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ABSTRACT

Prediction of Clear Air Turbulence

A climatological study of three years of aircraft turbulence
reports covering the western United States shows a possible
connection between lee waves and such turbulence. Maxima of
turbulence frequency are found just to the lee of all major mountain
ridges. The frequency maxima of the various degrees of turbulence
display a well organized pattern with the highest intensity maxima
closest to the mountain range. The frequency maxima of less
intense turbulence are located further downwind from the ridge.
This is explainable on the basis of energy levels contained in lee
waves and their potential to cause clear air turbulence.

The relationship between mountain lee waves and clear air
turbulence is investigated using the theoretical results of
Scorer, Corby, and Wallington and the power spectra of
atmospheric turbulence determined from recent aircraft measure-
ments, The theoretically computed vertical velocities in the
mountain lee waves are consistent with power spectrum
measurements observed by aircraft while experiencing clear air
turbulence. By using the "-5/3" spectral density slope, the
energy per cycle in the mesoscale obtained theoretically is
related to that observed in the microscale and also to the degree
of clear air turbulence. The intensity of turbulence expected on
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using this method agrees quite well with actual reports of aircraft
turbuience. The pilot reports of turbulence generally come from
lee wave areas where the atmospheric and terrain parameters allow
sufficient theoretically computed input energy into the mesoscale
to result in clear air turbulence as the energy is passed into the
microscale., Energy decay times based upon computed dissipation

"-5/3 law' are consistent with observed clear air

rates using the
turbulence patterns. The wavelengths of mountain lee waves
observed by satellite are found to be close to those derived from
theory.

Numerous graphical and computational aids are developed
which allow forecasting of clear air turbulence by the use of
rawinsonde and satellite information, Verification of the
forecasting methods is accomplished by the use of evidence
collected in seven mountain lee wave cases observed principally
by satellite, and in five cases observed during a field

measurement program utilizing constant level balloon

trajectories, cloud photogrammetry, and satellite photography.

Harry P. Foltz
Department of Atmospheric Science
Colorado State University
January 1967

iii



ACKNOWLEDGMENTS

The author wishes to express gratitude to Professor Elmar R.
Reiter for his many helpful suggestions made while the manuscript
was being prepared, to Mr, Vincent J. Oliver of the National
Environmental Satellite Center, ESSA, who planned the mountain
wave pilot report program and who was instrumental in providing
the pilot reports and satellite pictures; to Dr. Ignaz Vergeiner for
his many stimulating discussions and for his computer programming;
to Mr. Gene Wooldridge, who prccessedthe photogrammetric
data; to Mr. James White, who drafted the figures; and finally to
my wife, Betty, for her constant help and encouragement.

Much of the data used for analysis were made available by the
National Environmental Satellite Center, ESSA, Suitland, Maryland;
The National Weather Records Center, ESSA, Asheville, North
Carolina; and the Weather Bureau Offices, ESSA, in Salt Lake
City, Utah; Denver, Colorado; New York, New York; Washington,
D. C.; and Suitland, Maryland. The computer facility of the
National Center of Atmospheric Research made available free
computer time for the present research program.

This material is based upon a dissertation submitted as partial
fulfillment of the requirements for the Doctor of Philosophy Degree

at Colorado State University,

iv



CHAPTER
I

IT

ITI

Iv

TABLE OF CONTENTS

INTRODUCTION., . .

Introdiuetory remarki. casmese o s se sn swnaam

The pPoblet wu ss secana

Purpose of this study. is sevs csnnne

© 06000 06000

© 00000000

o0 o

© 000000

PHENOMENON OF CLEAR AIR TURBULENCE..

Discussion of CAT pilot reportS.cecoooo

Observational techniquesS.ccececccosscvecces

Results of research to date.ooooo .

Turbuleiite TheOEYicioaosines 66 5o 68 94 w84

CAT pilot reports used in this study.eecooeeoo

© 000000000

Climatological study of CAT over the

western United Stat€S.oocoooos

e 00000

e 0900 o

OROGRAPHIC WAVE DISTURBANCES. :ccccs000

Urographic Sllogls ., cavevsrr nnospn swamnwnenw

Historical obserVationSs s am ss se sws e e o5 508
Theoryoflee WaVeSOOOGOOOOOOOOOOOOO0'00006

Observation of 1ee WaveS.cooooecooesococosocses

TECHNIQUES FOR PREDICTING CAT FROM
LEEWAVESQO900090000000BOOOGOGOCUODOOCGO

Observational evidence connecting CAT

and lee WaveS.ooooo o

© 000 00000©06000O0CO0OCOOGOGC

Theoretical basis for prediction techniques...

Supporting theoretical and observational

evidence. ..

o

© 000000

© 0 e 0000 00

oo

© 000000

10

13

14

24

24

217

29

34

77

77

86

96



TABLE OF CONTENTS (Continued)

CHAPTER PAGE
V RESULTS AND CONCLUSIONS. ©© 0000 9 0000 90000 101

Discussion and verification of predictive
meth0d30..0‘..-..0....0...0......0.-0. 101

Outlook for future researche.ccecescscessss 1189
LITERATURE CITED, sacanun cx nnames smsmnesns eomuessns 122
APPENDICES .. vssoswsaussss s ss svun bosesaing snes sanss 149

A Symbol notatioNeceecceccccccocsss B D 129

B Application of lee wave theory-determination
of lee wave energy leading to CAT..ccc000.. 131

C Shortcut CAT forecast method using satellite

e sessnanan snog oo es §noesons %o R EE B 137
D Constant level balloon trajectories and other

related data. e v e e 5o xn pe wmas cessscssss 138

vi



LIST OF TABLES

TABLE PAGE
1 Aircraft turbulence criterid..cceceeccececcecss 5
2 Values of turbulence maxima...cceccecocccossos 22
3 Spectra of turbulence in the free atmosphere... = 91
4 Decgy time of energy.ssessessssnsssonmsnrens 99
5 Jet stream and mean upper wind data..cecocecccos 99
6 Summary of special pilot reportSeeecsccesocess 103
7 Western United States turbulence forecasts..... 104
8 Eastern United States turbulence forecasts..... 105
9 All turbulence forecastscsssssosssssosnvosssas 103

10 Computed lee wave dat@eeeecoccoocccocccocaoas 108
11 Eastern Colorado turbulence reports and

forecasts.oo.u..o.o.ootoo'...otc.c...ooo.o 11]-

12 Lee wavelength valueS.ceeccescesessssccacssss 114

13 CAT forecasts using satellite datacccccecoceoe. 118

B-1 Moutitain dimensions.ses es s ss smsosssonssas o L0
kb

B-2 Values of (27hb/€  )iceecoccesacesoosssasncnn. 136

vii



LIST OF FIGURES

FIGURE PAGE
1 Light to moderate CAT over the western U.S..... 16
2 Moderate CAT over the western U.S..ceeccccoccos 17
3 Moderate to severe CAT over the western U.S.... 18
4 Severe CAT over the westeri U.B,scosssnssveses 19
5 Patterns of CAT over the western U.S.eccccocooceo 20

6 Satellite photo, February 14, 1966..ccccccecccccss 43
7 Surface chart, 0000Z, February 15, 1966..cc000.. 43
8 700 and 500 mb charts, 0000Z, February 15, 1966. 44
9 Satellite photo, March 7, 1966.cccccccccccccoccaco 46
10 Surface chart, 0000Z, March 8, 1966..cceccccccos 46
11 500 and 300 mb charts, 0000Z, March 8, 1966..... 47

12 Rawinsonde information for Winnemucca, Salt
Lake City, and Denver, 0000Z, March 8, 1966.,.. 48

13 Satellite photo, March 9, 1966..ccc0c0ccococcocosas 5l
14 Surface chart, 0000Z, March 10, 1966...ccc00000.. D1
15 500 and 300 mb charts, 0000Z, March 10, 1966..... 52
16 Satellite photo, April 26, 1966.c.ccccocsssssossssss D4
17 Surface chart, 0000Z, April 27, 1966...cc0covecos.s 54
18 500 and 300 mb charts, 0000Z, April 27, 1966...... 55
19 Satellite photo, Aprill, 1966.cccceccccccocccccccss D7
20 Surface chart, 1200Z, April 1, 1966iccecssosssosess DT
21 700 and 500 mb charts, 1200Z, Aprill, 1966...c0... 58

22 Satellite photograph, April 16, 1966...cccccc0cecees. 60

viii



FIGURE
23

24

29

26

27
28
29
30

31

34
35
36
37
38
39
40
41
42

43

LIST OF FIGURES (Continued)

Surface chart, 12002, April 16, 1966..........

700 and 500 mb charts 1200Z, April 16, 1966. ..

Stereo photograph pairs taken at 1726Z on

April 16, 1966 .. vvvee et

Coordinate positions of cloud features numbered
I Flg. 20 «. ..o vcnssminimrms s msnen 6551

Satellite photograph, May 11, 1966............
Surface chart, 1200Z, May 11, 1966.....::0:4:
700 and 500 mb charts, 1200Z, May 11, 1966....
Satellite photograph, May 13, 1966.............
Surface chart, 1200Z, May 13, 1966...........
700 and 500 mb charts, 1200Z, May 13, 1966....
Stereo photograph pairs, 1926Z, May 13, 1966 ..
Satellite photograph, May 14, 1966.............
Surface chart, 1200Z, May 14, 1966,.........-.
700 and 500 mb charts, 1200Z, May 14, 1966....
Cross sections, 0000Z, February 15, 1966.....
Cross sections, 0000Z, March 8, 1966 .........
Cross sections, 0000Z, March 10, 1966 .......
Cross sections, 0000Z, April 27, 1966 ........
Schematic presentation of spectral density ... ..
Spectra of lee wave energy ...................

Forecast degree of CAT. ... .c.vsusaoansnsnsos

ix

PAGE

61

64

65

67

67

63

70

70

71

73

75

75

76

80

82

85

87

90

92

94



LIST OF FIGURES (Continued)

FIGURE PAGE
44 Dissipation rate of energy related to wavelength.... 98
B~1 DEePRInglion & @ .. ccowmiwomomems oo mnas e 132
B-2 Welies of PUE). - i nsunrvinisinimsaiss ifsmidss o 184
D-1 Balloon trajectory, run 1, April 1, 1966 .......... 139
D-2 Balloon trajectory, run 2, April 1, 1966 .......... 139
D-3 Balloon trajectory, run 3, April 1, 1966......... . 140
D-4 Balloon trajectory, run1l, May 13, 1966 .......... 140
D-5 Balloon trajectory, run 2, May 13, 1966 .......... 141
D-6 Balloon trajectory, run 3, May 13, 1966 .......... 141
D-7 Balloon trajectory, run 1, May 14, 1966 .......... 142
D-8 Balloon trajectory, run 2, May 14, 1966 .......... 142
D-9 Balloon trajectory, run 3, May 14, 1966 .......... 143
D-10 Balloon trajectory, run 4, May 14, 1966 .......... 143
D-11 Balloon trajectory, run o, May 14, 1966 .......... 144
D-12 Balloon trajectory, run 6, May 14, 1966 .......... 144
D-13 Balloon trajectory, run 7, May 14, 1966 .......... 145



CHAPTERI

INTRODUCTION

Introductory Remarks

Clear air turbulence (henceforth denoted as CAT), which seems
to consist of random three dimensional eddies that occur in
certain confined regions of the atmosphere, is the special interest
of many groups and organizations., It is of prime imporiance
to the aviation industry because it affects the safety and comfort
of passengers and crew, as well as operational costs. Aircraft
manufacturers and the airlines are interested in CAT in order to
determine to what strength airframes must be built to withstand all
degrees of turbulence. They also realize that CAT may be even a
greater operational problem in the era of the supersonic jet trans-
port, CAT is of interest to certain government and civilian
agencies responsible for the safety of aircraft operations. Military
agencies must understand CAT more fully so that they may take it
into account operationally in all areas of the world. Finally,
scientists are concerned with CAT because it is a phenomenon of
our environment that is not clearly understood, A better
comprehension of CAT may result in determining the processes
whereby mesoscale wave-energy is transformed into microscale

turbulent energy.



CAT is usually less intense than turbulence encountered in
thunderstorms (Beckwith 1964, Colson 1966), but it can cause
passenger discomfort and, infrequently, passenger injuries and
loss of aircraft control, In rare instances it can cause damage to
the airframe. CAT may at times be more dangerous than "in cloud"

turbulence, as it usually occurs with no visible warning.

The Problem Under Consideration

The nature of clear air turbulence and its meteorology are
still not completely understood. More mesoscale (2 km to 100
km horizontal distance) and microscale (<2 km) studies must be
made coricerning the causes and generation of CAT. The operational
forecasting of CAT is based upon synoptic scale data (>100 km) and,
although it has some skill, it must be considered as inadequate
for present and future needs., Any improvement in forecasting skill
that we hope to bring about by this study will probably result from
increased mesoscale input into the forecast problem. The only
mesoscale measurements available operationally at this time which
concern the problem are rawinsonde data that give a nearly
continuous measurement in the vertical of wind, pressure, temperature,
and humidity from the surface to above 30 km in altitude, and
satellite cloud pictures that delineate cloud structures down to a

scale of about 3 km,



Purpose of This Study

This investigation concerns itself principally with the
relationship between CAT and mountain lee waves. Statistical
evidence shows that CAT has a maximum frequency to the lee of
major mountain ridges (Clodman etal.1860), This suggests that
CAT has a physical connection with lee waves, Computations of
lee wavelengths and of vertical velocities contained in lee waves,
based upon atmospheric wind and temperature structures and the work
of Scorer, Corby, and Wallington, yield perturbation energy values
at lee wavelengths which can be correlated with various degrees of
CAT when this energy is passed into the microscale while obeying the
"-5/3 law'' of turbulence.

