underneath the rotor clouds was only observed for the largest-amplitude
waves. Nevertheless, the existence of a low-level recirculation was adopted as a criterion in the
mathematical description of rotors (e.g., Scorer and Klieforth 1959), giving additional weight
to the concept of a closed rotor circulation.

Observations of moderate to severe turbulence were not restricted to low levels on the lee
side of mountain ranges. Occasionally, strong clear-air turbulence was detected in the upper
part of the troposphere. It was hypothesized that this secondary turbulence zone owes its origin
to the interaction of upward-propagating mountain waves with the upper-level jet (Holmboe
and Klieforth 1957).

1.1.4 Progress in the understanding of non-linear mountain flows

While the attention of the scientific community shifted away from rotors after the 1970s,
progress in the research on topographically forced flows continued. A detailed review of this
progress is beyond the scope of this introductory chapter and seems unnecessary in view of the
large number of review articles (e.g., Smith 1979; Durran 1990, 2003a,b; Jackson et al. 2013)
and book chapters (e.g., Baines 1995; Whiteman 2000; Nappo 2002; Lin 2007) on the subject.
The aim of this and the following subsections is thus to provide the basics of non-linear
mountain-wave phenomena, relevant for the understanding of wave-induced turbulence and
rotors, and to highlight other relevant scientific findings and technical developments prior to
the 2000s. Note that, we deliberately omit the discussion of air flow over and around isolated
three-dimensional mountains (see Smith 1989, for a review), since three-dimensional effects
are only of secondary importance in the studies presented in Chapters 2—4.

Control parameters governing the flow over mountains in two dimensions

The results by Long (1953b, 1955) serve as the starting point for the exploration of the full
spectrum of non-linear mountain flow phenomena, such as upstream blocking, wave breaking,
and high lee-side winds. Our discussion follows in part that by Lin (2007, Chapter 5).

For the case of continuously stratified flow over a two-dimensional bell-shaped mountain,
three non-dimensional parameters controlling the flow emerged from Long’s and subsequent
works: the non-dimensional mountain height Nh /U, the mountain steepness h/a, and the non-
dimensional mountain width Na/U, where N, U, h, and a denote, respectively, the upstream
stability (buoyancy frequency), upstream wind speed, mountain height, and mountain half
width. The three parameters can be reduced to two independent parameters, e.g., Nh/U and
Na/U. For hydrostatic flow (Na/U > 1), the non-dimensional mountain height becomes the
primary control parameter.
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Nh/U is a measure of the degree of non-linearity of the flow. For a small non-dimensional
mountain height (Nh/U < 0.3), flow perturbations remain small and can be approximately
described using linear theory. Upon increase of the non-dimensional mountain height, stream-
lines in the vertically propagating mountain wave gradually steepen and become vertical at a
critical limit. For the hydrostatic solution of Long’s model with a two-dimensional bell-shaped
mountain, this limit is reached at a critical value of Nh/U = 0.85 (Miles and Huppert 1969).
Upon further increase of Nh/U, streamlines overturn, forming a region above the mountain
where denser fluid is temporarily placed above lighter fluid. Such a configuration is statically
unstable and cannot be maintained for long. Wave breaking — strong vertical mixing, turbulent
dissipation, and flow stagnation — ensues.

Gravity-wave breaking and downslope windstorms

The turbulent breakdown of internal gravity waves has been the focus of numerous investiga-
tions. The process has been studied theoretically, with numerical simulation and laboratory
experiments, and has been observed in the real atmosphere using remote sensors and research
aircraft (e.g., Staquet and Sommeria 2002; Dornbrack 1998; Eiff and Bonneton 2000; Ralph
et al. 1997b; Jiang and Doyle 2004). Interest in gravity-wave breaking results mainly from
two aspects. Even when the tropospheric flow is linear, mountain waves tend to amplify and
break as they propagate upwards into the stratosphere due to the decrease of air density with
height. The energy dissipation and flow stagnation in the upper-level breaking region acts as a
net decelerative force on the mean atmospheric flow, which constitutes a sink of horizontal
momentum in the large-scale atmospheric circulation that needs to be accounted for in global
numerical weather prediction models (Fritts and Alexander 2003; Kim et al. 2003). Another
important aspect of wave breaking is the threat that the clear-air turbulence associated with it
poses to aviation (Sharman et al. 2012).

In the present work, the effect of tropospheric wave breaking on the low-level flow is of
particular interest. Low-level non-linear phenomena concurring with wave breaking include
upstream blocking, downslope windstorms and internal hydraulic jumps. If an upward-
propagating mountain wave breaks in the troposphere, a stagnant region forms above the
mountain which acts as a critical level to stationary gravity waves, impeding further upward
propagation (Bretherton 1969). Underneath the stagnant region, the flow is accelerated down
the lee slope and attains supercritical speed, sometimes reaching hurricane strength (32 m s,
or 115 kmh!). Farther downstream, the transition to the ambient subcritical regime often
takes the form of an internal hydraulic jump.

Downslope windstorms occur in various places around the world. Well-known examples
are the severe occurrences of chinook in the lee of the Rocky Mountains, foehn in the Alps,
bora in the Dinaric Alps, and Santa Ana winds in southern California. Research on downslope
windstorms has been stimulated by the observation of a few exceptionally strong cases, some of
which were documented using instrumented aircraft. The best-known of these cases is the near-
legendary 11 January 1972 Boulder windstorm (Lilly and Zipser 1972; Lilly 1978). During
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this event, surface wind gusts as high as 60 ms! were reported, producing severe damage in
the Boulder area. The analysis of aircraft data by Lilly (1978) showed the presence of a wave
system of exceptionally large amplitude during the windstorm, with significant turbulence at
mid-tropospheric levels indicative of wave breaking. Other well-known downslope windstorm
events include those documented by the first aircraft observations of bora over the Dinaric
Alps during the Alpine Experiment in 1982 (ALPEX, Smith 1987).

A number of theoretical and numerical studies attempted to elucidate the dynamics of
the observed windstorms (cf. Durran 1990; Lin 2007). Two main lines of thought on their
formation emerged: resonant amplification theory and hydraulic theory. Clark and Peltier
(1984) suggested that the critical level induced by wave breaking (a wave- or self-induced
critical level) acts as an internal boundary in the mountain flow, (over-)reflecting upward
propagating waves back toward the mountain. Such a configuration leads to the resonant
amplification of wave perturbations and subsequently to a strongly accelerated lee-side flow.
Smith (1985) proposed the concept of the dividing streamline encompassing the stagnant
region of neutral stability, below which the low-level flow can be described with hydraulic
theory using a Bernoulli equation. Some discrepancies exist between the two concepts, which
have been discussed extensively in the literature (see, e.g., Durran 1990, and references
therein). Both approaches, however, confirm the role of a stagnant layer above the mountain
as a key element for the generation of severe lee-side winds. In total, three types of conditions
were found to promote downslope windstorms: (i) the generation of a self-induced critical
level through wave breaking, (i1) non-uniform vertical layering of upstream wind speed and
stability, such as an elevated inversion at or near the mountaintop, and (iii) a mean-state critical
level, provided by ambient flow reversal or directional wind shear, at which waves break and
dissipate. The essence of the three types of conditions is that all of them lead to the transition
from wave-like behaviour over the upstream mountain slope to a non-wave-like regime in the
lee (Durran 2003a).

In the above investigations, Nh/U was used as the prime parameter allowing to assess
the susceptibility of the atmosphere to non-linear phenomena. For layered atmospheric flows,
however, a single value of Nh /U, representative of the whole tropospheric column, cannot
normally be provided. Instead, the local non-linearity parameter (NLP) N (z)h/U(z) can be
computed from measured or numerically modelled soundings (Durran 2003b). For arbitrary
background profiles of wind and stability, non-linear effects can become significant at rather
small values of the NLP (Durran 1986) and no distinct critical value for which streamlines will
start to overturn seems to exist. Nevertheless, a value of N (z)h/U(z) > 1 is almost always a
reliable indicator of wave overturning. Recently, the local NLP has been used with remarkable
success in the analysis of severe bora episodes along the Adriatic coast of Croatia, where it
helped to explain periods with and without pulsations in near-surface bora winds (Belusi¢ et al.
2004, 2007; Grisogono and Belusi¢ 2009).
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1.1.5 TImpact of the atmospheric boundary layer on mountain waves

Another important aspect of topographically forced flows is the atmospheric boundary layer.
Richard et al. (1989) were perhaps the first to recognize that mountain-wave amplitudes tend
to be reduced in the presence of a boundary layer. Their work was extended to elongated
mountain ridges in three dimensions by Olafsson and Bougeault (1997), who accounted for
the effects of both the boundary layer and the Coriolis force. Numerical simulations showed
that, in the presence of surface friction, wave breaking was greatly suppressed well beyond the
expected critical values of Nh/U.