A better understanding of the processes leading to CAT over
mountainous terrain results in the development of several aids and
procedures for CAT prediction, These make use of the routinely
available rawinsonde and satellite data.

A field measurement program to study lee waves using constant
level balloon trajectories, cloud photogrammetry, satellite
photography, pilot turbulence reports, and rawinsonde data was
carried out near Fort Collins, Colorado in the spring of 1966. The
results are included in this report and some of them are used to
verify the CAT forecasting procedures. Mountain lee wave cases
observed principally by satellite are also used to evaluate the CAT

forecasting methods.



CAPTER II

THE PHENOMENON OF CLEAR AIR TURBULENCE

Discussion of CAT Pilot Reports

The usual definition of CAT is ""atmospheric turbulence which is
not in or near convective clouds, including thunderstorms, and is
not below 15, 000 ft. in altitude.'" Thus, mechanical turbulence
induced by rough terrain is not considered, It is realized that
this is an extremely arbitrary definition resulting from a desire to
simplify pilot reporting procedures.

Turbulence intensities are, at present, designated as light,
moderate, severe, and extreme. There are few quantitative
measurements of atmospheric turbulence at any scale. The bulk of
the aircraft turbulence data available is based upon the four
categories above, and, consequently is highly subjective and
qualitative in nature (Beckwith 1964), Included in the factors that
affect the subjective decision of the pilot when reporting turbulence
are the wing loading, the aircraft's speed and attitude, the pilot's
training, experience, and his psychological reactions (Beckwith 1964).

When studying subjective pilot reports, the aircraft's design or
response function must also be considered by use of the relationship

E_(o) = E, <w)|T<w>|2 1)

where Eo(w) is the output spectrum function in terms of frequency



and represents the degree of turbulence 'felt" by the aircraft.
Ei (w) is the input spectrum function representing the turbulence
which exists in the surrounding atmosphere, and T (w) is the
frequency response function of the aircraft describing the
oscillation modes of the aircraft in response to periodic gusts
of various frequencies.

In recent years several definitions of the four categories of
turbulence have been proposed. The current definitions in
official use, which were developed by the NACA Subcommittee

on Meteorological Problems (1957), are listed in Table 1,

Table 1. AIRCRAFT TURBULENCE CRITERIA

CATEGORY DEFINITION

Light A turbulent condition during which
occupants may be required to use
seat belts, but objects in the
aircraft remain at rest.

Moderate A turbulent condition in which occupants
require seat belts and occasionally are
thrown against the belt. Unsecured
objects in the aircraft move about,

Severe A turbulent condition in which the
aircraft momentarily may be out of
control. Occupants are thrown
violently against the belt and back into
the seat. Objects not secured in the
aircraft are tossed about.

Extreme A rarely encountered turbulent
condition in which the aircraft is
violently tossed about, and is
practically impossible to control.
May cause structural damage.



Objective criteria for the reporting of turbulence must wait until
more measurements are made of the conditions existing in the
turbulent eddies, and until cockpit instrumentation includes a

gust load or turbulence indicator.

Observational Techniques

Much time, effort, and financial support have been expended
in this country by the government, the aircraft industry, and
private and public research facilities to investigate the problem of
CAT and to find promising avenues leading to a solution of this
problem. This research has gone forward in three broad
categories: first, research concerning the correlation of CAT
with macroscale, mesoscale, and/or microscale atmospheric
measurements; second, research into instrumentation for the
detection of CAT sufficiently in advance of the aircraft to allow
evasive measures; and third, research by military and airline
organizations concerning the operational aspects of CAT,

As pointed out earlier, the meteorologist has few direct
measurements of turbulence intensities and must depend upon the
accuracy of the intensities reported by pilots. He has attempted
to find correlations between these reports and synoptic patterns
and large scale data such as smoothed wind shears, jet stream
configuration and upper fronts. These data are taken at six to

twelve hour intervals with a grid scale of about 300 km. It can



be seen that any attempt to find an accurate and objective technique
to forecast CAT, a phenomenon of the microscale (about 100
meters), by use of synoptic scale data would lead to disappointment.
This has largely been the case.

There have been a few measurements of the mesoscale
structure of atmospheric turbulence using Doppler radar
navigation systems on aircraft (Reiter 1961b, Panofsky and
McLean 1964).

Measurements of the microstructure, which contains the
perturbations of CAT dimensions (100-500 m wavelength), have
been taken by specially instrumented aircraft (Shur 1962, Reiter
and Burns 1965), Until recently the aircraft itself was used as
a sensor to measure atmospheric gusts from the aircraft acceleration
data., A full knowledge of the aircraft's response to turbulence
over a wide range of wavelengths [T (w) in Eq. (1)] is required for
meaningful interpretation of such data. This procedure usually
gives reliable results at short wavelengths up to a few hundred
meters. At long wavelengths, this instrumentation becomes
less sensitive. Accelerations in longer waves are usually small
and can be masked by pilot induced aircraft motions. Recent
measurements of turbulence (Reiter and Burns, 1965, 1966)
involved the use of instrumentation carried aloft by an aircraft, but

the airplane served only as an inertial platform for the instruments.,



It is this second system that offers hope for direct measurement
throughout most of the microscale and part of the mesoscale of
the atmosphere (Crooks 1965, Loving 1966), At the present time,
this system is not perfected for turbulent eddies of wavelengths
above six kilometers and we continue to have no quantitative
measurements from aircraft over much of the mesoscale range,

There are some measurements in the mesoscale region
obtained by tracking constant level balloons with radar, but at
great distances there is a lack of definition of small-scale
fluctuations due to the width of the radar beam. In order to get
long enough trajectories to give meaningful results in strong wind
situations, several radar sets must be placed strategically along
the track. Experimental use of optical radar and microwave
radar to observe atmospheric turbulence has been made and under
certain conditions this may offer a possibility for measurement
of turbulence in the microscale range (Hardy et al. 1966),

With the advent of meteorological satellites in 1960, a new
observational tool became available with which one could study
the turbulence problem on the mesoscale. There have been
attempts to correlate satellite cloud pictures with turbulence
reports (Serebreny and Wiegman 1964, Wiegman 1265) but results

were no: conclusive, Satellite pictures have been used in the



B
study of mountain waves (D60s 1962, Fritz and Lindsay 1964,

Fritz 1965), but not specifically in connection with the CAT problem.

Results of Research to Date

CAT has been found to be statistically related to terrain
(Clodman et al.1960, Colson 1963), to the jet stream and its
configuration (Bannon 1952, Endlich and McLean 1957, Reiter
1963a, Kadlec 1963, 1964, Reiter and Nania 1964), and to
horizontal and/or vertical wind shear (Colson 1963, Endlich 1963,
Reiter 1963a, Colson and Panofsky 1965). Some degree of turbulence
occurs about fifteen per cent of all flight time over the United
States during the winter months. Three per cent of the time
turbulence is moderate or of greater intensity (Endlich et al. 1966),
CAT has a frequency maximum near the tropopause., It is less
frequent during the summer months and seems to be an order of
magnitude less over oceans than over land (Clodman et al. 1960),

Stucies have been made of the energy spectral density in the
macroscale and in the long-wave end of the mesoscale (Kao and
Woods 1964). There seem to be perturbation kinetic energy input
regions at wavelengths of about 1, 000 km due to planetary waves
and at about 100 km due to gravity-inertial waves,

It has been found that during cases of moderate to severe CAT
the kinetic energy contained in the wavelengths of two kilometers
or less is appreciably greater than during cases of light or no

turbulence (Reiter and Burns 1965, 1966). The energy distribution of
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"at

the u and v wind components approximately obeys the "-5/3 law'
wavelengths less than the input wavelength indicated by a "hump' in
the spectral curve (Reiter et al, 1965, Reiter and Burns 1965, 1966),

As mentioned earlier, there is a data gap in the range of
turbulence with wavelengths between six and sixty kilometers,
This may be a region of perturbation kinetic energy input into the
atmosphere since, as will be shown later, it covers most of the
range of mountain lee waves. This possible input is presumed to
be of varying degree because aircraft measurements of energy
levels contained in perturbations with wavelengths of six kilometers
or less differ greatly with the various degrees of CAT experienced
by the aircraft.

Frorm previous investigations we thus find that among the
important parameters to be considered when studying CAT are
terrain features, the jet stream, wind shears, and the tropopause

location.

Turbulence Theory

In his original work, Kolmogorov (1941) presented his
similarity hypothesis for the structure function, D, which is

defined as the variance of the velocity difference between two points

2
= - + 2
D(ll) [u(x) u(x + r) )
where r is a distance measured along the direction of flow, It was
assumed that for some range of values of r, called the inertial
subrange, three dimensional turbulence was isotropic and the

structure functions were functions only of energy dissipation. By
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dimensicnal analysis they must be of the form Dez(e r)2/3, where e
is the rate of dissipation of energy. This function can be transformed
(Batchelor 1953) by a Fourier transformation to the spectral density
function, E (k),

B0 = meH0 g B 3)
where a is a universal constant and k is the wave number.

It hes been found from aircraft measurements that the kinetic
energy contained in atmospheric turbulence of wavelengths less
than one-half kilometer obeys the ''-5/3 law' of turbulence
(Reiter and Burns 1965, 1966, Loving 1966), Observations have
shown that at times this spectral decay law holds for the horizontal
wind components to much longer mesoscale wavelengths., In these
cases sources and sinks of turbulent energy are in balance with
each other,

In time space, the autocorrelation function, Rw('r), describes
the velocity fluctuations by determining the average correlation

between the vertical gust velocity at time t and a later time t + 7

1 [t
R (M= s= | . wt)w(t+n dt. 4)
T— @

The average distribution of energy in the gusts as a function
of wave number is obtained from the characteristics of the random
gust time record which shows the rate of change of random gusts.

The power spectral density E (k) (Blackman and Tukey 1959) is



] e

related to the autocorrelation function through the Fourier cosine

transformation

5 ®
E(k) = = ] R (™) cos wTdT, 5)
T J w

E(k) and Rw('r) are equivalent and are just two different methods of
expressing the rate of change of the vertical gust time record,

In order to easily compare the energy levels of observed
spectral measurements with each other, the spectral density curves
must be transformed into a coordinate system withln k as abscissa

and k E(k) as ordinate. This system is energy conservative, since

ko ko

" k E(k) d(In k) = K E(k) dk 6)
1 1

and the area under the curve between k, and k_ represents the

1 2
turbulent energy in that wave band.

Spectral measurements taken by aircraft and --although less
reliable-~-subjective pilot reports indicate the value of Eo(w) in
Eq.(1). If T(w), the frequency response function, is known, these
objective measurements and subjective reports may be compared
with each other. A study by Beckwith (1964) has verified that
commercial pilot reports of CAT are highly correlated with
measured spectral densities,

The -5/3 slope of E(k) with k, as shown in Eq.(3), holds in
the inertial subrange of turbulence wherein viscosity and buoyancy
have no effect. Within this inertial subrange the energy is passed

on from the larger eddies to smaller ones by the process of

inertial transfer. Slopes less steep than -5/3 in the lower



] B

microscale wavelength range would indicate an energy input into the
system and this has been observed during some occurrences of CAT
(Reiter and Burns 1965, 1966).

Steeper slopes represent an energy loss similar to that observed
in the buoyant subrange (at wavelengths just above the inertial sub-
range) wherein there is an additional dissipation of energy mainly in
the w component of the velocity, due to buoyant forces in a stable
environrnent. Bolgiano (1959, 1962), in his theoretical treatment of
the "buoyant subrange', arrived at the proportionality

-11/5

E (k) oc k 7)

CAT Pilot Reports Used in This Study

With the satellite coverage described earlier in this chapter, it
was possible to initiate a comprehensive study of mountain waves as
photogrephed by satellites, and their correlation with reports of CAT
made by pilots in the mountain wave region. A CAT data collection
program, making such a correlated study possible, has been carried
out by the National Environmental Satellite Center (NESC).

When mountain waves were observed by the satellites, the NESC
notified the U.S, Weather Bureau Regional Office nearest to the
mountain wave regions. That office, in turn, requested the
responsible Air Route Traffic Control Center of the Federal
Aviation Agency to elicit pilot reports concerning turbulence and

clouds from aircraft flying in the mountain wave area.
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The pilot reports used in this study consist of two types. The
first type contains the special reports which were requested of all
aircraft in the lee wave area, regardless of their altitude, whenever
the satellites observed wave clouds. These reports include cases of
light and no turbulence as well as higher degrees of turbulence.
They also include observations of cloud coverage and cloud heights
all of which were made within four hours of the time at which the
satellite pictures were taken. The second type of pilot reports,
which also were used in the climatological study to follow, are the
normal aircraft CAT report of light to moderate or higher intensity
turbulence above altitudes of 18, 000 ft msl. These reports include
no cloud information. The second type of report would usually be
the only one available in areas where there was no satellite coverage

or where satellites did not observe a lee wave cloud structure.

Climatological Study of CAT Over the Western United States

The clear air turbulence reported by pilots over the western
United States during eighteen months when there was a high
probability of lee waves was investigated., The months considered
were November, December, January, February, March and April
of 1962, 1963 and 1964, Over 9000 pilot-reports were used in this
study. These reports were furnished by the U.S. Weather Bureau,
and included all observations above 18, 000 ft msl. that were not in

cloudy areas. The reported turbulence should therefore be
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attributed to causes other than convection and mechanical inducement
within the turbulent boundary layer.

"squares'

The data were plotted in 1/4 degree latitude-longitude
for each category of turbulence reported. They consisted of reports
by militery and private pilots who are not bound to air traffic
corridors, and reports by the scheduled air carriers who follow
established air routes between major cities. The data density
sharply reflects the air route patterns since the majority of the
reports came from the scheduled carriers,

The plotted data were weighted to correct for the latitudinal

"square''. This procedure yielded the

difference of the area of the
"number of turbulence occurrences during an eighteen month period
over an area of 3600 sq nm''. This number in each "square' was
averaged with the numbers from adjacent "squares''.

The mean values of occurrences thus obtained were analyzed.
The final results are shown in Figs. 1 through 5. This process
decreased the sharp gradients in CAT frequency resulting from a
tendency for pilots to report over certain check points., However,
it also suppressed the sharpness of the gradients on the lee side of
mountain ridges.

The maxima near Denver, shown in Figs. 1 through 5, were
probably enhanced by the fact that many of the aircraft reporting

turbulence in the lee of the Rockies in this area were at a lower

altitude than in most other lee areas. This is because most aircraft
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FIG, 1. Mean value of light to moderate CAT frequency over the
western United States during 18 months per 3600 nm?,
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FIG, 2. Mean value of moderate C AT frequency over the western
United States during 18 mouths per 3600 nwm” .
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in this region had probably descended or ascended in transit to or
from the Denver air terminal while experiencing the turbulence.
Their attitude and altitude should tend, on the average, to increase
the degree of turbulence experienced over that of level flying
aircraft at higher altitudes.

A further consideration, indicating a certain bias in the
analyzed CAT distributions, is the unequal volume of air traffic
normally experienced over each ''square' in the western United
States. Exact figures for a two year period in 1961 and 1962
(Harrison and Sowa 1966) show that for every flight over the
northern sections of the western United States there were four over
the central sections and six over the southern routes.

Even though all these factors indicate an uneven distribution of
the data sample, certain points were brought out clearly. The
effect of the mountain ridges oriented normal to the mean flow
during these months was apparent. However, the turbulence maxima
did not occur over the major mountain ridges but downstream
following the direction of the prevailing upper winds.

The maximum values of severe turbulence usually occurred
within 120 km of all major ridges. The igopleths of the highest
number of occurrences for each degree of turbulence were oriented
parallel to the ridge configurations in most cases. The maximum
frequency of all categories of turbulence that were less than severe

also occurred downwind from the ridge, but each was located
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successively further downwind from the severe turbulence maxima in

decreasing order of severity (see Fig. 5).

TABLE 2, Values of Turbulence Maxima (number of occurrences
in 18 months per 3600 sq nm),

Mountain Range S M/S M L/M
Cascades 1 3 12 12
Montana Rockies 4 5 35 18
Sierras 2 2 11 12
Ruby Range 1 2 18 20
Wasatch 2 4 30 30
Big Horn 2 4 30 12
Black Hills 1 2 10 17
Colorado Rockies 5 19 70 40
Sangre de Cristo 4 6 15 20

Table 2 shows the values of the maximum isopleths of turbulence
occurrences during 18 months over an area of 3600 sq nm for each
category of turbulence in the lee of all major ridges. In these
regions, on the average, there were twice as many moderate to
severe cases as there were severe cases. There were about ten
cases of moderate turbulence for every case of severe turbulence.
The fact that there was at times less light to moderate than moderate
turbulence reported might be attributed to a possible tendency of
some pilots to categorize turbulence only as ''light", "moderate' or
"severe' (compare with Table 1), Allowing for the relative density
of air traffic, it appears that the greatest probability of turbulence
in any category could be expected in the lee of the Montana and

Coloradc Rockies,
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An explanation of these patterns of CAT frequency distribution
will be given in Chapter IV, It should be pointed out, however, that
the location of the CAT maxima suggests a strong connection between
CAT and mountain lee wave formation. Therefore, the physical
processes leading to orographic wave disturbances will be considered

first.
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CHAPTER III

OROGRAPHIC WAVE DISTRUBANCES

Orographic Effects

Whether investigated theoretically or by use of field measure-
ments, the problem of air flow over mountains is very complex.
If eddies and disturbances produced by air flow over rough ter-
rain were completely random, studies would have to be made en-
tirely along statistical lines However, disturbances often show up
in organized patterns such as seen in mountain lee waves It is this
type of flow that may be described by mathematical techniques. Be-
fore taking a theoretical approach a few words might be said about
conditions observed in mountain lee waves and about the broader in-
fluences which the mountains might have on the general circulation.

The largest mountain barriers, such as the Rockies, seem to
impose disturbances of all scales on the atmospheric air flow from
the scale of long waves (> 1000 km) in the westerlies through that
of lee depressions and gravity-inertia waves (about 100 km) to
smaller scale turbulent eddies (about 10 km or less). The present
study will concern itself mainly with the quasi-stationary gravity
waves originated by the mountains and we will investigate if they
might be the sources of CAT over and near mountainous terrain.
This is a reasonable possibility since we have found that CAT max-

ima are located just downwind from mountain ridges, and larger
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orographic disturbances of wavelengths of 100 km or more there-
fore, could not have a direct effect. The wavelengths of mountain
lee waves normally range from 1 to 25 km, and at times are ac-
companied by aircraft turbulence (Holmboe and Klieforth, 1957).
Vertical currents in lee waves may reach substantial values and
at times have carried gliders as high as the lower stratosphere
(Alaka, 1960). These large vertical currents are found on the lee
side of the mountains.

Arny realistic theoretical treatment of lee waves must satisfy
the above observations concerning lee wavelengths and vertical
velocities in lee waves. The problem is to determine the nature
of stably stratified air flow over a mountain ridge. In the wave
formation process, the temperature stratification of the undis-
turbed current plays an important role. If the undisturbed flow is
unstably stratified, an air parcel forced from its initial level will,
upon moving over the ridge, continue in the direction of the impulse
for some time. During its ascent the parcel temperature will drop
adiabatically with height until it reaches the temperature of the
surrounding air and the lifting force vanishes. In this case there is
no restoring force to return the parcel to its initial position, and it
fails to undergo periodic oscillatory motion in the vertical. If an
air parcel in stably stratified undisturbed flow is given a vertical
displacement due to flow over a ridge, it seeks its equilibrium level,

and then continues its oscillatory motion by inertia. Gravity-buoyant
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forces then tend to cause the parcel to oscillate about its equilib-

rium position according to

d’s , g 9@
+ £ 2=
dt? 8 0z =1 )

where 6 1is the vertical displacement of a particle from its
original level, @ is potential temperature and g is the acceler-
ation of gravity. The oscillating parcels move downstream to the
lee of the ridge forming lee waves in the process. Due to fric-
tional forces in the atmosphere the energy of the oscillating motion
is gradually dissipated and these motions slowly damp out. The
wavelengths of the oscillatory motions are also obtained from the

solution to Eq. (8), which constitutes the Brunt-Vaisild frequency:

)\=21TUV9/g-§—g 9)

where U 1is the mean horizontal wind speed. Eqgs. 8 and 9 result
from a very simple atmospheric model wherein the atmosphere
is stably stratified at all levels being considered and the effect of
moisture on stability is neglected. The atmosphere does not nor-
mally respond in this simple way and more sophisticated models
may give more realistic results.

The vertical displacement of air parcels could be caused by
effects other than mountains. For example, air parcels flowing
over a wedge of cold air would be forced upward. A mountain

ridge would have a greater effect than a single mountain because
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flow downstream from a ridge is complicated by disturbances
which arise from other ridges or hills in the area, either up-
stream or downstream from the ridge under consideration.
Thus we find that the important parameters which should be
considered when studying lee waves are the wind velocity and
vertical wind shear of the undisturbed air current, the thermal
stability of the atmosphere, and mountain dimensions, con-

figurations, and locations.

Theory of Lee Waves

In order to solve for the streamline configuration of flow
over a mountain range the set of basic hydrodynamic equations

must be used. This set consists of the equation of motion

—t+\7-v?7=-pivp-z'5x7-'§+’§ 10)
the equation of continuity

git+'\7-vp+pv-\7= 11)
and the physical equation

op , 27 ap , ==

—= + : = = 4 . - .

sr TV Vo 'y(at V-Vp =0 12)

In addition, the gas law, p = p RT must be used. In these ex-
pressions V is the vector wind, p is the atmospheric pressure,
g is the acceleration of gravity, Q is the earth's angular velocity
vector, T is the frictional force vector, vy is the coefficient of

piezotropy, R is the universal meteorological gas constant, and
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T is the absolute temperature. In order to simplify the problem,
friction is neglected by assuming an inviscid fluid, and the effects
of conduction, radiation, and condensation are neglected by as-
suming adiabatic motion. The scale of motion is such that the
effect of the earth's rotation may also be neglected.

The set of equations is linearized by perturbation theory
techniques. The motion is considered to be in a steady state and
two dimensional in the xz plane. The undisturbed flow quanti-
ties are all a function of z only (except W = 0) and the pertur-
bation quantities are all a function of x and z. Investigators
(Queney 1947, Scorer 1949, 1954, Corby and Wallington 19586,
Musaelyan 1964), using such technigues, have been successful in
describing mathematically the essential features of flow over .
mountains.

Scorer (1949), using this approach with a model in which the
Scorer parameter, (£%fF = 5;% - % %27% , was constant in each of
two layers, obtained the following simplified equation for Y, the

streamfunction, over a wave-like configuration of the ground of

wavelength 2m/k

0%y g ay . gB , 1 U
- (= + —_ + - - = = =
8z° (c B) 0z (Uz K U oz Wo=0 18)
S
. _ g 98 .
where Cs is the speed of sound, B = o 8z ° U is the mean

horizontal wind speed normal to the mountains, and k is the

horizontal wave number.
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Corby and Wallington (1956) elaborated upon Scorer's work
and determined that the vertical displacement of an air parcel

traversing a lee wave is given by

éz = - 21-rhbe_kb(U1/UZ) Lpzk(a ¢1k/a k)-1 sin kx 14)
where ¢ . is the vertical displacement of a streamline from its
undisturbed height z, U1 is the horizontal gradient level wind
component normal to the mountains, U is the horizontal wind
component normal to the mountains at level z, LlJZk is the stream-
function at level z for wave number k, LlJlk is the streamfunction
at gradient wind level for wave number k, x is the horizontal
distance from the mountain, h is the height of the mountain, and

b is the half-width of the mountain given by

hb?
zZ = I 15)

where z in this case is the mountain height anywhere along its
profile.

The maximum vertical velocity v, is given at the inflection

points of " ¢ ,

ot Z -kb
W, = [UZ o ]max = - 2whbe Ulank 1B)
where an, the amplitude factor is
a =v . (8 /ak;)'1 . 17)
n zk 1k

In Egs. (14) and (17), { satisfies the equation
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which is equivalent to Eq. (13) after scale considerations and

where

o
(2 %) =ﬁg§ -

®
(o

19)

&=
9
N

is the Scorer parameter. The second term on the right involving
the curvature of the vertical wind profile is generally only important
in the surface boundary layer and at times near the jet stream. For
these reasons it was not considered in any lee wave computations in
this report. The resulting expression, which is known as Lyra's

parameter (Lyra 1940), was used instead.

2 _gB
i = 20)
u?

Scorer (1949) imposed the boundary conditions that lee waves die
away at great height, that at the interface separating the layers
wherein £ 1is constant, ¢ and its first derivative are continuous,
and that the earth's surface is a streamline. This permitted a
periodic solution of Eq. (13) in the lower layer but the solution for
the upper layer had to be negative exponential. From this he
determined an expression for k, the horizontal wave number.

In order for it to be possible to have a solution he found that the
atmosphere must be structured according to

2 2 ‘IT
L=ty 4> =
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where h1 is the height of the interface and suffixes 1 and 2 refer
to the lower and upper layers, respectively.
Corby and Wallington (1956) introduced another parameter «

for k

2
k =£2+chosza 22)

and developed the expression that determines o« (k)

Lh, = (nm- a)/sin a . 23)

The amplitude factor in Eq. (17) may then be expressed as
1

2 2 2 2 2 = -1
a =L"sin" a "+ L%cos”" @) ? (nm-a + tan ) 24)
and Eq. (16) becomes

kb 2 2 =4

vvO = - 2rhbe U1 L sin o (nm~- o + tan &) . 25)

Their study revealed how sensitive lee wave amplitudes were to the
stability of the air and to the relationship between wavelengths of
the lee wave oscillations and the mountain range scale. They found
that the largest amplitude waves occur when the air stream satis-
fies the conditions (see Eq. (21)) for waves by only a small margin,
and, in this region, large changes in the amplitude of lee waves re-
sult from small changes in air stream characteristics. It can also
be seen from Eq. (25) that high narrow mountains and a strong

gradient level wind are conducive to large amplitude waves.

Computational techniques leading to lee wave length and lee
wave erergy values based upon the above lee wave theory are out-

lined in Appendix B.
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Observations of Lee Waves

In this paper two series of case studies will be used to investi-
gate the characteristics of mountain lee waves. The first series
will be referred to as 'lee waves observed principally by satel-
lite" and the second as ''lee waves observed during a Colorado
field measurement program'. Although observation by satellite
was also used together with the field program, it was not the major
method employed, as was the case in the first series. The special
pilot reports described in Chapter IT were available for the cases
observed principally by satellite. Routine pilot reports were the
only reports of that kind used in the field program cases.