A new observational perspective on mountain waves was gained from two field campaigns
in Europe in the middle and late 1990s: the Pyrénées Experiment (PYREX, Bougeault et al.
1997) and the Mesoscale Alpine Experiment (MAP, Bougeault et al. 2001; Smith et al. 2007).
During both experiments, extensive use was made of research aircraft and new remote-sensing
instruments, such as ground-based radar wind profilers and sodars and airborne lidars. A
surprising result of the campaigns was that observed wave amplitudes were often significantly
smaller than expected and wave breaking was only rarely found (Smith et al. 2007). Also,
observations of trapped waves in the lee of the mountain ridges, although predicted from
a suitable layering of the Scorer parameter, were often lacking (Smith et al. 2002). The
complex three-dimensional nature of the underlying topography of the Pyrenees and the Alps,
leading to a more rapid dispersion of energy by three-dimensional waves, and the interaction
of mountain waves with the atmospheric boundary layer were suspected to be at the origin of
these observations.

The findings from PYREX and MAP inspired a series of studies on the impact of atmo-
spheric boundary layers on mountain waves and lee waves. Smith et al. (2002) investigated the
generation and propagation of waves excited by Mont Blanc on 2 November 1999. They found
that a stagnant layer, encompassing a significant region around the Mont Blanc massif, acted as
an absorber of downward reflected waves, preventing the formation of a resonant wave cavity
required for trapped lee waves. Idealized numerical simulations by Jiang et al. (2006) showed
that, indeed, among different types of boundary layers (stable, convective, and stagnant), the
stagnant layer in the lee of a mountain is most efficient in absorbing waves. Two primary wave
absorption mechanisms were proposed: turbulent dissipation and critical-level absorption. On
the other hand, simulations of untrapped mountain waves by the same authors (Jiang et al.
2008) showed that the influence of the boundary layer tends to shift wave patterns upstream
and weaken them aloft, and that the boundary-layer effect is generally more pronounced over
a 2D ridge than over a 3D hill. The numerical results were consolidated theoretically by Smith
et al. (2006) and Smith (2007).

1.1.6 Use of instrumented aircraft for the study of mountain flows

In many of the above investigations, instrumented research aircraft played an important role
in the study of mountain-meteorological phenomena. Airborne observing systems have be-
come an indispensable tool for the quantitative characterization of mountain flows across a
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Table 1.1: Selection of peer-reviewed articles on mountain-wave-induced turbulence relying on airborne
turbulence measurements.

Authors Title Field Programme
Lilly (1971) Observations of mountain-induced turbulence =~ CLWP
Lilly and Lester (1974) Waves and turbulence in the stratosphere CLWP
Lester and Fingerhut (1974)  Lower turbulent zones associated with mountain CLWP
lee waves
Lilly (1978) A severe downslope windstorm and aircraft tur- CLWP

bulence event induced by a mountain wave
Marwitz and Dawson (1984) Low-level airflow in southern Wyoming during —

wintertime
Smith (1987) Aerial observations of the Yugoslavian bora ALPEX
Attié et al. (1999) Turbulence on the lee side of a mountain range: PYREX
Aircraft observations during PYREX
Lothon et al. (2003) Experimental study of five fohn events during MAP

the Mesoscale Alpine Programme: From synop-
tic scale to turbulence

Jiang and Doyle (2004) Gravity wave breaking over the Central Alps: MAP
Role of complex terrain
Darby and Poulos (2006) The evolution of lee-wave-rotor activity in the —

lee of Pike’s Peak under the influence of a cold
frontal passage: Implications for aircraft safety

Jiang et al. (2010) Turbulence characteristics in an elevated shear T-REX
layer over Owens Valley

Woods and Smith (2011) Short-wave signatures of stratospheric mountain T-REX
wave breaking

Vecenaj et al. (2012) Along-coast features of bora-related turbulence MAP

wide range of spatial and temporal scales. Accurate meteorological measurements on aircraft
have been made possible through refined airborne measurement techniques. These consist
of suitable airborne instrumentation, capable of sampling atmospheric parameters such as
wind, temperature, and humidity at high rate (25 Hz and greater), as well as sophisticated
data-processing algorithms, allowing to remove non-meteorological components of the mea-
surement due to the motion of the airborne platform (e.g., MacCready Jr. 1964; Brown et al.
1983; Lenschow 1986). More recently, the advent of the Global Positioning System (GPS) has
contributed further to improving the accuracy of airborne measurements. A review of the state
of the art of airborne measurements and their applications to environmental research has been
given by Wendisch and Brenguier (2013).

Research aircraft have been successfully used for the study of mountain-wave-induced
turbulent phenomena in the past. Noteworthy deployments before the 2000s include the
CLWP (Lilly and Toutenhoofd 1969), ALPEX (Kuettner 1986), PYREX (Bougeault et al.
1997), and MAP (Bougeault et al. 2001). A selection of relevant studies that have resulted
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from these and other campaigns is provided in Table 1.1.

Early on, aircraft measurements were used to determine the vertical fluxes of horizontal
momentum due to waves (e.g., Lilly 1971; Lilly and Lester 1974) and quantify the drag
that mountains exert on the atmosphere through the wave generation. Airborne high-rate
measurements allowed to estimate turbulence intensity, for example, in the mid-level gravity
wave breaking zone during the 1972 Boulder windstorm. For that event, the first attempt
was made to evaluate the individual terms of the TKE budget of mountain-wave-induced
turbulence (Lilly 1978). The derivation of meaningful estimates of wave momentum fluxes or
turbulence from aircraft data, however, is not straightforward and requires a thorough treatment
of the data series. A number of investigators have addressed these issues (e.g., Lenschow 1970;
Lenschow et al. 1994) and work is still ongoing (e.g., Lothon et al. 2003; Weigel and Rotach
2004; Vecenaj et al. 2012).

Despite their obvious advantages, the risks involved in navigating research aircraft in the
vicinity of mountainous terrain should not be underestimated. This is illustrated by numerous
reports of aircraft encounters with severe mountain-induced turbulence (e.g., Carney et al.
1997; Sharman et al. 2012). In this context, the development of powerful remote sensors and
the possibility of operating them aboard aircraft seems promising. Airborne remote sensors
were first used for the observation of mountain flows during PYREX and MAP (e.g., Smith
et al. 2002; Gohm and Mayr 2004). Since then, remote-sensing techniques have improved
and have led to countless applications to the airborne study of, for instance, the atmospheric
boundary layer, terrain-induced flows, or thunderstorms (Banta et al. 2013). The estimation of
atmospheric turbulence with these sensors is non-trivial (e.g., Lothon et al. 2005; Geerts et al.
2011) and is the subject of work in progress.

1.1.7 Reviving interest in rotors

The above sections attest to the continued advances in the understanding of non-linear
mountain-flow phenomena since the beginning of the 1970s. These relied on the refined
theoretical description of mountain waves, airborne observations, and, perhaps most impor-
tantly, the development of non-linear numerical models, including the parametrization of
sub-grid-scale physical processes. Despite the availability of these new powerful tools, rotors
remained out of scientific limelight for at least two decades — for a few reasons.