The satellite pictures used in connection with mountain wave
cased cver the eastern United States were taken by TIROS X
launched in July 1965. This satellite has a perigee of 467 statute
miles and an apogee of 521 statute miles. In February 1966, two
satellites, ESSA I and ESSA II, were launched to allow for morning
and afternoon coverage over the entire globe. These satellites are
in nearly polar, sun-synchronous orbits and view cloud patterns
all over the world. They photograph a given area at about the
same time each day. The satellites rotate like a cartwheel in
their orbits at approximately 10 rpm, with each of their two cam-
eras pointing straight downward towards earth once during each
rotation.. Photographs of mountain waves over the western United

States ere available from these satellites. ESSA I has an orbit
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with an apogee of 521 statute miles and a perigee of 432 miles while
ESSA II has an apogee of 654 miles and a perigee of 625 miles.
Their orbital periods are 100 and 113 minutes, respectively.

ESSA I carries two identical one-half inch vidicon type cameras.
They have a resolution of about two miles at the picture center.
Each camera has a wide-angle (104 degrees) lens. Onboard trig-
gering systems program the cameras on both ESSA spacecraft to
take pictures only when looking directly downward at the earth.
ESSA Il's camera subsystem consists of two one inch APT vidicons
with wide-angle (90 degree) lenses which take more than 140 two-
thousand statute mile-square pictures daily with a resolution of
about two miles at the picture center.

Eastern Colorado is particularly suitable as a region for the
study of orographically-induced wave formations. Climatologi-
cally, the Colorado Rockies have conditions conducive to the
relatively frequent formation of mountain lee waves. In many
instances these waves are accompanied by a spectacular display
of cloud formations. At times clouds of vastly different wave-
lengths, ranging from mesoscale to microscale, can be seen
simultaneously (Reiter 1962).

During the spring of 1966 a field program was carried out.
near Fort Collins, Colorado, with the purpose of examining lee

waves by several independent methods. Radar tracking of constant
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level balloons, cloud photogrammetry, satellite cloud photography,
and more conventional information, such as surface weather ob-
servations, rawinsonde observations and pilot reports of turbu-
lence were employed to make the study as comprehensive as
possible. This program was in the nature of a pilot project to
determine the feasibility of combining these methods in a compre-
hensive field study.

Surface weather observations were available from Denver
and Fort Collins, Colorado, and Cheyenne, Wyoming. Rawin-
sonde measurements were taken at Denver each day at 1200Z.
Rawinsonde observations were made at about 1400Z on April 1
and May 11, 13, and 14, 1966 as well as at 1900Z on April 1,
1966, at Fort Collins. These measurements provided an oppor-
tunity to compare lee wavelengths and lee wave energies com-
puted by using smoothed upper air information from Denver and
the more detailed data from Fort Collins (see Appendix B for the
computational methods). Upper air wind information at Fort
Collins was obtained by radar tracking of rawinsonde or pibal
balloons. The Fort Collins upper air temperature data were
very detailed since the rawinsonde instrument circuitry normally
devotec to humidity measurement was rendered inoperative.

Thus the continuous measurement of temperature with height
was interrupted only at every fifth instrument contact when pres-

sure data were recorded.
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The constant level balloon data were obtained from a series
of superpressure balloon flights on April 1 and May 13 and 14, 1966.
The superpressure balloons were constructed of 0. 2 mil clear
Mylar, a non-expandable material, which allowed the balloon
volume to remain essentially constant. The balloons were in the
shape of pillows, having a volume of approximately 0. 17 cubic
meter (if set for 15,000 ft msl) and 0. 73 cubic meter (if set for
20, 000 ft msl). Superpressure is necessary to insure that the
balloon will remain completely expanded for sufficiently long
periods in spite of any slow seepage of helium through the balloon
skin (Angell and Pack 1960).

These balloons will seek a density level at which the height of
the air displaced by them will be exactly equal to the weight of the

balloon, helium, and all attachments, according to

Vb(p a—ph) A 0 26)

where Vb is the volume of the balloon, Wb is the weight of the
balloon and its attachments and Py and Py are the densities of
air and helium, respectively. If the balloon is displaced above
(below) this density level, it becomes negatively (positively)
buoyant and seeks to return to its original level. Thus, it is in

stable equilibrium and it will be displaced from this equilibrium

level only by vertical air motion.
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The balloon ballast is attached in such a way as to insure that
the pillow balloon floats with its greatest surface area in hori-
zontal planes. This attitude presents the greatest drag in the
direction of vertical air currents, causing the balloon to respond
sensitively to vertical disturbances in the air stream.

The balloons are towed aloft by neoprene launch balloons with
a rate of ascent of about 2. 5 m sec_l(the balloons used on April 1,
1966, had a rate of ascent of 4.0 m sec—l). The Mylar "pillows"
are separated from the launch balloons at the desired altitude by
means of a fuse that burns through the tow line. A twelve inch
aluminum foil reflector which efficiently returns the radar signal
and the necessary ballast are attached to each constant-level
balloon.

Several of the flights at the beginning of the program were
equipped with transponders, but the modified M-33 radar set used
in the operation of the field program failed to track by this method.
These transponder-carrying flights were launched far upwind in
the hope of having long tracks at designated altitudes. The launch
of the reflector carrying constant-level balloons had to be made
within five miles of the Colorado State University M-33 radar site
(12 miles east of Fort Collins at an elevation of 5000 ft msl) in
order to allow tracking from launch. Without transponder capa-

bility the constant-level balloon was usually far downwind before
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separation from the launch balloon, and thus, only relatively
short tracks were possible at designated altitudes.

The burn rate of the fuse rope employed to separate the
launch balloon proved to be not entirely predictable in rarefied
atmosphere. Many flights did not separate until well above
designated flight level, and some did not separate at all.

Photogrammetric methods were used to investigate lee wave
clouds The principal instrumentation employed in these methods
consisted of two K-24 aerial reconnaissance cameras equipped
with 178 mm Aerer-Ektar lenses. These cameras were mounted
on permanent stands located 3. 2 miles apart. The camera sites
were located in an area about twelve miles east northeast of
Fort Collins where the terrain was quite level. The coordinates
of the two sites, in the Colorado State Plane Coordinate System,

Northern Zone, are:

Station Name South Foundation

X(E-W) Coordinate 2,159, 408. 8 2,175,074.8
Y(N-S) Coordinate 469,831. 4 476, 785."3
Z(Elevation above MSL) 5,245.9 5,302.3

The bases of the cameras were fitted with dials from which the
azimuth and elevation angles of the camera axes at the time of
each photograph could be read. The cameras were fired manu-
ally. The pictures at the two sites were taken simultaneously
at two minute intervals by use of predetermined times observed

on previously synchronized watches.
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Stereo pairs of photographs were taken between 1700Z and
1900Z on April 16 and between 1830Z and 2000Z on May 13, 1966.
The image positions of the lee wave cloud features were precisely
measured and recorded by means of a standard precision com-
parator. This study concentrates upon mesoscale lee wave cloud
formations. The same methods employed here have been used by
Reiter (Reiter and Hayman 1962) to investigate microscale lee
wave clouds.

The orientation of the cameras, the time at which the photo-
graphs were taken, the cloud image measurements, the base line
data of the camera positions, as well as camera information con-
cerning lens distortion and film shrinkage, were all included in a
numerical computer program utilizing geometrical triangulation
methods to locate the proper position in space of cloud features
observed in stereo pairs of photographs. For the complete pro-
gram and more detailed information see Reiter and Hayman
(1962) and Hayman and Peterka (1963).

Satellite photographs taken on the days of field program
operaticn were made available by the National Environmental
Satellite Center.

The first seven cases described below (January 7 and 24;
February 14; March 1, 7, and 9; and April 26, 1966) were ob-

served principally by satellite. The last five cases (April 1
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and 16 and May 11, 13 and 14, 1966) were observed during the
field measurement program.

Scorer's theoretical development was used to determine lee
wavelengths from rawinsonde data on all days (see Appendix B).
The computed lee wavelengths and those observed by satellite for
the first series of cases are given in Table 12 (Chapter V). The
pressure altitude of all density interfaces existing on field program
days and the computed lee wavelengths are shown in Table 10
(Chapter V).

Four lee wave cases over the Appalachian Range were ob-
served by satellite. They occurred at 1616Z on January 7, 1966,
1608Z on January 24, 1966, 1720Z on February 14, 1966, and at
1834Z on March 1, 1966. Only the February 14th case with
southwesterly flow will be describ ed in full. On the other three
days the flow aloft was west to northwesterly with cross mountain
components ranging from 25 knots (January 24) to 75 knots
(March 2) at 700 mb and from 35 knots (January 24) to 100 knots
(March 2) at 500 mb.

The lee wavelengths and maximum vertical motions on these
interfaces, computed from the rawinsonde information by methods
outlined in Appendix B are included in Tables 12 and 13 (Chapter

V).
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The best display of lee wave clouds over the eastern United
States es observed by satellite occurred between 1700 and 1900Z
on February 14, 1966 (Figure 68). The wavelengths in the photo-
graph were between 10 and 14 km which agreed quite well with
the theoretical value of 10 km obtained over New England and
12 km over Washington D. C. The lee wave cloud regions are
shown as shaded areas in Figure 7.

The surface chart for 0000Z, February 15, 1966 (Figure 7)
shows & weak low center over the Ohio River Valley with a flat
pressure gradient over much of the eastern United States. A
deep low system over Nova Scotia resulted in strong northerly to
northwesterly flow over the New England States. The warm
front through Pennsylvania was very weak. Cross sections de-
picted in Figure 37 are projected on this surface chart. Winds
aloft were westerly and more than 50 knots at 700 mb and greater
than 100 knots at 500 mb (see Figure 8) over the lee wave cloud
areas,

The satellite picture, shown in Figure 9, taken at 2003Z
on March 7, 1966 shows an unusually well developed display of
mountain wave clouds extending inland from the Sierra Nevadas
for over 400 miles (see Figure 10 for lee wave area). The wave-
lengths of these clouds are, on the average, about 13 km. The
orientation of the lee wave clouds is parallel to that of the

Sierras but the orientation changes from north northwest to south
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FIG. 6. Satellite photograph taken at 17207 on February 14, 1966,
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FIG. 7. Surface chart for 007, Februar- 15, 1966. The heavy
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The shaded area is the lee wave clond region shown in Fig,
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southeast in the area just to the lee of the Sierras to approximately
north northeast to south southwest further inland. This is the orienta-
tion of the lesser mountain ridges over Nevada and western Utah,

It appears that the lee wavelength does not change appreciably
throughcut the mountain wave area, Scorer's lee wave theory states
that the lee wavelength is determined entirely by atmospheric
physical parameters and not by the dimensions of the disturbing
obstacles, such as the mountains. The dimensions of the mountains
and hills located in the lee wave area of Fig. 9 vary widely, but the
cloud wavelengths are consistent with the theory interpreted above.

Figs. 10 and 11 show the surface, 500 mb, and 300 mb charts
for 0000Z, March 8, 1966. A high pressure area was located just
offshore from southern California and a Pacific front had pushed
inland into eastern Montana, central Wyoming, northern Utah and
northern Nevada., The flow aloft over the cloud area was west south-
westerly at about 50 knots at 500 mb and 75 knots at 300 mb. This
flow velocity has a large cross-mountain component in the lee wave
areas, as required by lee wave theory.

Three typical rawinsonde ascents including temperature, wind,
and (1)2parameter profiles are shown in Figure 12, The sounding
and (1)2profi1es for Winnemucca, Nevada; Ely, Nevada; Boise,
Idaho; Selt Lake City; Utah; Lander, Wyoming; Grand Junction,

Colorado; and Denver, Colorado, all showed a very stable layer



FIG. 9. Satellite photograph taken at 20037, March 7, 1966, This
unusual cloud display is over the western 1. 5.
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FIG. 10. Surface chart for 002, March 8, 1966. IHeavy line depicts
the surface projection of the cross section in Fig. 38. 'The triangles
are the locations observing lee wave clonds from the ground. The
shaded area is the lee wave region shown in Fig, 9.
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located between 500 and 600 mb upon which lee waves could form.
The moisture in the air permitted clouds to form over north-
eastern California, most of Nevada, southern Idaho, and western
Utah when air ascended in each lee wave crest. The air was too
dry aloft over eastern Utah and most of western Colorado and
western Wyoming for lee wave clouds to form (none were ob-
served from the ground or by satellite). Lee waves were prob-
ably in these regions, since further east, over eastern Wyoming
and Colcorado, lee wave clouds were observed again from the
ground (see Fig. 10). The satellite camera angle was such that
any lee waves over eastern Wyoming and Colorado were not dis-
cernible in the satellite photographs.

Some lee wave clouds that seem to show up better than others
in Fig. 9 appear to be accompanied by lower level cumulus. This
is true of the area just to the lee of the Sierras. The lee wave
structure observed by satellite over western Montana appears to
be composed mainly of towering cumulus since all surface ob-
servations in that area report only that type of cloud.

The lee wavelength was computed from theory to be nearly
9 km at Denver, 8 km at Salt Lake City and 11 km at Winnemucca.
The value of 11 km is fairly close to that observed by the satellite
in the Winnemucca area, but we have no satellite comparison

further east.
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Numerous stations (denoted in Fig. 10 by triangles) observed
the wave cloud phenomenon and reported altocumulus lenticu-
laris frequently in their 0000Z March 8, 1966 weather observa-
tions. Hence, these clouds still existed at rawinsonde time over
northern Nevada, western Utah, eastern Wyoming and Colorado.