Firstly, with the origins of severe low-level turbulence regarded as sufficiently understood
after the experiments of the 1950s to 1970s, the interest of mountain meteorologists was
directed towards wave phenomena in the middle and upper troposphere that had been illumi-
nated to a lesser degree. Also, the risk involved in flying aircraft through regions of severe
turbulence ever more closely to the mountain slopes to improve on past observations appeared
unacceptably high. Secondly, numerical models were yet lacking a faithful representation of
turbulent boundary-layer processes. Close inspection of a few modelling studies of downslope
windstorms (e.g., Durran 1986, their Fig. 10, or Richard et al. 1989, their Fig. 5) reveals
that their simulated flow patterns bear striking resemblance to those from more recent high-
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resolution rotor simulations (e.g., Jiang et al. 2007). However, the specifics of the model setups
frequently prevented rotors to be produced in simulation runs, owing to, for instance, the use
of a free-slip lower boundary condition (Durran 1986), the exclusion of non-hydrostatic effects
(Richard et al. 1989), or, generally, insufficient horizontal grid resolution or inappropriate
numerical methods.

Only towards the end of the last century did the interest in rotors revive, perhaps due to
the new evidence of their destructive power. Over the years, numerous aviation incidents and
accidents had been related to the phenomenon (Lester 1993; Carney et al. 1997). For instance,
on 31 March 1993, a severe turbulence encounter, likely associated with a rotor, resulted
in the loss of an engine on a Japan Airlines Boeing 747-100 a few minutes after departing
from Anchorage, Alaska (Kahn et al. 1997; Doyle and Durran 2007). At the surface, the
devastating effects of small-scale vigorous perturbations embedded in severe downslope winds
were observed and asked for further investigations (Bedard 1990).

Finally, new boundary-layer remote sensors (Banta et al. 2013), in particular scanning
Doppler lidars, allowed insight into the low-level flow underneath lee waves and internal jumps
at increasingly higher spatial and temporal resolution, and at a safe distance. Starting towards
the end of the 1980s, measurements by ground-based lidars were made on several occasions
in the lee of the Front Range of the Colorado Rockies, a region particularly well-known for
its high frequency of severe winds. Rather fortuitously, jump-like flow reversals and lee-
wave rotors were observed (Neiman et al. 1988; Clark et al. 1994; Ralph et al. 1997a; Darby
and Poulos 2006). First attempts to simulate these using fully three-dimensional numerical
model setups with realistic topography and time-dependent inflow boundary conditions were
made (Clark et al. 1994; Ralph et al. 1997a). The hitherto most direct observational evidence
of a coherent rotor circulation underneath a lee-wave crest was collected by Ralph et al. (1997a,
their Fig. 7). Observations of hydraulic-jump-like flow separation were also made with an
airborne backscatter lidar in the Inn Valley, Austria, during MAP (Gohm and Mayr 2004).

1.2 Recent advances in mountain-wave and rotor research

The past fifteen years have seen a veritable renaissance of research on rotors. This is most
evident from Table 1.2, in which the attempt is made to provide a complete list of related
studies that have emerged from this period.

Ideas for a new field project devoted to rotors had been excited by the new observational
evidence as well as the increasing capacity of high-performance computers. The latter would
allow to run mesoscale model simulations at increasingly higher resolution and explicitly
resolve rotors and rotor sub-structures. The southern Sierra Nevada and Owens Valley, theatre
of the Sierra Wave Project 50 years earlier, appeared a logical location for a new edition of a
rotor experiment. After several years of planning, a two-phase field programme, consisting of
the pilot Sierra Rotors Project (SRP) and the Terrain-induced Rotor Experiment (T-REX), was
carried out in 2004 and 2006 (Grubisié et al. 2004; Grubisi¢ et al. 2008).
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Table 1.2: Peer-reviewed literature on wave-induced boundary-layer separation, rotors and low-level
turbulence from the past 15 years, in chronological order. Letters in the third column stand for theoretical
analysis (T), idealized numerical simulation (I), real-case numerical simulation (R), observations (O),
laboratory experiments (L), and historical review (H).

Authors Title Type

Doyle and Durran (2002) The dynamics of mountain-wave-induced rotors LT

Doyle and Durran (2004) Recent developments in the theory of atmospheric ro- I, R
tors

Grubisi¢ and Lewis (2004) Sierra Wave Project revisited — 50 years later H

Vosper (2004) Inversion effects on mountain lee waves LT

Gohm and Mayr (2005) Numerical and observational case-study of a deep Adri- O, R
atic bora

Ambaum and Marshall (2005) The effects of stratification on flow separation T

Mobbs et al. (2005) Observations of downslope winds and rotors in the Falk- O
land Islands

Hertenstein and Kuettner (2005) Rotor types associated with steep lee topography: In- I, T
fluence of the wind profile

Darby and Poulos (2006) The evolution of lee-wave-rotor activity in the lee of O, R
Pike’s Peak under the influence of a cold frontal pas-
sage: Implications for aircraft safety

Sheridan and Vosper (2006a) Numerical simulations of rotors, hydraulic jumps and 1
eddy shedding in the Falkland Islands

Sheridan and Vosper (2006b) A flow regime diagram for forecasting lee waves, rotors I
and downslope winds

Vosper et al. (2006) Flow separation and rotor formation beneath two- T,I
dimensional trapped lee waves

Belusic¢ et al. (2007) Numerical simulation of pulsations in the bora wind

Doyle and Durran (2007) Rotor and subrotor dynamics in the lee of three- I, T
dimensional terrain

Grubisi¢ and Billings (2007) The intense lee-wave rotor event of Sierra Rotors IOP 8 O, R

Grubisi¢ and Orli¢ (2007) Early observations of rotor clouds by Andrija Mo- H
horovicié

Jiang et al. (2007) On boundary layer separation in the lee of mesoscale I, T
topography

Sheridan et al. (2007) Influence of lee waves on the near-surface flow down- O, I, T
wind of the Pennines

Gohm et al. (2008) On the onset of bora and the formation of rotors and O, R
jumps near a mountain gap

Grubisi¢ and Billings (2008a) Climatology of the Sierra Nevada mountain-wave O
events

Grubisi¢ and Billings (2008b) Summary of the Sierra Rotors Project wave and rotor O, R
events

Grubisi¢ et al. (2008) The Terrain-Induced Rotor Experiment O,R

Raab and Mayr (2008) Hydraulic interpretation of the footprints of Sierra O, T
Nevada windstorms tracked with an automobile mea-
surement system

Hertenstein (2009) The influence of inversions on rotors I
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Table 1.2: (Continued.)

Authors Title Type

Doyle et al. (2009) Observations and numerical simulations of subrotor vor- O, |
tices during T-REX

De Wekker and Mayor (2009)  Observations of atmospheric structure and dynamics in the O
Owens Valley of California with a ground-based, eye-safe,
scanning aerosol lidar

Grubisi¢ and Stiperski (2009) Lee-wave resonances over double bell-shaped obstacles 1

Prtenjak and Belusi¢ (2009) Formation of reversed lee flow over the north-eastern Adri- R
atic during bora

Reinecke and Durran (2009) Initial-condition sensitivities and the predictability of R
downslope winds

Smith and Skyllingstad (2009)  Investigation of upstream boundary layer influence on 1
mountain wave breaking and lee wave rotors using a large-
eddy simulation

Weissmann et al. (2009) Vorticity from line-of-sight lidar velocity scans (0]

Hill et al. (2010) Coplanar Doppler lidar retrieval of rotors from T-REX O

Jiang et al. (2010) Turbulence characteristics in an elevated shear layer over O, T
Owens Valley

Knigge et al. (2010) Laboratory experiments on mountain-induced rotors L

Krishnamurthy et al. (2010) Large-eddy simulation-based retrieval of dissipation from O
coherent Doppler lidar data

Armi and Mayr (2011) The descending stratified flow and internal hydraulic jump O, T
in the lee of the Sierras

Cohn et al. (2011) Wind profiler observations of mountain waves and rotors O
during T-REX

Stiperski and Grubisi¢ (2011) Trapped lee wave interference in the presence of surface I
friction

Vecenaj et al. (2011) Near-surface characteristics of the turbulence structure O
during a mountain-wave event

Parish and Oolman (2012) Isobaric Height Perturbations Associated with Mountain O
Waves Measured by Aircraft during the Terrain-Induced
Rotor Experiment

Sawada et al. (2012) Transient downslope winds under the influence of station- O, R
ary lee waves from the Zao mountain range

Sheridan and Vosper (2012) High-resolution simulations of lee waves and downslope O, R
winds over the Sierra Nevada during T-REX IOP 6

Stiperski et al. (2012) Complex bora flow in the lee of Southern Velebit O,R

Belusi¢ et al. (2013) Wind regimes associated with a mountain gap at the north- O, R
eastern Adriatic coast

Kiihnlein et al. (2013) High-resolution Doppler lidar observations of transient O, I
downslope flows and rotors

Vosper et al. (2013) A climatology of lee waves over the UK derived from R
model forecasts

Agiistsson and Olafsson (2014)  Simulations of observed lee waves and rotor turbulence R

Worthington (2014) Boundary-layer effects on mountain waves: A new look H

at some historical studies
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1.2.1 Theory and high-resolution numerical simulation of wave-induced
boundary-layer separation and rotors

Ahead of SRP and T-REX, a better understanding of the physical mechanisms behind rotor
formation was gained through a series of studies relying on high-resolution, idealized numerical
simulation in two and three dimensions (Doyle and Durran 2002; Vosper 2004; Hertenstein
and Kuettner 2005; Vosper et al. 2006; Jiang et al. 2007; Doyle and Durran 2007).

In their seminal work, Doyle and Durran (2002) confirmed the fundamental role of wave-
induced boundary-layer separation (BLS) in the formation of rotors. Their results corroborated
the original hypothesis by Lyra (1943), put forward almost 60 years earlier. Figure 1.3a shows
a snapshot of one of their simulations. At the separation point, a sheet of shear-generated
horizontal vorticity is lifted and carried up into the lee wave, where it disperses and contributes
to the positive vorticity inside the rotor. At the surface, reversed flow occurs in the simulation,
the strength of which was shown to be highly correlated with the lee-wave amplitude and the
resultant magnitude of the surface pressure perturbations. Surface friction was found to be a
crucial ingredient to the formation of realistic rotors, leading the authors to the conclusion that
boundary-layer friction and wave-induced perturbations “interact synergistically to produce
low-level rotors”. This result is consistent with the classical laboratory experiments by Long
(1955) and his theoretical calculation using a free-slip lower boundary condition. In fact, for
an experimental setup comparable to that by Doyle and Durran (2002), Long’s theory had
not predicted stagnation or flow reversal at any point in the fluid, but lee-side BLS did occur
in the physical experiment, pointing to the role of surface friction in promoting BLS and
rotors (Doyle and Durran 2002).

While the essential mechanisms of rotor formation were well explained from simulations
in two dimensions, only very high-resolution three-dimensional simulations could afford a
realistic representation of the fine-scale structure of the flow in the rotor interior (Doyle and
Durran 2007). In these simulations, the shear in the separated vorticity sheet could not be
sustained and broke up into smaller-scale turbulent vortices — subrotors — as a result of Kelvin-
Helmbholtz instability. The comparison between 2D and 3D simulations revealed substantial
differences in the strength and evolution of subrotors, the 3D subrotors being generally much
more intense. Also, the 3D internal rotor flow seemed rather chaotic as opposed to a more
coherent rotor circulation in two dimensions. In realistic 3D subrotors (Fig. 1.3b), vorticity
was found to intensify by virtue of the stretching and tilting of the along-ridge horizontal
vorticity. While intensifying, 3D vortices were advected along the interface between the rotor
and the lee wave aloft and did not necessarily contribute to the main rotor circulation.

The work by Doyle and Durran (2002, 2007) also provided an explanation for previous
aircraft measurements of the rotor turbulence in the 1970s (e.g., Lester and Fingerhut 1974).
The overall spatial distribution and intensity of turbulence in simulations agreed well with
the observational finding of the occurrence of severe turbulence in the updraught area just
upstream of the rotor. The presence of subrotors and their distribution in the simulations are
consistent with aircraft encounters with the most intense patches of turbulence in the leading
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Figure 1.3: High-resolution numerical simulations of rotors and subrotors in two and three dimensions. (a) Stream-
lines and colour contours of horizontal vorticity (in units of s™') from a 2D simulation using a horizontal grid
increment of 100 m. Blue contour lines are isotachs (drawn every 2 ms™'). Reproduced from Doyle and Dur-
ran (2002, their Fig. 7). (b) Flow vectors and colour contours of horizontal vorticity (in units of s') from a 3D
simulation, using a horizontal grid increment of 60 m in the innermost nested domain. Reproduced from Doyle
and Durran (2007, their Fig. 7). (Copyright 2002, 2007 American Meteorological Society.)

edge of the rotor. These patches have been believed to pose the greatest threat to aircraft.

Building on the results by Doyle and Durran (2002, 2007), a variety of upstream conditions
under which rotors can form was examined by other authors (Vosper 2004; Hertenstein
and Kuettner 2005; Vosper et al. 2006; Jiang et al. 2007). Vosper (2004) investigated the
effect of a strong temperature inversion on lee waves, rotors, and low-level hydraulic jumps
and wave breaking aloft. His regime diagram, constructed from a set of two-dimensional
numerical simulations, is particularly appealing for its potential to predict the occurrence of
such processes as a function of only two parameters, the shallow-water Froude number and
the ratio of mountain height to inversion height. As the latter exceeds a critical threshold, lee
waves grow sufficiently large to trigger flow separation.

Hertenstein and Kuettner (2005) demonstrated the sensitivity of rotor shape to relatively
small variations in the upstream environmental profiles, in their case, the magnitude of the
vertical wind shear in a crest-level inversion. Their simulations produced a lee-wave rotor and
a hydraulic-jump-type rotor for forward shear and no shear, respectively.

The most comprehensive study is perhaps that by Jiang et al. (2007), who identified three
types of BLS: (i) BLS induced by trapped waves, associated with the decrease of the Scorer
parameter with height in the upstream flow, (ii) BLS induced by internal bores generated by
the breaking of a hydrostatic mountain wave in a uniform upstream flow, and (iii) BLS induced
by undular jumps or trapped waves behind a jump associated with an elevated inversion. The
hydraulic jumps in the third type were found to be steady or propagating. The meteorological
conditions conducive to BLS and the formation of rotors, in particular cases (ii) and (iii), are
similar to those that favour the generation of downslope windstorms (Section 1.1.4).

The occurrence of BLS, however, is not limited to an atmosphere that supports internal
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gravity waves. As a matter of fact, wave-induced BLS represents only a variant of flow separa-
tion from a solid boundary, a process that has long been known by fluid dynamicists (Batchelor
1967). The first to discuss its atmospheric analogs was probably Scorer (1955). In the neu-
trally stratified atmosphere, free of pressure forcings from waves, flow separation can occur
downwind of steep mountain peaks (salient-edge or bluff-body separation, Baines 1995), as
shown by both theoretical considerations and laboratory experiments (Baines and Hoinka
1985; Ambaum and Marshall 2005).

1.2.2 The Terrain-induced Rotor Experiment (T-REX)

In preparation for T-REX, the Sierra Rotors Project was conducted in Owens Valley as the
exploratory phase of the experiment in March and April 2004. Topographic maps of the region
are shown in Fig. 1.4. A more detailed description of the topography is provided in Section 4.2.

The SRP ground-based instrumentation was distributed around the town of Independence,
located in the central part of Owens Valley. The set of instruments included 16 automated
weather stations (the DRI Mesonet), GPS radiosondes launched upwind of the Sierra Nevada
and in Owens Valley, two radar wind profilers, and mobile measurements by an instrumented
car (Grubisi¢ and Billings 2007; Raab and Mayr 2008). No research aircraft were deployed at
this point of the programme. During the two-month field activities, 16 intensive observing
periods were conducted, nine of which displayed wave activity and three rotor activity (Grubisic¢
and Billings 2007).

T-REX took place in March and April 2006 as the major phase of the programme. Mea-
surements were made throughout the two-month period and in particular during 15 intensive
observing periods (IOPs) and 5 enhanced observing periods (EOPs). For T-REX, the set of
instruments employed during SRP was extended by a large number of additional ground-based
and airborne in situ and remote sensing instruments, some of which produced great excitement
among T-REX participants. For instance, at the valley floor, the proper arrangement of two
scanning Doppler lidars offered the opportunity for the first ever dual-Doppler lidar analyses of
terrain-induced flows (Grubisic et al. 2008). Moreover, T-REX was the first operational field
project deployment for the new NSF/NCAR GV High-Performance Instrumented Airborne
Platform for Environmental Research aircraft (HIAPER, or GV; UCAR/NCAR cited 2015),
capable of measuring wave perturbations and turbulence at altitudes up to 14 km. Finally, the
University of Wyoming King Air (UWKA) research aircraft, equipped with high-rate in situ
sensors, and the dual-Doppler Wyoming Cloud Radar (WCR, Damiani and Haimov 2006;
Wang et al. 2012), carried aboard UWKA, were expected to provide insight into the turbulent
flow within and over Owens Valley in high detail.