Fig. 13 is a satellite photograph taken at 2033Z on March 9,
1966. Mountain lee wave clouds existed in two areas, one over
northwestern Wyoming, and one over eastern Colorado. The
observed lee wavelengths appear to be about 10 km over Wyoming
and about 15 km over Colorado. The computed wavelengths were
7 km over Wyoming and 4. 5 km over Colorado. Each of the lee
cloud regions is much smaller than in the March 7 case. The
clouds are oriented along the direction of the mountains and do
not change their orientation appreciably downstream from the
ridges. Surface, 500 mb and 300 mb charts for 0000Z, March
10, 1966 are given in Figs. 14 and 15. Both cloud areas
(entered in Fig. 14) were well ahead of a Pacific front that had
pushed inland into Oregon and Washington. The flow aloft at
500 mb and 300 mb was approximately at right angles to the
mountains upwind from the lee wave clouds and the wind speeds
were around 40 knots at both levels.

Fig. 17 is the surface chart for 0000Z, April 27, 1966. It
shows @ complex low pressure system over eastern Wyoming and

Colorado and a large high cell off the west coast of the United States.



FIG. 13, Satellite photograph of lee wave clouds over the western

e

U.S. taken at 20304, March 9, 1968.

e

{| MARCH- 10, 1966, 002

FIG. 14, Surface chart for 00Z, March 10, 1966, Heavy lines afe
the surface projections of the cross sections shown in Fig, 39, The
shaded areas are the lee wave cloud regions shown in Fig, 13.
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[ MARCH 10, 1966, 00Z

FIG. 15. 500 mb (upper) and 300 wmb (Jower) charts for 00%,
March 10, 1966,
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A stationary front was located along the eastern slopes of the
Rockies in Montana and northwestern Wyoming and along an east-
west line through central Wyoming. A cold front oriented
northeest-southwest through western Colorado was moving east-
ward over the Colorado Rockies. The two lines shown on this
chart depicting the surface projection of the cross sections in
Fig. 40 were in areas of west to northwest flow of 35 knots at
700 mb and west to southwest flow of 70 knots at 500 mb. At
both of these upper levels there were closed lows over central
Montana. Fig. 18 shows the 700 mb and 500 mb charts for 0000Z,
April 27, 1966.

Fig. 16 is the satellite photograph taken at 2045Z on April
26, 1966. The lee wavelength in the photograph is about 10 km
near Salt Lake City, Utah, and Lander, Wyoming, and about 20
km near Ely, Nevada, while the computed wavelength was 8 km
over Salt Lake City and 21 km over Ely and Lander. On April 1,
1966, a large high pressure system was located over northern
Wyoming (Fig. 20) with a ridge of high pressure extending south-
eastward over eastern Colorado. The winds aloft over north-
eastern Colorado were northwesterly at about 25 knots at 700 mb
and 50 knots at 500 mb (Fig. 21). The sky was generally cloud-
less in the Denver-Fort Collins area during the day but there

were some cumuli near 14, 000 ft msl over the mountains and a



-54-

FIG. 16, Satellite photograph taken at 20457 on April 26, 1866 over
the western U, >,

\.I_AERIL 27,1966,002

N
1020

FIG. 17, Burface chsit for 007, April 27, 1966, Ieavy lines
depict the surface projections of the cross sections shown in Fig, 40,
The shaded areas are the lee wave cloud regious shown in Fig, 16,
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few lee wave cirrus clouds above 20, 000 ft msl. The surface
winds were light and variable.

No cloud photogrammetric data were taken on this date due to
camera malfunction. Three constant level balloons (all constant
level balloon data are depicted graphically in Appendix D) were
released, one of which failed to separate from its launch balloon
and another ruptured. The second release at 2025Z was set
for separation at 20, 000 ft msl altitude. The balloon traveled
60, 000 ft downwind from the radar site before reaching altitude
and traversed a half lee wavelength before moving out of range.
The lee wavelength was 33 km at 20, 000 ft msl which agrees with
the computed wavelength of 34 km at 489 mb at 1400Z (Table 10,
Chapter V). The wavelength for this level could not be computed
from the 1900Z sounding due to the termination of the wind data
at that time at a lower level.

Besides the aforementioned lee wavelength of 33 km observed
in run two, there were indications of a 10 km wavelength in the
vertical velocity profiles of run one and two. This also was
noticeable during the ascending portions of the flights, before
separation occurred. When comparing vertical velocities before
and after separation, the ascent rate of the launch balloons must
be subtracted from the w component measured before

separation.



FIG. 19, Satellite photograph taken at 20267, April 1, 1966 over the
western U. 5.

FIG. 20, Surface chart for 127, Aprill, 1966,
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FIG, 21. 700 mb (upper) and 500 mb (luwer) charts for 122,
April 1, 1966.
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Most of the cirrus clouds were too thin to show up well in the
satellite photograph taken at 2026Z and shown in Fig. 19. The
denser cloud formations over Fort Collins and 100 miles to the
north seem to have a wavelength of about 35 km which is in
agreement with the constant level balloon trajectory and the wave-
lergth computations for the 489 mb interface shown in Table 10
(Chapter V).

A broad complex surface low pressure system covered the
Rocky Mountain Region on April 16, 1966. The deepest low
center of 1009 mb was near Fort Collins and a nearly stationary
front was located just to the north of the Fort Collins area.
There was a ridge of high pressure over the eastern Pacific.
The winds aloft over eastern Colorado were west northwesterly
20 to 25 knots at 700 and 500 mb (see Figs. 23 and 24) while the
surface winds were light and variable. There was a scattered
to broken cumulus cloud layer at about 11000 ft msl and scat-
tered to broken lee wave clouds at 18000 ft msl with higher
cirrus above.

There were no rawinsonde or constant level balloon obser-
vations taken at Fort Collins on this date but the 1200Z Denver
sounding indicated was a very stable layer at 515 mb on which
lee waves of 5. 6 km wavelengths could form (see Table 10,

Chapter V ).
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FIG. 22. Satellite photograph taken at 19592, April 16, 1966 over
the western U. S,

| aPRiL 16,1986, 122
06

.
=

5
e
5

e
=2

q
W
=}

o

DS

\J"//<
i

77

o

FIG. 23, Surface chart for 12Z, Awmril 16, 1966,
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The various broken cloud layers appeared as a solid sheet.
of cloudiness over northeastern Colorado when photographed by
satellite at 1959Z (see Fig. 22). Therefore, it was not possible
to determine the lee wavelengths from clouds observed in this
photograph.

Photogrammetric cloud measurements between 1718Z and
1726Z showed that there were several lenticular cloud layers
20 km to the north northwest of the camera sites which were
oriented north northeast to south southwest and were normal to
the flow aloft at their levels. In one of the waves there were two
layers of lenticulars ranging from 19, 000 ft msl to 31, 000 ft msl
in altitude. The dimensions of the largest clouds were 3.5 km
along the direction of flow and 9 km normal to it.

Upstream to the west northwest of these clouds, other lentic-
ulars of smaller dimensions were observed at a single level.
The lee wavelength, as determined from the lenticular pattern
in the photographs, was 4.5 km, which was reasonably close to
the computed theoretical lee wavelength of 5. 6 km for the very
strong interface at 516 mb in the 1200Z Denver rawinsonde, the
only upper air data available on this day. These clouds re-
mained nearly stationary during the period of observation.

It was not possible to deduce vertical motions in' these clouds

since the observed cloud pattern displayed little, if any,
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movement, and the vertical dimensions of the clouds could not
be determined with certainty.

Other lenticular clouds located 26 km to the west of the
camera sites were photographed at 1810Z. They were also
oriented north northeast to south southwest and appeared to be
in the same wave crest as the clouds to the north northwest of
the camera sites. Lower level cumulus had formed in the inter-
vening hour between cloud pictures and at 1810Z it was not pos-
sible to observe the clouds to the north northwest. Moments
later the second set of lenticular clouds to the west was ob-
scured by developing cumulus.

The lee wave clouds to the west were in two layers, similar
to those to the north northwest. The base of the lower layer was
16, 000 ft msl and the tops of the upper cloud layer were 26, 000
ft msl. They were 25 km to the south southwest of the lenticu-
lars that were observed at 1726Z. The cloud dimensions were
4.5 km along the direction of flow and 25 km normal to the flow.
No other lee wave clouds were observed to the west, so no
wavelength calculation in that region was possible.

Fig. 25 shows the picture frames taken at 1726Z, with a
view towards the northwest. Fig. 26 shows the coordinate
positions in the xz plane of the cloud features in these photo-

graphs. This plane is oriented very nearly along the direction
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FI&G. 25. Cloud photograplia talen at 17262 on April 16, 1966 with a
view towards the northwest. The cawnera sites were located 12 miles
east northeast of ¥ort Collins, Colorado,
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of flow aloft. Note that the cumuli seem to form under the lee
wave crests.

A very intense high pressure cell was located over south
central Canada on May 11, 1966, while a deepening low system
over the Central Plains was moving slowly east northeastward.
In addition there was a strong cold front through northern New
Mexico and the Texas Panhandle, pushing slowly southward,
while low level flow was easterly and very strong over eastern
Colorado. There were westerly winds near 25 knots at 700 mb
and 500 mb (see Figs. 28 and 29) over northeastern Colorado.
Surface winds in the Fort Collins area were northeasterly
35 knots with gusts to 60 knots during the late morning hours.

Scattered to broken cloud layers prevailed near 10, 000
ft msl and 20, 000 ft msl, with higher broken to overcast
cirrus layers above. Photogrammetry measurements of the
clouds were not taken on this date and high surface winds which
developed during the late morning forced the cancellation of radar
balloon tracking because the resulting antenna movement caused
target loss. However, a Fort Collins rawinsonde was obtained
at 1400Z, before the winds increased to high values.

The numerous cloud layers in the Fort Collins-Denver
area made it difficult to define the lee wave clouds in the
satellite photograph shown in Fig. 27 taken at 2021Z. However,

there is an indication of waves with a wavelength of about 10 km
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FIG. 27. Satellite photograph taken at 20217, May 11, 1966.

FIG. 28, Surface chatvt for 127, NMav 11, 1966,
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FIG. 9. 790 mb (upper) and 5750 mb (lower) charts for 122
May 11, 1666,
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on the northern edge of a large break in the cloudiness to the
east of Fort Collins. This agrees reasonably well with the com-
puted wavelength of 8. 4 km at 554 mb over Fort Collins shown
in Table 10.

On May 13, 1966, the surface weather pattern over the
Rockies was very complex with small high pressure cells over
Colorado and Arizona and low pressure centers over Utah and
near the Montana-Wyoming border. The flow aloft was westerly
25 knots at 700 mb and 40 knots at 500 mb (see Figs. 31 and 32).
Surface winds were west to southwest 5 to 10 knots with scattered
to broken cloud layers at 12, 000 ft msl and 22, 000 ft msl. Alto-
cumulus lenticularis were visible from all reporting stations in
the area.

Two of the constant level balloons released during the morn-
ing were lost in cumulus and the third failed to separate properly
from the launch balloon. Rapid cumulus development during the
late morning, accompanied by virga, forced the abandonment of
any further constant-level balloon measurements.

Rur one at 1532Z as well as the run at 1715Z show pertur-
bations in the wcomponent of the wind of wavelengths of about
5 kra. This agrees quite well with the dominant wavelength
computed to be 4. 8 km from the Fort Collins rawinsonde data

(shown in Table 10).
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FIG. 30.

Satellite photograph taken at 20517, May 13, 1966,
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Surface chart for 124, May 13, 1866,
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The angle at which the satellite picture (2051Z) in Fig. 30
was taken and the numerous cloud layers make it difficult to de-
termine the lee wavelength in the Fort Collins-Denver area, but
it appears to be on the order of 10 km. There is a clear display
of lee wave clouds over eastern Utah with wavelengths of about
10 km. This same wavelength dimension is also visible in the
cloud structures over southeastern Colorado.

Between 1144Z and 1226Z lee wave clouds to the south
southwest of Fort Collins were observed photogrammetrically.
The northernmost portions of these clouds were 30 km to the
southwest of the camera sites. The clouds were oriented north
to south, normal to the flow, with dimensions of 43 km at right
angles to the flow and 8 km along the flow. The lenticulars con-
sisted of two stacked layers at approximately 15, 000 ft msl and
26, 000 ft msl and they remained quasi-stationary.

Several pictures taken during this period were analyzed.
Although the dimensions of the lower cloud remained virtually
unchanged with time, its overall appearance varied from thin and
wispy to very dense, probably indicating an influx of moisture.
The upper cloud changed little in appearance but measurements
indicated that the altitude of the cloud top varied between 25, 000
ft msl and 27,000 ft msl. No lee wavelength calculations were
possible since no other lenticulars were observed. There could

however, have been other lee wave clouds to the east of those
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FIG. 33. Cloud photographs tuken at 19267 on May 13, 1966 with a
view towards the south southwest. The cammera sites were located
12 miles east northeast of Fort Colling, Colorado.
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photographed but a cumulus layer prevented their observation.
Fig. 33 is a photograph of the lenticulars taken at 1962Z with a
view towards the south southwest.

The surface low pressure system over Wyoming and
Montana on May 13, 1966, had developed into a deepening cyclone
centered over western South Dakota by May 14, 1966. A cold
front extending southwestward from this low was pushing into
northwestern Colorado. A fairly deep trough of low pressure
aloft was over the Pacific States and the flow aloft over eastern
Colorado was west to west southwest 25 knots at 700 mb and 45
knots at 500 mb (see Figs. 35 and 36). The surface wind in the
Fort Collins area was southerly 10 to 15 knots. There were
scattered to broken cloud layers at 12, 000 ft msl and 20, 000 ft
msl with higher cirrus layers above.