Beyond physical instrumentation, a suite of large-scale medium-range and mesoscale
numerical weather prediction models represented the second major experimental component,
with their forecasts aiding the successful short-term planning of activities on site. A compre-
hensive overview of the T-REX instrumentation, modelling efforts, and the IOPs and their
observational highlights has been given by Grubisic et al. (2008). A description of the T-REX
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Figure 1.4: Topographic maps of California’s Central Valley, the Sierra Nevada, Owens Valley and the Inyo and
White Mountains. Locations of towns, sounding launch sites, and T-REX ground-based instruments are indicated
with markers. Abbreviations OAK, VBG, FRE, MAD, VIS, LEM, BISH, IND, LONE stand for, respectively,
Oakland, Vandenberg, Madera, Fresno, Visalia, Lemoore, Bishop, Independence, and Lone Pine. In (b), aircraft
mean tracks from several T-REX IOPs are indicated with solid black lines. Roman numerals stand for flight
tracks during IOP 1a (I), IOP 3a (II), and IOPs 4a, 6b-c, and 13c (III). In (c), the Kearsarge and Sawmill Passes
are abbreviated as KP and SP, respectively.

instruments and data relevant for this work is contained in Section 4.2.

T-REX findings

The overarching goal of T-REX was to study the interaction and coupling between rotors,
mountain waves, and boundary layer dynamics (Grubisi¢ et al. 2008). However, the scientific
questions addressed in the experiment extended well beyond its principal scope. This is
perhaps best evidenced by the rich variety of contributions to the Special Collection of T-REX
publications, hosted by the American Meteorlogical Society (cited 2015), that has expanded
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ever since the completion of the T-REX experimental phase. In the following, a selection of
the scientific findings from T-REX that are of interest in this work is presented.

Internal rotor structure

Ground-based remote sensors, in particular three scanning lidars, were deployed in Owens
Valley to confirm the existence of subrotors, predicted in preliminary 2D and 3D rotor simu-
lations. During T-REX 1OPs 3, 6, and 13, observations of intense small-scale vortices in the
valley were made on several occasions. Using the estimates of vertical motion and Doppler
spectrum width from upward-looking wind profilers, Cohn et al. (2011) revealed a series of
updraught-downdraught couplets beneath the first wave crest downwind of the Sierra Nevada
during IOP 3. In IOP 13, the REAL aerosol backscatter lidar (Fig. 1.4c) detected Kelvin-
Helmholtz billows forming and overturning in a layer of elevated strong downslope flow above
the valley (Doyle et al. 2009). Doppler velocities provided by the Doppler lidar operated by the
Deutsche Zentrum fiir Luft- und Raumfahrt (DLR) confirmed that the breaking billows were
associated with couplets of positive and negative radial velocity toward the lidar with a size
of roughly 500-1000 m. For both IOP 3 and 13 these signatures were attributed to subrotors.
For IOP 13, further support for this interpretation came from idealized large-eddy simula-
tions, using the measured upstream soundings as inflow conditions and a two-dimensional
representation of the Sierra Nevada main ridge (Doyle et al. 2009).

The most quantitative insight into the intensity and evolution of subrotors was achieved
by the combination of co-planar vertical-slice scans conducted by the DLR and University of
Arizona (ASU) Doppler lidars, allowing a dual-Doppler lidar retrieval of wind vectors and
streamlines vertical cross-section spanning across the valley. A few hours before the severe
downslope windstorm of IOP 6, Hill et al. (2010) detected subrotors and were able to track
them along their path using the vorticity and swirling strength. One of their observations is
of more general interest: While their two-dimensional snapshots of the flow field showed
that “subrotors unambiguously populate these flows”, only “time- or ensemble-averaged
streamlines [...] may indicate a large-scale rotor, even though large-scale rotors may be
undetectable instantaneously”. In conclusion, lidar observations from the three IOPs produced
ultimate proof of the existence of subrotors, but also pointed to the difficulty in finding an
appropriate definition of a rotor in what appears to be a rather chaotic system at any given
instant in time.

Complexity of valley flow patterns

Persistent systems of slope and valley winds can be expected in Owens Valley due to its
extent and the steepness of the Sierra lee slopes delimiting the valley to its west. Complex
interactions between thermally and dynamically induced slope flows and along-valley flows
were noted by several authors. For example, in the evening and night of 11-12 March 2006,
De Wekker and Mayor (2009) observed a rather dramatic collision and mixing of drainage
and along-valley flows under otherwise quiescent conditions. The great resistance of the
along-valley flow to strong westerly downslope winds during a strongly dynamically-driven
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episode was documented by Kiihnlein et al. (2013). During the onset phase of the IOP 6
windstorm, the transition to in-valley westerly winds did not occur smoothly. Rather, it took
the form of erratic pulses of strong westerly momentum competing with the up-valley winds
for several hours until they were finally flushed out.

Another element of complexity of the flow in Owens Valley is related to the existence of
a few mountain passes in the main ridge line of the Sierra Nevada, most notably Kearsarge
Pass (3600 m MSL), located west of the town of Independence. The analysis of real-case
simulations of the IOP 6 downslope windstorm by Sheridan and Vosper (2012) indicated a
significant variability of the storm severity along the mountain ridge, with the Independence
area standing out for its particularly high winds. Gap jets downstream of the Sawmill and
Kearsarge Passes extending down to the Owens Valley floor were also present in simulations
of the SRP IOP 8 windstorm event (Grubis$i¢ and Billings 2007).

Diurnal variation of downslope winds in Owens Valley

The diurnal variation of the amplitude of mountain waves generated by the Sierra Nevada
has been notorious among glider pilots familiar with the region and was also paid attention
to by scientists already during the Sierra Wave Project in the 1950s (Holmboe and Klieforth
1957; Kuettner 1959). Subsequent to T-REX, the importance of diurnal forcings in Owens
Valley for downslope winds was shown in several studies. Jiang and Doyle (2008) investigated
an SRP downslope wind event, during which cross-valley winds exhibited a strong diurnal
variation even if upstream westerlies at and above the mountaintop remained largely unaltered.
They suggested that different states of penetration of downslope winds occurred in the valley
in the course of a day, with the deepest penetration typically realized in the late afternoon.
Mayr and Armi (2010) and Armi and Mayr (2011) studied the onset of downslope flows at
the valley bottom during T-REX IOPs 1 and 11. They found that the diurnal heating of the
valley atmosphere gradually removed valley inversions which had formed during the previous
night. Only when the potential temperature at all levels in the valley was higher than that at the
Sierra crest or mountain pass level were downslope winds able to advance to the valley floor.

All of the SRP and T-REX cases examined in the above contributions, however, do not rank
among the strongest westerly wind events observed during both SRP and T-REX. In the latter
cases, in-valley westerlies can occur independent of the time of day, as already recognized by
Jiang and Doyle (2008). In all cases, the thermal mechanism may act to facilitate the onset of
westerlies in the valley (Billings and Grubisi¢ 2008a,b). Indeed, recent work by GrubisSic et al.
(2015b) supports these findings on the basis of the climatological frequency of occurrence
of westerly wind events in the Independence area from an extended five-year period of DRI
Mesonet data.

Numerical simulations of mountain-wave and downslope-windstorm events and implications
for mesoscale predictability
One of the core scientific objectives of T-REX was the improvement of the numerical mod-

elling and predictability of dynamically-induced mountain-wave phenomena (Grubisic et al.
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2008). An important contribution to this goal was the reproduction of the SRP and T-REX
observations with mesoscale and high-resolution real-case numerical simulations. Several
authors contributed to these efforts, with variable success and a few surprising results.

Grubisi¢ and Billings (2007) investigated the lee-wave-rotor event of SRP IOP 8. Their
high-resolution simulation reproduced the changes in lee-wave regimes and the formation of a
rotor that had occurred rather well. On the other hand, the timing of flow transitions, such as
the development of the daytime thermally-forced flow in the valley or the passage of a cold
front over the Sierra Nevada, was slower than observed. Sheridan and Vosper (2012) delivered
an extensive observational analysis of T-REX IOP 6, which included the experiment’s most
severe downslope windstorm, coinciding with rapid changes in the phase, wavelength, and
amplitude of the waves aloft. The reproduction of the event using a high-resolution mesoscale
model was, however, of limited success. Both large-amplitude waves over the Sierra and
westerly winds in the valley were simulated, but the wave phase and its shift to the east was not
reproduced correctly. The winds in the model were more thermally determined and seemingly
lacking the link to the wave motion aloft. Both case studies from SRP and T-REX pointed
to the great challenge of simulating correctly the conjunction of mechanisms involved in
generating the windstorms, including the arrival of a cold-frontal system at the main Sierra
Nevada ridge line and its interaction with the terrain, as well as the diurnal evolution of the
downstream environment.

Two different perspectives on the predictability of mountain waves and downslope wind-
storms were taken by Doyle et al. (2011b) and Reinecke and Durran (2009). In an effort to
examine the sensitivity of windstorm and mountain-wave predictions to numerical model char-
acteristics, Doyle et al. (2011b) compared the results of 11 different non-hydrostatic numerical
models initialized with a pre-windstorm upstream sounding of IOP 6. Their results revealed
a strikingly diverse spectrum of simulated mountain-wave characteristics, ranging from lee
waves to gravity-wave breaking, which implied a surprisingly low predictability of such events.
Reinecke and Durran (2009) tested the sensitivity of downslope windstorm forecasts by a
single mesoscale model on small variations in the initial conditions. The ensemble forecasts of
the T-REX windstorm events of IOP 6 and 13 were examined. The predictability time scale of
the IOP 13 case, associated with upstream stability layering, seemed somewhat longer than
that of the IOP 6 case, involving a large-amplitude breaking mountain wave. However, the
authors concluded that “neither case suggests that much confidence should be placed in the
intensity of downslope winds forecast 12 or more hours in advance”.

Observations of fully-developed rotors

Interestingly, only two studies documenting coherent rotor circulations in Owens Valley have
emerged from T-REX observations. During IOP 3, non-stationary lee waves shifted toward the
east across Owens Valley and past the vertical line of sight of two wind profilers, allowing a
large portion of the low-level turbulence zone underneath the wave crests to be sampled. Using
these data, Cohn et al. (2011) documented the presence of several typical characteristics of the
lee-side low-level turbulence zone: enhanced shear-generated turbulence below the upstream
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edge of the wave crest, couplets of positive and negative velocity within the turbulence zone,
and weak (<5 ms!) but sustained easterly winds in its lowest portion, all supporting the idea
of a rotor being present.

The most direct observation of a fully-developed rotor during T-REX was provided by the
DLR Doppler lidar during the final stages of the windstorm episode of IOP 6. Kiihnlein et al.
(2013) showed the rapid temporal evolution of a large rotor at the leading edge of the downslope
windstorm, having a horizontal and vertical extent of 6-8 km and 2-3 km, respectively. The
rotor contained distinct regions of reversed flow with an easterly wind component of up
to 10 ms™! and quickly retreated westward in time. Although rather well defined in size and
extent, the rotor flow was highly transient, intermittent, and three-dimensional and exhibited
significant interaction with the along-valley flow (Kiihnlein et al. 2013).

1.3 Scope of this work

T-REX has excited a new wave of research on mountain waves and rotors. A multitude of
new findings have emerged, representing a significant step ahead in our understanding of the
interaction of mountain waves and the boundary layer. Certainly, as with any field experiment,
not all objectives formulated in the design phase of the experiment have been met. For example,
observational evidence of gravity-wave breaking in the upper troposphere-lower stratosphere
was not found, with the exception of an encounter with clear-air turbulence along a single GV
flight leg at 13.7 km over the southernmost part of the Sierra Nevada during IOP 6 (Doyle
et al. 2011a). On the other hand, a few fortuitous discoveries of new phenomena were made,
for instance, the secondary generation of downward-propagating mountain waves near the
tropopause (Smith et al. 2008; Woods and Smith 2010).

The rich T-REX data set, consisting of data from both surface and airborne sensors and
mesoscale model output, is yet to be exploited to its full extent. Also, some of the observations
from T-REX still remain poorly understood. Others have led to entirely new questions. The
purpose of this work is to fill in some of the remaining blanks and to contribute to the resolution
of a few of the outstanding questions regarding mountain-induced turbulence and real-world
rotors.

1.3.1 Open questions

(i) Origin of the unsteadiness of mountain flows

During T-REX, hopes were high that UWKA and the high-resolution dual-Doppler capabilities
of WCR would allow to sample the turbulent structures in Owens Valley and provide a two-
dimensional depiction of the rotor flow across the valley. However, due to the lack of low-level
moisture in Owens Valley, in particular during the mountain-wave events of interest, only
little additional insight could be gained from the radar measurements. This excludes a few
occasions on which the cap cloud over the mountains and the roll cloud over the valley were
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reasonably well covered by the radar (Grubisi¢ et al. 2006; Haimov et al. 2008).

Only two months prior to T-REX, however, in January and February 2006, the NASA
Orographic Clouds Experiment (NASAO06) was conducted over the Medicine Bow Moun-
tains (MBM) in southeastern Wyoming in a wintertime, moist mid-latitude environment.> On
several days of the campaign, UWKA performed cross-mountain legs aligned with the ambient
wind direction. The main objective of NASA06 was to study the orographic enhancement of
wintertime precipitation over the MBM. During two days of the campaign, however, large-
amplitude mountain waves and enhanced low-level turbulence were detected in coincidence
with significant cloud cover over the MBM, allowing WCR to sample the airflow over the
mountains from flight level all the way to the ground.

Preliminary analysis of the observations revealed boundary-layer separation and near-
surface reversed flow in the lee of the MBM on both wave days, strongly suggestive of the
presence of rotors. A striking feature of the events was their rapid temporal evolution. In both
cases, the primary wave updraughts in the lee and the low-level turbulence region underneath
them displayed a significant upstream movement (e.g., 7 km within 30 min on 26 January),
well beyond the usual rates of change in wavelength or phase of non-stationary lee waves,
reported previously (e.g., Ralph et al. 1997a). This aspect makes the NASAQ06 events quite
similar to T-REX IOPs 3 and 6, in which non-stationary waves and rotors were observed as
well.

The preliminary results clearly ask for a deeper analysis aiming at elucidating the driving
dynamic factors of the strong degree of unsteadiness in the mountain-wave patterns and related
turbulence.

(ii) Structure and intensity of mountain-wave-induced turbulence

Several studies in the past have underlined the usefulness of high-rate aircraft measurements of
wind, temperature, and humidity for the study of small-scale atmospheric variability and turbu-
lence over and around mountains (cf. Table 1.1). Deriving quantitative turbulence parameters,
for instance the turbulent kinetic energy (TKE) or turbulent fluxes of heat and momentum,
from measurements taken in spatially and temporally inhomogeneous conditions poses great
challenges. This is particularly true for airborne remote sensors, for which the measurement
of atmospheric parameters may be strongly affected by measurement uncertainties related to
the remote measuring principle and the highly variable motion of the mobile platform. On
the other hand, there are obvious advantages in using remote sensors for the study of severe
low-level turbulence, since they allow to sample the turbulent phenomena of interest from afar,
thereby avoiding the need to expose equipment and crew to the associated hazards. The latter
aspect has led to a tendency of undersampling the regions closest to the mountain peaks and
slopes, comprising some of the most interesting aspects of the atmosphere-terrain interaction,
such as flow separation processes.

No definite answer exists, however, to the question whether meaningful, i.e., sufficiently

> A topographic map of the region is shown in Chapter 2, Fig. 1.
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accurate and statistically significant turbulence parameters can be derived from airborne
remotely-sensed measurements in complex mountain flows.