There were no photograminetric cloud measurements taken,
but during the day seven constant level balloon releases were
made, of which two were terminated due to radar failure, two
did not separate from the launch balloons, one was lost in radar
ground clutter, one was lost in a cloud, and the other was lost
for unknown reasons before reaching altitude.

Release five, made at 2147Z (see appendices), did not
reach its programmed altitude of 20, 000 ft msl but seemed to
level off at about 7500 ft msl. It was tracked about 50 km before

it was lost in ground clutter. The track shown in the appendices
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Satellite photograph taken at 20267,

May 14, 1966.
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CHAPTER IV
TECHNIQUES FOR PREDICTING CLEAR AIR

TURBULENCE FROM LEE WAVES

Observational Evidence Connecting CAT and Lee Waves

We have seen in Chapter II that CAT has a statistical maxi-
mum frequency to the lee of major mountain ridges. In
Chapter III evidence is given to lead to the hypothesis that
mountain lee waves could be a cause of these CAT maxima.
Observations of known lee wave cases will now be presented
to show that in these specific instances CAT occurs rather fre-
quently. These cases are identical to those used at the con-
clusion of Chapter III in connection with lee wave theory. The
cloud areas that are depicted by shading in the figures to follow
are based upon information contained in pilot reports, rawin-
sonde data, surface cloud reports, and satellite pictures.
Computations [based upon the theoretical work of Scorer (1949)
and Wallington (1956)] of lee wavelengths and the maximum
vertical velocities in the lee waves are shown at the principal
lapse rate discontinuities included in the cross sections. All
pilot reports of turbulence occurring within 90 miles of the
cross-sectional planes are also entered at their respective
altitudes.

Two cross sections (not shown) were chosen for each of

the three cases on January 7 and 24, and March 1, 1966; one
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across the Appalachians in Pennsylvania, and one across the
same mountain range in Virginia. In all three cases the rawin-
sonde observation showed that there were stable layers present in
the atmosphere upon which gravity waves could form. The wave-
lengths and maximum vertical motions computed on these three
dates are given in Tables 12 and 13 (Chapter V ) and the special
pilot reports collected from these areas are included in Tables

8 and 9. On January 7, 1966, the turbulence reports above the
surface friction layer indicated light or no turbulence was ex-
perienced, however, there was one light to moderate report of
turbulence at 30, 000 ft msl. On January 24 and March 1, all
pilot reports above the friction layer stated ''light' or ''no"
turbulence.

The cross-sections for 0000Z, February 15, 1966, (Fig.37)
show tha: there were two very stable layers, one near 700 mb
and the other near 500 mb. The topography is entered on the
cross-sections (Fig. 37). There were no reports of turbulence
greater than light within 90 miles of the cross-sections above
the layer where mechanical turbulence was dominant. This
layer was quite deep since the wind just above thesurface of the
earth was more than 30 knots. Theoretical computations
(entered in Fig. 37) of maximum vertical velocities in lee
waved indicated that the lee waves, although plainly visible in

the photograph shown in Fig. 6, had vertical velocities
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that were generally less than 1 m sec_1 except east of the
Appalachian Range in New England where they were about 3 m
sec_l.

A cross-section for 0000Z, March 8, 1966, oriented with
the 500 mb flow (see Fig. 11), from northern California to the
eastern Cclorado Rockies is shown in two parts in Fig. 38. In
this case it appears that the lee wave clouds formed near the
stable layer at about 15,000 ft msl. Cumulus clouds also seemed
to form beneath the stable layer at about 10, 000 ft msl. Such
cloud formations have been noted (Booker 1962) in lee wave
cases; however, cumulus formation is enhanced by the positive
vertical motions in the lee wave crests and suppressed in the lee
wave troughs. The cross-sectional surface projection is de-
picted on the surface chart in Fig. 10. Note that the Pacific
front lies along the cross-section over eastern Nevada and
western Utah. The topographical map indicates that the northern
Sierras, the Ruby Mountains of eastern Nevada, the northern
Wasatch Range, the Uinta Mountains, and the Colorado Rockies
have dimensions that might cause lee waves containing significant
vertical velocities. Computations, based upon the methods al-
ready outlined (see Appendix B) and entered at the lapse rate

discontinuity in Fig. 38, reveal that the vertical motions in the

. -1
lee of Colcrado mountains were near 5.0 m sec . However,
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the vertical motions in the lee of the Wasatch, Ruby and Sierra
Ranges were less than 2 m sec .

Pilot report coverage in this case was quite good in the
mountain lee wave area and to the lee of the Colorado Rockies,

All planes in the lee wave cloud area over California, Nevada, and
western Utah were asked to report clouds and turbulence, but only
those experiencing some degree of turbulence greater than light
reported over eastern Utah, Wyoming, and Colorado. It is interesting
to note that no significant turbulence was reported in the area to the
lee of the Sierras or the mountains of eastern Utah. One aircraft

at 33, 000 ft msl, just to the lee of the Sierras, reported little or no
turbulence but had moderate wave action. In other words, the pilot
noted the undulation of the long lee waves but experienced no
significant bumpiness.

In the lee of the Ruby Mountains there were two reports of light
to moderate turbulence near 12, 000 ft msl that were not qualified as
CAT because they were from an area of cumulus activity. Another
aircraft in this area at 15, 000 ft msl, just above the cumulus but
below the lee wave clouds, experienced light turbulence. Others at
higher levels where there were no clouds, so that any turbulence
which was reported would qualify as CAT, experienced little or no
turbulence. This might indicate the lessening influence of convective

motions with height.,
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There were few clouds in the lee of the Rockies but moderate
to severe turbulence was reported at about 16, 000 ft msl, light
to moderate turbulence was reported at 28, 000 ft msl, and two
cases of moderate turbulence were reported at 39, 000 ft msl.

Cross-sections for 0000Z, March 10, 1966, through the
Wyoming and Colorado lee wave cloud areas shown in Fig. 13
are given in Fig. 39, and the cross-sectional surface projec-
tions are depicted on the 0000Z. March, 1966, surface chart
in Fig. 14. The cross-sections show a very stable layer be-
tween 500 and 600 mb on which lee waves could form. Lee waves
formed at about 20, 000 ft msl and cumulus beneath at about 12, 000
ft msl. Special pilot reports of any degree of turbulence, in-
cluding non-occurrence, were requested over these two routes.
The only significant turbulence was reported as light to moderate
at 12,000 ft msl in the lee of the Wind River Range in north-
western Wyoming, and a report of moderate turbulence at the
same altitude that appears to be on the windward side of the
highest Rockies of Colorado (see Fig. 39). This particular re-
port is misleading since it occurred some 70 miles north of the
cross-section and to the lee of the Continental Divide. In that
area the terrain of the Rockies is greatly different from the
mean topography depicted on the cross-section in Fig. 39.
Vertical motion computations (entered in the cross-sections in

Fig. 39) show that lee wave vertical velocities were 3 to 4 m
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sec”! in the lee of the Colorado Rockies and the Wind River
Range, and less than 1 m sec_1 in the lee of the northern
Wasatch Mountains of eastern Utah.

Vertical motion in the lee waves on April 26, 1966, was
computed (see Fig. 40) to be about 4 m sec_1 near Salt Lake
City and less than 1 m sec-1 near Lander and Ely. The pilot
reports entered on the cross-sections in Fig. 40 show numerous
instances of light to moderate turbulence near Salt Lake City
and generally light or no turbulence elsewhere. A few reports
of moderate turbulence were made near Ely, but the aircraft
were in or near cumulus at the time of the occurrences.

The aircraft turbulence reports and the computed maximum
lee wave vertical velocities for the field measurement program
cases on April 1 and 16 and May 11, 13, and 14, 1966, are given
in Tebles 10 and 11. Computations involving the Fort Collins
rawinsonde use the mean topographical values for the Colorado

Rockies (see Appendix B).

Theoretical Basis for Prediction Techniques

The statistical study in Chapter II and the specific cases
discussed above point to a possible connection between CAT and
mouritain lee waves. We have seen that some of the imnortant
parameters which should be ~considered when investigating either
CAT or lee waves are terrain features, the wind velocity ¢ud

shear, and the thermal stability of the atmosphere. Since a
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mouritain lee wave is a special form of gravity wave, this sup-
ports the hypothesis made by Reiter (Reiter and Hayman 1962,

Reiter 1963b, 1965), who has proposed that CAT has its origin
in gravity waves produced by a shearing current on surfaces of
temperature lapse rate discontinuity.

The regions of CAT are spotty and of various sizes and
shapes (Beckwith 1964, Endlich 1963). They are usually on
the order of ten miles in the crosswind direction and much
longer along the direction of flow and may vary in vertical
dimensions from a very shallow layer to one several thousands
of feet thick. The direction of flight and the flight speed have
a direct bearing on the duration and degree of turbulence ex-
perienced by the aircraft. As a rule, the greater the intensity
of turbulence, the larger is the turbulent area and the longer
its duration. This pattern might lead one to believe that air
parcels, passing through areas where turbulence is generated
in the mesoscale, move downstream as the turbulence gradu-
ally decays into microscale eddies. The generating regions
would move slowly if synoptically controlled or would be
stationary in the case of mountain waves.

In this section a procedure for forecasting CAT related to
mountain lee waves will be developed. If the major contri-
bution to CAT wavelength energy in and near mountainous

regions comes from lee waves, then a reliable forecast method
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basec upon lee wave mesoscale energies should be applicable

to the frequent CAT incidences over rough terrain. These
procedures will hold when lee wave clouds are observed,

either by ground observer or by a satellite (the seven cases
observed principally by satellite are in this category), and in
cases where lee waves are present but the air is too dry to allow
cloud formation in the wave crests (some of the field measure-
ment program cases are in this category).

Fig. 41 and Table 3 (from Pinus et al. 1965) give instances
of spectral measurements made by instrumented aircraft. From
these measurements quantitative estimates of the microscale
levels of energy required to cause CAT can be made. By use
of the '"-5/3 law'" of turbulence theory an estimate can also be
made of the necessary input energy level in the mesoscale that
would cause these CAT energy levels in the microscale. These
computations are shown in Fig. 42.

The "-5/3 law'' has been observed to hold for wavelengths
less than one-half kilometer (Reiter et al., 1965, Reiter and
Burns 1965, 1966). It holds fairly well for the turbulent energy
of u and v wind components in the one-half to six kilometer
wavelength range after energy has been introduced at longer
wavelengths. This may be the case with lee waves. Above six
kilometer wavelengths we have no evidence to support the use

of the -5/3 decay law. However, it is theorized that energy
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Table 3. Power Spectra of Turbulence in the Free Atmosphere
(Pinus, et al., 1966).
Spectrum Source Characteristics (turbulence components
No. given with respect to course of aricraft)
1 Shur, 1962 w-component, severe CAT, near jet
stream level, stable stratification.
2 Reiter and Burns u, v-components, moderate CAT, jet
1965 stream level, stable stratification.
3 Reiter and Burns w-component, flight parallel to wind,
1965 moderate CAT, jet stream level,
stable stratification.
4 Reiter and Burns w-component, flight nearly normal to
1965 wind, moderate CAT, jet stream level,
stable stratification.
5] Vinnichenko, Pinus u-component, no CAT, near jet stream
Shur, 1965 level, stable stratification.
6 Reiter and Burns u, v, w-components, light turbulence at
1965 100 m altitude, unstable stratification.
7 Vinnichenko, Pinus u-component, light turbulence at 1000 m
Shur, 1965 altitude, unstable stratification.
8 Kao and Woods. u-component, at jet stream level, flight
1964 parallel to jet stream.
9 Kao and Woods v-component, at jet stream level, flight
1964 parallel to jet stream.
10 Kao and Woods u, v-components, at jet stream level,
1964 flight normal to jet stream.
11 Pinus, 1963 u-component, severe CAT, under core
of jet stream, flight normal to jet stream.
12 Pinus, 1963 u-component, moderate CAT, under core
of jet stream, flight normal to jet stream.
13 Pinus, 1963 u-component, light CAT, over core of jet
stream, flight normal to jet stream.
14 Shur, 1962 w-component, moderate CAT, at jet
stream level, stable stratification.
15 Shur, 1962 w-component, moderate CAT, at jet

stream level, stable stratification.
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introduced at longer wavelengths probably decays at a slightly
greater rate in the buoyant subrange. This subrange accord-
ing to Bolgiano (1959, 1962) is just above the inertial subrange
and the greater rate of decay is due to buoyant forces acting
expecially on the w-component of the larger turbulent eddies.

The computed vertical velocity amplitude of lee waves,
W represents an energy input in the mesoscale. The pro-
cedures that might be followed in order to compute vertical
velocities and the vertical component of kinetic energy in lee
waves leading to CAT are outlined in Appendix B.

Assuming that a ''-5/3" energy distribution exists in the
whole spectrum range under consideration as indicated in Fig.
42, a plot of L against A, the wavelength, would yield a
forecast degree of CAT, which would occur when the energy-
carrying eddies reach wavelengths of about 100 m. This has
been done and Fig. 43 is the resultant forecast diagram. The
lines in Fig. 43 separating the forecast categories represent
the value of the energy necessary at each wavelength in order
to result in various degrees of CAT after the energy provided
in the mesoscale has been passed into the microscale (Fig. 42).