(iii) Structure and evolution of rotors in complex terrain

Idealized conceptual models of the rotor flow were developed in the early mountain-wave
experiments, but even their creators recognized substantial deviations from them for many of
the observed cases. Recent observations from T-REX and NASAOQ6 indicate the diverseness
of real-world rotors that may form in dependence of the meteorological conditions causing
them and of the surrounding topography. The influence of topography downstream of the
primary mountain ridge on rotor formation has received relatively little attention. On the
other hand, evidence of fully-developed rotors collected in Owens Valley during T-REX was
unexpectedly scarce. When observed, the rapidity of their evolution was striking and their
lifetime surprisingly short.

To what degree changes in the upstream meteorological conditions result in the rotor
transience, and what is the relative importance of the characteristics of a valley atmosphere for
the existence of rotors and their evolution, is yet to be illuminated.

In the following chapters, the above questions are addressed in three journal contributions
by (i) Grubisi€ et al. (2015a), (ii) Strauss et al. (2015a), and (iii) Strauss et al. (2015b).
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Chapter 2

Wave-induced boundary-layer separation
in the lee of the Medicine Bow Mountains:
numerical modelling

Airborne in situ and dual-Doppler radar measurements made during two wave events of the
NASAOQ6 experiment have provided insight into large-amplitude waves and their impact on the
lee-side low-level flow in unprecedented detail. A comprehensive account of the observations
has recently been given by French et al. (2015'). High-resolution dual-Doppler syntheses of
the two-dimensional velocity fields in a vertical plane along the aircraft track have revealed the
presence of boundary-layer separation and rotors on both days. The most distinct characteristic
of the observed cases was the rapid upstream movement of the rotors. The observational
analysis points to gravity-wave breaking at mid levels above the mountains.

The objective of the study presented in this chapter is to provide the mesoscale dynamic
context of the rapid temporal evolution of the events. Real-case numerical simulations with
the Weather Research and Forecasting (WRF) model are used to shed light on the mechanisms
behind boundary-layer separation and transient rotor formation. The results of this study
contribute to our understanding of the origin of unsteadiness in mountain flows.

The main contribution to the work by the author of this thesis was the model verification
by quantitative comparison with the aircraft data. WRF model runs, initialized with large-scale
analyses from ECMWEFE, NCEP, and NOGAPS, were examined for the minimum root-mean-
square deviation between measured and model-extracted aircraft data. Model runs relying on
the ECMWEF analysis offered the best comparison with the observations and were considered
for subsequent analysis. Contributions to the journal article were made in the form of Figs. 3
and 4, text to Section 2, and the reviewing of paper drafts.

! French, J. R., S. Haimov, L. Oolman, V. Grubisié, S. Serafin, and L. Strauss, 2015: Wave-induced boundary-layer
separation in the lee of the Medicine Bow Mountains. Part I: Observations. J. Atmos. Sci., in review.
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ABSTRACT

«  Mountain waves and rotors in the lee of the Medicine Bow Mountains in SE
« Wyoming are investigated in a two-part paper. Part I by French et al. (2015)
s delivers a detailed observational account of two rotor events, one of which
1 displays characteristics of a hydraulic jump, the other of a classic lee-wave
v rotor. In Part II, presented here, we convey results of high-resolution numeri-
s cal simulations and examine physical processes involved in the formation and
v dynamical evolution of these two rotor events.

»  The simulation results reveal that the origin of the observed rotors lies in
= boundary-layer separation, induced by wave perturbations whose amplitudes
» reach maxima at or near the mountain top. An undular hydraulic jump that
;s gave rise to a rotor in one of these events was found to be triggered by mid-
2« tropospheric wave breaking and an ensuing strong downslope windstorm. Lee
s waves spawning rotors developed under conditions favoring wave energy trap-
»s ping at low levels in different phases of these two events. The upstream shift
» of the boundary-layer separation zone, documented to occur over a relatively
s short period of time in both events, is shown to be the manifestation of a tran-
2 sition in flow regimes, from downslope windstorms to trapped lee waves, in
» response to a rapid change in the upstream environment related to the passage
« of a short-wave synoptic disturbance aloft.

»  The model results also suggest that the secondary obstacles surrounding the
»» Medicine Bow Mountains play a role in the dynamics of wave and rotor events

«« by promoting lee-wave resonance in the complex terrain of SE Wyoming.
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1. Introduction

A boundary layer is the region of fluid flow that is strongly affected by the no-slip condition
along the interface with a solid boundary. The aspect of boundary-layer dynamics that represents
the greatest difficulty theoretically is the flow separation (Batchelor 1967). Laboratory experi-
ments show that boundary layers exhibit no tendency to separate where the flow external to the
boundary layer accelerates. Conversely, where the external flow is strongly retarded, the bound-
ary layer will separate from the solid surface (Lighthill 1986). In stratified fluids, such as the
atmosphere, separation-causing deceleration can be triggered, among other means, by the adverse
pressure gradient due to pressure perturbations induced by internal gravity waves launched in flow
over complex terrain. If that is the case, boundary-layer separation (BLS) is said to be wave-
induced (Scorer 1958; Baines 1997).

In orographically-forced atmospheric flows, in general, the occurrence of wave-induced
boundary-layer separation is a manifestation of non-linear processes. In flows over terrain with
vertically uniform stability and wind profiles, non-linearity displays itself as large-amplitude
waves at or near the mountain tops. Flows in which either the stability, the wind or both change
with height may too be conducive to triggering of boundary-layer separation through formation of
trapped lee waves or of a hydraulic jump at low levels (Jiang et al. 2007).

Attendant to wave-induced boundary-layer separation is the occurrence of terrain-induced at-
mospheric rotors (Doyle and Durran 2002). The latter have been traditionally described and
schematically represented as horizontal vortices with an axis parallel to a mountain ridge (GrubiSic¢
et al. 2008) and are often characterized by severe or extreme turbulence (Doyle and Durran 2002,
2007; Strauss et al. 2015). The interplay of baroclinic vorticity generation along stable layers em-

bedded in mountain waves and shear vorticity generation within the terrain-adjoining boundary

35



2 Wave-induced boundary-layer separation in the lee of the Medicine Bow Mountains

layer has been shown to exert a significant impact on the rotor structure and strength. Accord-
ing to Hertenstein and Kuettner (2005), rotors tend to take the form of hydraulic jumps when
baroclinically-generated vorticity prevails, whereas lee-wave-type rotors are expected to occur
when shear-generated vorticity dominates.

BLS in stratified flows over two-dimensional (2D) hills has been examined in laboratory exper-
iments (Baines and Hoinka 1985) and described by theoretical studies (Ambaum and Marshall
2005). These investigations reveal a range of separation regimes (Baines 1997), dependent on
the parameters NH /u (non-linearity parameter or non-dimensional obstacle height) and H /L (as-
pect ratio or slope steepness), where N, u, H and L are, respectively, the buoyancy frequency,
the upstream wind speed (both assumed to be constant with height), the maximum height of the
mountain and its half-width. In the limit of neutral stratification (NH /u = 0) no separation occurs
on shallow hills (H/L ~ 0). As the aspect ratio is increased (H/L 2 0.1), salient-edge BLS is
expected to occur at the hilltop. For 0 < NH /u < 1 and low aspect ratios, small-amplitude internal
gravity waves cannot induce BLS, because the flow acceleration on the lee slope and deceleration
farther downstream are rather weak. With strong stratification and nonlinearity (NH /u 2 1), the
amplitude of the pressure perturbations related to gravity waves in the inviscid flow above the BL.
becomes large enough to force the flow to separate in a wide range of H /L values.

A large number of mountain wave studies emphasize the profound impact that BL dynamics
may have on downslope windstorms, rotors and lee waves. For instance, a BL can effectively
limit trapped lee wave propagation by absorbing the reflected, downward propagating wave beams
(Jiang et al. 2006; Smith et al. 2006; Smith 2007). Furthermore, the BL diurnal cycle of diabatic
heating and cooling modulates downslope windstorms, by inducing changes both in the turbulence
intensity and in the horizontal buoyancy gradients within waves (Jiang and Doyle 2008). A number

of studies, with a special focus on lee-wave-type rotors, examined the sensitivity of BLS and rotor
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formation to several other factors such as surface roughness, wave length and amplitude (Doyle
and Durran 2002; Vosper et al. 2006; Jiang et al. 2007). The role played by elevated inversions
in the formation of rotors was investigated by Vosper (2004) and, with laboratory experiments, by
Knigge et al. (2010). The effect of a downstream mountain range on BLS and rotor formation was
investigated by GrubiSi¢ and Stiperski (2009) and Stiperski and Grubisi¢ (2011).