As a rough estimate, the vertical component of kinetic
energy in lee waves was assumed to be introduced over a very
narrow bandwidth in the spectrum and to have decayed following

the ''-5/3 law'. Any forecast criterion developed on the basis
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FIG. 43. Forecast degree of CAT, When the maximum vertical

velocity in the lee wave is determiued from Eq. 25 and the lee
wavelength is determined from X\ = 2r /k, the degree of CAT can be
determined from this graph.
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of the -5/3 law will probably overestimate microscale energy
levels. In other words, using these assumptions the degree of
the resulting turbulence would probably have been slightly over-
forecast for longer wavelengths.

If one enters the graph in Fig. 43 at the wavelength de-
termined in step (6) of Appendix B and at the W determined
in step (7) in Appendix B one finds the degree of turbulence
predicted. The results of all CAT forecasts in the case
studies using these methods and the actual reports of CAT in
the forecast area are included in the cross-sections discussed
earlier and in Tables 7 through 9, in the last chapter.

Since the CAT forecasting procedures described in Appendix
B are quite complicated for operational use, a ''short cut' fore-
cast method which uses the lee wavelength observed by satellite
has beern developed. It is possible to simplify the expression
for the wave number by considering only the second of the two
terms on the right hand side of Eq. (22). This term was much
larger than the first term in every case studied in this paper.
By subs-ituting this term into Eq. (25), we have an expression
for the maximum vertical velocity depending on only two un-
known quantities, « and A. If all terms involving a are
combined into one expression and maximized by assuming «

is 65 degrees (see Fig. B-2) and if A is determined from
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satellite photography, the maximum possible lee wave vertical
velocity is known. This method is fully described in Appendix
C. Table 12 (Chapter V ) contains verification of forecasts

using this ''short cut' technique.

Supporting Theoretical and Observational Evidence

It raust now be established that the patterns of CAT occur-
rences in the statistical study are consistent with the theory
and the methods being used.

If, as a first approximation, a gravity wave of lee wave
dimens:ons is considered to introduce kinetic energy over a
very narrow bandwidth in the spectrum, the decay of this energy
can be “reated analytically (Atlas, Hardy, and Naito 1966) by

use of IEq. (3):
Efi) = ¢ 210 BB 3)

This would hold strictly only in the inertial subrange of iso-
tropic turbulence and decay would be at a faster rate at wave-
lengths above approximately 500 m due to the added energy
dissipational effects of buoyant forces.

The spectral densities in the 1 and 6 km wavelength
range required to produce the various degrees of CAT can be
found from Fig. 42. The spectral densities in the wavelength
regions of CAT (500 to 100 m) can be determined also for

each category of turbulence from Fig. 42. Since E(k), a,
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and k are known at each wavelength, the dissipation rate can
be computed by use of Eq. (3) for each wavelength and for all
degrees of CAT. Using this method, we may see from Fig.
44 the rates of decay at each wavelength for various degrees
of turbulence.

If, from Fig. 44 a mean decay rate for each turbulent
category is computed by taking the average value of ¢ over
the range of wavelengths between energy input wavelengths
of the lee waves and the CAT wavelength near 100 m,
--typical for jet aircraft of present design--, the time of
decay for turbulent energy at various lee wavelengths to
result in CAT can be determined in the following manner.

The mean dissipation rate, ¢ , has the dimensions of energy
per time; the difference in energy between lee wavelength and
100 m wavelength (using the -5/3 law) is known from Fig. 42;
the meen dissipation rate is known from Fig. 44; therefore,
the time for this change in energy to take place is also known,
as shown in Table 4.

The decay time of turbulent energy contained in lee waves
measuring 6 km or less would result in the statistical patterns
of frequency of turbulence maxima observed downwind from the
ridgelines, observed in Chapter II if the perturbation energy
moves with the flow as it passes to smaller scale eddies and

if the mean wind values are consistent with the argument.
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Table 4. Decay Time of Energy (hours).
Time to decay to CAT wavelengths of cir. 100 m.
Wavelength of
Energy Input 6 km 1 km
Degree of CAT

S 2.5 0.7
M 3.2 1.0
Is 3.5 1.3

It takes less time for a unit of energy to decay when the level of
energy is sufficient to cause severe CAT than for a unit of energy
when energy levels leading to lesser degrees of CAT occur. The
decay time increases with a decrease in CAT intensity, hence the
CAT maxima would tend to be found downstream from mountain
ridges in decreasing order of severity, as is evidenced from Figs.
1 through 5.

Table 5 contains climatological information of the jet stream
(Serebreny et al. 1958) and upper level winds (Lahey et al. 1960).

Table 5. Jet Stream and Mean Upper Wind Data
Mean Westerly

Mountain Range Jet Stream Crossings Wind Component
(Relative Frequency) (knots)
Winter Spring Winter Spring
500 300 500 300
Sierras 8 16 27 45 23 35
Washington Cascades 17 16 30 45 23 35
Montana Rockies 35 26 34 50 24 40

Colorado Rockies 40 42 34 55 25 45
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The statistical study in Chapter II shows that the regions of
CAT maxima over the western United States are also regions of
high jet stream incidence and that the mean upper level winds
have a large cross mountain component (Table 5). These upper
wind velocities and the decay times (Table 4) are consistent with
the observed frequency of turbulence patterns. The jet stream
is often accompanied by thermally stable layers (Reiter 1963a),
strong wind shear and strong cross mountain flow. These prop-

erties are conducive to lee wave formation.
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CHAPTER V

RESULTS AND CONCLUSIONS

Discussion and Verification of Predictive Methods

The climatological study in Chapter II suggested a relationship
between CAT and lee waves, since CAT maxima were located in the
lee of all major mountain ridges of the western United States. The
frequency maxima of various degrees of CAT displayed a well~
organized pattern wherein the highest degree of turbulence occurred
closest to the ridge and each succeeding lesser degree of turbulence
fell further to the lee of the mountains., This pattern could be
explained by the fact that the decay time for energy introduced at lee
wavelengths to reach eddies of CAT dimensions decreases with an
increase in turbulence severity (see Table 4 in Chapter IV),

This possible connection leads us in Chapter III to the investiga-
tion of mountain lee waves and in Chapter IV to the development of
CAT-predictive procedures by means of methods described in
Appendix B. In the present chapter we will discuss the effectiveness
of these CAT forecasting techniques based upon lee wave theory and
will present substantiating evidence.

Table 6 contains two summaries of the special pilot reports
collected during the seven lee wave cases observed principally by
satellite. The upper part of the table is a summary of all special

pilot reports taken in the seven cases. The lower part of the table
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includes only the reports in the cases where there was probably no
mechanical turbulence due to rough terrain,

The vertical vélocities in mountain lee waves and their wave-
lengths obtained from rawinsonde data using the theoretical results
of Scorer (1949), Corby, and Wallington (1956) give energy input into
the mesoscale which seems to be reascnably close to that found in
nature (see Figs., 42 and 43). This is indicated by the fact that this
theoretical energy, when passed into the microscale, assuming that
it obeys the'-5/3 law'', results in a forecast degree of CAT very
close to CAT reported in numerous known cases of lee waves.

Verification of some of the forecasts of turbulence made by use
of computed lee wavelengths, computed maximum vertical
velocities, and Fig. 43 is given in Tables 7, 8, and 9., In addition,
Table 7 includes all of the turbulence reports within 90 miles of the
cross~sections mentioned in Chapter IV for the western United
States lee wave cases observed by satellite regardless of altitude or
the location of the report with respect to clouds. Of the 87 pilot
reports entered on the cross-sections in Chapter IV, fifty-nine per
cent fell ir the correct forecast category and thirty~nine per cent in
the adjacent forecast category (twenty-nine per cent too low and ten
per cent too high). Only two per cent of the cases missed by two
categories, Of the eleven occurrences that were reported in higher
categories than were forecast, six were from aircraft flying in and

near cumulus.



TABLE 6. Pilot Report Summaries (AC-above clouds, BC-below clouds,
IC-in clouds, I&0D-in and out of clouds, and NC-no clouds).
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N 102 43 48 20 7 3 13 6 65 28 235 100 51
L 36 27 41 31 14 11 15 12 25 19 130 100 28
L/M 6 15 17 41 4 10 5 12 9 22 41 100 9
M 4 10 14 36 6 16 4 10 11 28 40 100 9
M/S 0 0 0 0 0 0 2 25 6 75 8 100 2
S 1L 33 2 67 0 O 0 O 0 o 3 100 1 l
7 100 S
]
Pilot Reports Above 15, 000 ft.
Over the West and Above 10, 000 ft., Over the East
N 60 55 6 5 4 4 9 8 33 28 112 100 59
L 29 42 8 12 6 9 10 15 15 22 68 100 35
L/M 2 40 0 0 1 20 1 20 1 20 5 100 3
M 1 20 0 O 2 40 1 20 1 20 5 100 3
M/S 0 O 0 O 0 O 0 O 0 O 0 100 0
S 0 O 0 O 0 O 0 O 0 0 __ 0100 _ 0
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TABLE 7, Verification of turbulence forecasts for all western
United States.

Observed
_Forecast LN L/M M M/S S
L&N 42 3 2 0 0
L/M 24 7 5 0 0
M 0 1 2 1 0
M/S 0 0 0 0 0
3 0 0 0 0 0

If is not to be expected that this method will correctly forecast
all CAT occurrences due to lee waves. It has been pointed out
earlier thet the use of the '"-5/3 law'' well into the mesoscale will
lead to overforecasting of CAT because the added energy dissipational
effects of buoyancy are not congsidered. The results in Table 7 and
in Tables 3 and 9 are consistent with this,

In the western area of our study the mean altitude of occurrence
of light or no turbulence (66 cases) was 9300 ft above the stable
layer. The mean altitude of light to moderate turbulence (11 cases)
was 4000 ft above the stable layer while moderate (9 cases) occurred
2600 ft above it, The only case of moderate to severe turbulence
occurred in the stable layer, which could indicate that, on the average,
the degree of turbulence decreases quite rapidly with altitude above
the stable layer. This is in agreement with the fact that the maximum
wave amplitudes and vertical wave velocities are to be expected near

the stable layer.
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TABLE 3. Verification of eastern United States turbulence
forecasts.

All Cases
Observed
Forecast L&N "L/M M M/S S
L&N 158 29 19 8 1
L/M 7 0 1 3 0
M 0 0 0 0 0
M/S 0 0 0 0 0
S 0 0 0 0 0

All Cases Above 10, 000 Ft Above Terrain

L&N 64 1 0 0 0
L/M 6 0 0 0 0
M 0 0 0 0 0
M/S 0 0 0 0 0
S 0 0 0 0 0

TABLE 9. Verification of all western United States turbulence
forecasts and the eastern United States cases above 10, 000 ft msl.

Observed
Forecast L&N L/M M M/S S
L&N 106 4 2 0 0
L/M 30 7 B 0 0
M 0 1 2 1 0
M/S 0 0 0 0 0
3 0 0 0 0 0

Table 8 (upper half) contains all reports of turbulence within
90 miles of the cross-sections mentioned in Chapter IV for the
eastern United States lee wave cases observed by satellite,
regardless of altitude, Table 8 (lower half) includes only those
cases higher than 10, 000 ft above the terrain. This modification is

necessary because the wind near the ground reached 50 knots in
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many cases of eastern United States lee waves. Table 8 (lower half)
should give a reasonable indication of the turbulence due to gravity
waves. The precaution of eliminating low level cases was not taken
in the western United States cases because the wind speeds were
relatively lower.

When all eastern United States cases were considered, there
were 226 occurrences of which 70 per cent were correctly forecast,
16 per cernt near misses (off by one forecast category) and 14 per cent
off by two or more categories. Table 8 also shows that if only the
reports above 10, 000 ft were considered, there were 71 cases of
which 90 per cent were forecast correctly and 10 per cent were near
misses. The turbulence was somewhat overforecast as explained
before, The mean altitude of the ''none to light' category of
turbulencz above the stable layer was 15,000 ft. However, this
figure is not comparable to that found in the western United States
cases since all eastern United States cases below 10, 000 ft were not
included. There was not a large enough sample to compute signifi-
cant statistics for the other categories of turbulence.

The mean horizontal positions of moderate to severe, moderate,
and light to moderate turbulence in all eastern and western United
States lee wave cases observed by satellite followed a pattern
similar to that shown in the climatological study in Chapter II. The
moderate to severe cases occurred, on the average, 70 km downwind

from the nearest mountain ridge. Moderate turbulence occurred
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120 km downwind while light to moderate usually occurred 160 km
downwind from the ridge. It is interesting that in all of the lee wave
cases observed by satellite, there were no reports of light to
moderate or greater turbulence upwind from any mountain ridge at
any altitude above the layer where mechanical turbulence might
exist. There were 70 reports of no turbulence and 36 cases of light
turbulence from the areas upwind from the mountain in all seven
periods under consideration.

Table 9 includes the verification of all eastern and western
United States turbulence forecasts regardless of location with respect
to clouds, except that the eastern United States turbulence cases
below 10, 000 ft have been excluded. Of the 158 reports considered,
73 per cent fell into the correct forecast category of turbulence, 26
per cent were near misses (20 per cent too high and 6 per cent too
low), and only one per cent was off by two categories.

Table 10 contains the pressure altitude in millibars of all
interfaces found in the Denver and Fort Collins rawinsonde observa-
tions on designated 'lee wave'' days during the field measurement
program outlined in Chapter III. The computed lee wavelengths and
maximum vertical velocities for each of these interfaces are given
in kilometers and meters per second. The degree of clear air
turbulence (using methods outlined in Chapters III and IV and
Appendix B) that should be forecast as a result of lee waves on these

interfaces is also entered.
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Even though there is a time difference between the soundings
taken at Denver and Fort Collins, at times the interfaces have
spatial continuity between the two locations. The unsmoothed
rawinsondes at Fort Collins indicated more interfaces than the
smoothed soundings at Denver on two occasions, but there were the
same number on one occasion and even less another time.