Beyond numerical, laboratory and theoretical investigations, several field measurement cam-
paigns were recently conducted to study the structure and dynamics of atmospheric rotors and
their surface signatures in the lee of different mountain ranges, including the Falkland Islands
(Mobbs et al. 2005), the Pennines (Sheridan et al. 2007) and the Dinaric Alps (Gohm et al. 2008).
The most extensive of these are the pair of campaigns in the Sierra Nevada — the Sierra Rotors
Project (Grubisi¢ and Billings 2007) and the Terrain-induced Rotor Experiment (T-REX, Grubisi¢
et al. 2008). Despite these significant efforts, the observational evidence of boundary-layer sep-
aration in terrain-induced flows has been lacking until now. Part I of the present study describes
observations of two events of wave-induced boundary layer separation and rotors in the lee of the
Medicine Bow Mountains (hereafter MBM) in Wyoming (Fig. 1). These events occurred on 26
January and 5 February 2006 and were documented during the NASAQ6 field campaign (French
et al. 2015). In this paper, we use a mesoscale numerical model to simulate these two events in or-
der to place Part I observations in a broader mesoscale context and to examine physical processes
involved in their formation and temporal evolution.

The paper is organized as follows. The details of the modeling approach are presented in Section
2. Sections 3 and 4 contain our analysis of numerical simulation results for the 26 January and 5

February cases. Summary and conclusions are presented in Section 5.
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2. Numerical simulations

a. Model setup

The simulations presented here were performed using version 3.3 of the ARW-WRF model
(Skamarock and Klemp 2008), in a nested configuration with two domains having a horizontal
grid spacing (Ax = Ay) of 2 km and 400 m in the outer (d01) and inner (d02) domains, respec-
tively. Initial and boundary conditions for the simulations were interpolated from the operational
ECMWEF analyses, available at 6-hourly intervals with native TL511L62 resolution. The model
top was located at the 100 hPa pressure level, roughly corresponding to an altitude of 15700 m.
Rayleigh damping was applied to the vertical velocity in the upper 5000 m of the domain, in or-
der to absorb vertically-propagating gravity waves and prevent their downward reflection from the
model top, which was treated as a rigid lid.

The terrain-following grid uses the ¢ coordinate introduced by Laprise (1992) and features 61
vertical levels in both domains. The grid-spacing is 0.0036¢ near the lower boundary and increases
towards higher altitudes with a constant stretching factor of ~5% (i.e., each model level is ~5%
thicker than its lower neighbor). The vertical grid spacing near the lower boundary is chosen so
as to be on the same order of (and not much smaller than) the maximum terrain height increment
across one element of the horizontal grid (Mahrer 1984; De Wekker 2002). The former (0.0030)
corresponds to ~21 m in our case, while the latter (Axtan ¢, @ being the local slope angle) is well
below 60 m throughout most of the domain. Under these conditions, the grid setup should not
cause large errors in the computation of near-surface pressure gradients. Additional simulations
with different near-surface vertical resolutions (0.001c and 0.10) did not produce appreciably

different results from those presented herein.
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A third-order time-split Runge-Kutta scheme was used for the discretization of time derivatives.
Spatial derivatives were treated with upwind-biased 5th- and 3rd-order schemes along the hori-
zontal and vertical directions, respectively, providing implicit artificial diffusion. Given the fully
compressible nature of the WRF solver, isotropic divergence damping and forward biasing of the
vertically implicit acoustic-time-step terms were adopted, in order to damp acoustic modes in the
solution.

Fluxes in the surface layer and vertical sub-grid-scale fluxes in the PBL are parameterized with
the Eta Mellor-Yamada-Janji¢ scheme (MYJ, Janji¢ 2002), while horizontal diffusion is handled
with a Smagorinsky first-order closure. The Morrison 2-moment scheme (Morrison et al. 2009)
is used for microphysical processes and atmospheric radiation is treated with the RRTM scheme
(Mlawer et al. 1997) for the longwave and the Dudhia (1989) scheme for the shortwave component.

The fairly high grid resolution of the inner domain lies in the so-called terra incognita range
(Wyngaard 2004), where the application of traditional BL. parameterizations, such as the MY]J
scheme, might be questionable. Consequently, we explored the sensitivity of model results to
BL parameterizations by performing a few additional runs with alternative schemes (not shown).
Overall, the general characteristics of our results were unaltered, increasing our confidence in the
appropriateness of the selected model setup.

The 26 January and 5 February simulations were both initialized at 0000 UTC on respective
dates and carried forward for 36 hours. The first few hours of each run are regarded as spin up

time and were not taken into account in the analysis of results.

b. Model verification

For model verification, simulation results were compared with available measurements from

both surface-based and airborne sensors. Airborne measurements with the University of Wyoming
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King Air (UWKA) were made between 2020 and 2230 UTC on 26 January and between 1350 and
1545 UTC on 5 February and include both level flight tracks as well as ramp soundings (French
et al. 2015). Surface-based measurements include observations from the Medicine Bow wind
profiler, located ~55 km north of the MBM, and a weather station at Laramie airport, some 50
km downstream of the MBM peak (Fig. 1). For comparison with the surface-based measurements,
model output was extracted from the nearest-neighbor grid points to the surface sites. For the wind
profiler, the model data was extracted from the outer domain, whereas for the Laramie surface
station, the model data comes from the inner domain. The periods of comparison for the surface
measurements for the two events extend from 1200 UTC on 26 January to 1200 UTC on 27 January
and from 0600 UTC on 5 February to 0600 UTC on 6 February. For comparison with airborne
measurements, the model data from the inner domain was linearly interpolated along the aircraft
trajectory.

The observed and simulated vertical profiles of wind speed and direction at the Medicine Bow
wind profiler are presented in Fig. 2, which shows a good agreement between simulation results
and observations, in particular for 26 January. On both of these days, the passage of an upper
tropospheric anomaly is apparent at altitudes between 6000 and 8000 m MSL. On 26 January, the
passage of this anomaly occurs between 1400 UTC and 2200 UTC and is evident in the turning
of wind from SW to NW and back to W, accompanied by a temporary drop of wind speed at
these levels, all compatible with the passage of a synoptic short wave as described in French et al.
(2015). The overall evolution of this event, including the timing of the wave passage, is captured
well by the simulation. On 5 February, rapid wind turning from W to NNE then back to NW is
evident in observations between approximately 1000 UTC and 2000 UTC. In this case, it appears
there is a time lag of ~2 hours between the onset of the wind turning aloft in the observations and

the simulation results. At low levels, the simulation results show sustained NW winds whereas

40



2.2 Numerical simulations

the observations display a sharp turn to the northerly wind soon after 1200 UTC and a subsequent
gradual shift to the north-westerlies. By 1800 UTC, the model is starting to catch up with the
observations and, by 0000 UTC the next day, the two appear to be in a fairly good agreement.
Although without additional numerical experiments we cannot ascertain the cause of this delay,
it is likely that the mesoscale model acquired this timing error through the initial and boundary
conditions from the global model analyses.

The comparison between surface observations at the Laramie airport and model predictions for
this site are shown in Fig. 3. The overall tendency of surface weather parameters is well reproduced
for both events. In particular, the onset of high and sustained wind speeds between 1800 UTC on
26 January and 0000 UTC on the next day is captured almost perfectly, as is the second peak in
wind speed between 0300 and 0600 UTC on 27 January. On 5 February, the simulation misses a
sharp peak in wind speed at around 1400 UTC, the time of the aircraft research mission. An initial
under-prediction of near-surface air temperatures is also apparent.

A comparison between the observed and simulated pseudo-vertical atmospheric profiles from the
UWKA ramp soundings for the two events is shown in Fig. 4. Profiles are taken along descending
flight segments, st