The additional interfaces gained by using the unsmoothed
sounding data usually could produce lee waves with little predicted
energy. An exception was the 523 mb interface at 1400Z on May 13,
1966. Lee waves on this interface could lead to moderate turbulence.

Most of the computed energies contained in lee waves over Fort

Collins were greater than those contained in lee waves over Denver on

TABLE 10. Computed Lee Wave Data.

Date
1966 Denver 12002 Fort Collins 147 Fort Collins 19Z

P Wo x CAT ©p wo N CAT p wg M CAT

4-1 703 0.7 2,7 LL-N 784 1.8 1.4 L-N 731 0.2 1.2 L-N
700 1.8 5.0 LL.-N 680 0.3 1.3 L-N 7093.0 5.2 L-M
540 1.1 7.0 L-N 541 0.5 10,0 L-N 541 0.6 9.5 L-N
489 0,7 34.0 L-N
4-16 516 3.0 5.6 L-M
361 1.1 7.1 L-N None None
300 1.0 10.8 L-N
5-11 775 0,1 1,5 L-N 554 4.6 8.4 M
686 0.3 3.5 L-N
540 0.6 5.0 L-N None
352 0.6 5.4 L-N
300 1.5 9.2 L-N



-109-

TABLE 10, Continued.

Date
1966 Denver 12007 Fort Collins 147 Fort Collins 192
D Wg p CAT p wo *» CAT
5-13 5983 1.1 5.5 L-N 790 0.7 1.1 L-N
500 2.1 7.5 I.-N 543 1.9 5.3 L-N
462 1.0 5.2 L-N 523 4.7 4.8 M
450 2.2 10.1 L-N 5051.7 7.8 L-N None
434 0.9 5.7 L-N
418 1.0 9.0 L-N
290 0.6 17,0 L-N
279 1.7 19.0 IL.-N
5-14 770 4.8 4.6 M 625 2.9 4.6 L-M
629 0.4 3.2 L-N 543 1.3 6.7 L-N
497 3.2 8.1 L-M 520 2.3 9.4 L-N None
300 0.8 10.0 L-N 250 0.5 14.5 L-N

common interfaces, This probably is due to the fact that the
cnsmoothed soundings and more specific topography measurements
were used in the computations for the Fort Collins lee waves.,

On May 14, the smoothed Denver soundings indicated an interface
at 770 mb, which did not show up in the Fort Collins detailed sound-
ing. This interface using mean topographical values for the
Colorado Rockies, could produce lee waves with enough energy to
cause moderate turbulence, while the maximum possible turbulence
computed for the IFort Collins lee waves on this date was light to
moderate, These lee waves would have been on an interface at
625 mb. Interfaces such as the one at 770 mb over Denver are
sometimes not continuous in gpace over all of northeastern Colorado.
This could partially explain the patchiness of any CAT resulting from

megogcale gravity waves.
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It is interesting to note that the unsmoothed soundings at Fort
Collins taken at 1400Z and 1900Z on April 1, 1966, were not as
similar with respect to lee wave computations as the 1200Z Denver
and the 1900Z Fort Collins rawinsondes on that date. This could
mean that a smoothed sounding depicts the dominant interfaces and
that in time the atmosphere tends to eliminate all but these dominant
interfaces,

Table 11 contains all turbulence occurrences reported by aircraft
over eastern Colorado during the 12-hour period beginning at 1200Z
on the "lee wave'' days during the field measurement program., The
maximum degree of turbulence that could have been forecast by use
of either the Denver or Fort Collins rawinsonde data is also shown.
The topography of the Colorado mountains is very complex. Since
lee wave energy is strongly dependent on mountain range dimensions
(see Appendix B), it can be expected that there will be areas which
will experience more or less turbulence than forecast when using
either the average mountain dimensions around Fort Collins or the
overall mean topographical values for the entire mountain range.

In addition, these pilot reports came from various levels and
may or may not have been in or near cumulus clouds. We might then
expect that the degree of turbulence reported would be greater than
turbulence strictly reported by CAT rules (above 18, 000 ft msl and
not near clouds). Nevertheless, of the 27 turbulence reports, all

but 3 fell into the correct or adjacent forecast category.



TABLE 11, Eastern Colorado Turbulence Reports and Forecasts.

Date Time  Reported Degree Position of Altitude of Forecast Degree

1966 (Z) of Turbulence Report Turbulence of Turbnlence
(IntThsds 1t)

4-1 1320 L 38.9N 103.6W 11,5 L-N
1520 L 37.7 105.3 14 .5 L-N
1520 L 37.3 105.6 13.0 L-N
1620 L-M 41.5 103.5 6.5 L-N
1820 L 39.8 104.8 21.0 L-N
1820 L 38.5 105.5 25.0-26.0 L-N
1920 M-S 39.8 104.9 10.5-11.5 L-M
1920 L-M 37.4 103.3 13.0 L-M
2020 L-M 39.2 106,0 13.5-11.5 L-M

4-16 1720 L 39.8 104.8 35.0 L-M
1920 M 39.6 108.3 17.0 L-M
1825 L 39.8 104.8 9.0 L-M
2120 M 39.7 105.2 39.0 L-M

5-11 1720 M 38.3 106.5 17.0 M
2149 M 39.0 104.7 10.0 M
2149 M 39.1 104.7 U M
2300 M-S 39.0 104.5 9.0 M

5-13 1520 L 39.6 106.8 11.0-14.0 M
1820 M-S 41,1 104.8 8.5 M
1920 S 40,5 104.0 8.0-9.5 M
2120 L-M 39.3 104.8 15.0-8.0 M
2220 M 38.3 106.6 13.5 M

=TE T~
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The lee wave energy computed from radar observations of the
constant level balloon that reached altitude and separated properly
(run 2, on April 1, 1966) and the theoretically computed lee wave
energy from rawinsonde data on the same day were both of very low
magnitude and could result in no appreciable aircraft turbulence.

The energy computed theoretically in this lee wave (run 2, on
April 1, 1966) is shown in Table 11, The mean vertical motion in the
half wevelength computed from radar tracking measurements was

-1
-0.7 m sec , thus, the energy in the lee wave, using the relation-

e 5 -
ship KIEE = 1/2w", was 0.25 myen %, This valee world lead to no
significant turbulence.

"-5/3 law' up to lee wave-

We have seen that the use of the
lengths of 20 km (see Fig. 43) seems to give reasonable results
since the forecast degree of CAT,based upon lee wavelength energy
input levels and this decay law, agrees very well with reported CAT.
The lee wavelength as observed by the satellites also compares
favorably with computed wavelengths based upon atmospheric
parameters measured by rawinsondes.

Table 12 refers to those cases observed principally by satellite
and contains information concerning lee wavelengths, based upon
satellite photo measurements, and theoretical computation using

1

2 : 2 .5
)\ﬂ = 2w/(£2 + LZ cos a)? 27)

= ! ] —_ 9
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where A Sis the wavelength in the satellite photo, Xﬂ is the wave-
length using Scorer's theoretical development, and >\b is the
wavelength based upon the Brunt-Vaisala frequency equation. The

mean wavelengths of the lee wave clouds measured from satellite

photos are very close to the theoretical wavelengths computed by

TABLE 12, Lee Wavelength Values (km)

Date )\2 >‘s )\b
1-7-66 28.0 28 15,0
3.3 28 2.6
31.0 28 10.0
22,0 28 8.6
2-14-66 10.0 10 12.0
10,0 10 8.8
12.0 14 10.0
13 .0 14 9.5
3-1-66 19.0 24 11 .0
13 .5 24 T
18.0 24 10.0
17.0 24 10.3
3-7-66 11.0 13 10,0
8.0 13 4.1
1L0 13 lds O
9.0 13 9.4
11. 5 13 11.0
3-9-66 14,0 10 9.0
4,5 9 7.0
13.0 14 10.0
4-26-66 21.0 18 23.0
8.0 11 De T
22,0 18 15.0
Mean
Values 14,3 17.4 10.0

using Scorer's work. The wavelengths using the Brunt-Vaisala

relationship are relatively close to those observed by satellite for
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the western cases, but they are off by more than a factor of two for
the eastern United States cases. It should be expected that the
results using Eq. 9 would not be as accurate as those using Eq. 27,
since the model used to develop Eq. 9 is more sophisticated.

During the field program the lee wavelength on April 1, 1966,
observead by radar tracking of constant level balloons (run 2), agreed
with the lee wavelength computed from rawinsonde data. Some wave-
lengths found in the vertical velocity profiles observed by radar
tracking of constant level balloons also were in agreement with
computed lee wavelengths,

Clouds were so thick on April 16, 1966, and May 13, 1966, two of
the lee wave days, that lee wave clouds were not discernible in
satellite photographs. On Aprill, 1966,there was some indication
of cirrus with lee wavelengths of 30 km, which agreed well with
theoretical computations of 34 km wavelengths at 489 mb and with the
constant level balloon wavelength of 33 km at 20, 000 ft msl, On
May 14, 1966, the satellite photo measurements indicated a lee
wavelength of about 30 km over northeastern Colorado, which
compared poorly with a computed theoretical wavelength of 14,5 km
at 250 mmb. The lee wavelength was computed from rawinsonde data
to be 8.4 km on May 11, 1966, and the wavelength over the Fort

Collins area was 10 km when measured by satellite.
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The photogrammetric measurements taken on April 16, 1966,
showed a lee wavelength of 4,5 km, which was reasonably close to
the 5,6 km computed theoretical lee wavelength on that date at the
very s'rong interface located at 516 mb over Denver. Lee wave
clouds were observed by satellite and photogrammetry on May 13,
1966, but no wavelength comparison was possible since only
isolated lenticular clouds were photographed from the ground. No
comparison was possible on April 16, 1966, because thick cloud
cover precluded discerning any lee wave pattern in the satellite
photographs.

Inspection of the upper air sounding during known lee wave
situations has shown that there are usually more levels than one
where gravity waves could form. The theoretically computed
wavelengths of the gravity waves are not normally the same at
each level where waves are possible, but they are often very close
to each other, It has been found that the lee wavelengths observed
by the satellites were close to the wavelengths computed at the
level where lee wave vertical motions would be a maximum. Booker
(1962) ciscovered that the lee wavelength and amplitude remain very
nearly constant throughout a deep layer of the atmosphere and this
seems to show that the dominant interface (the interface with the
greatest computed vertical motion) controls the wave motions
throughout deep layers adjacent to this interface. Hence the genera-

tion of lee wave energy is not only accomplished at the interface but
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throughout a deep layer of the atmosphere and, therefore, any
resulting CAT should be experienced over a wide range of altitudes.

Various computational aids have been developed in this study
which can be used operationally to forecast CAT due to lee waves,
but, even with these aids, this procedure is long and tedious. It
would be better accomplished by programming the entire operation
for a computer. Twice daily CAT forecasts over mountainous
terrain using these techniques would be desirable,

Previous research has shown CAT to be correlated with various
atmospheric parameters, CAT might be correlated with vertical
wind shear because strong shears can lead to unstable gravity waves.
Shear also contributes to gravity wave formation since wind speed
increase with height contributes to a decrease with height of the Lyra
parameter, [ , a necessary condition according to theory (Scorer
1949), CAT might be much more frequent over land than over oceans
because forcing functions such as convection, differential heating,
and terrain features are found more frequently there, CAT is found
frequenly near the tropopause and the jet stream, probably because
of the existence of stable layers in these regions on which gravity
waves can form. It might also be correlated with the jet stream
because stronger gradient level winds and strong vertical wind shears
necessary for high energy levels in the gravity waves usually are
found to accompany it [see Eqs. (19) and (25)]. Since the forecast

method for computing wave energies is quite tedious, a "short-cut"
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method utilizing the lee wavelength measured in satellite photos is
described in Appendix C,

Teble 13 shows the vertical velocities and the resulting degree
of turbulence associated with lee waves computed by means of
Scorer's theoretical development and by the "short-cut' method
using satellite measurements of the lee wavelength. Seventy-three
per cent fell into the same category and twenty-seven per cent fell
into a higher category using the maximized value determined from

satellite information,

TABLE 13, CAT Forecast Comparisons.

CAT Forecasts Using CAT Forecasts Using

Rawinsonde Data Satellite Data
Date wo(m sec-l) Forecast Wo(m sec -1) Forecast

CAT CAT

3-7-66 1s2 N-L 1.6 N-L
3-7-66 2.0 N-L 3.6 N-L
3-7-66 1.9 N-L 3.6 N-L
3-7-66 5.0 M 6.5 M
3-9-66 4,1 L-M 4,1 L-M
3-9-66 =1 | L-M 4.1 L-M
3~-9-66 4,1 L-M 8.0 M
4-26-66 2.0 N-L 4.0 N-L
4-26-66 34 9 L-M 6.4 M
4-26-66 0,4 N-L 2.7 N-L
2-14-66 LS N-L 24T N-L
2-14-66 362 N-L 7.5 M
2-14-66 0,7 N-L 2.8 N-L
2~14-66 0.6 N-L 753 M

The mountains of the eastern United States have dimensions that
tend to make the first term in Eq. (B-1) (Appendix B) small compared

with the same term for the mountains of the western United States,
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On the other hand, term number 3 in Eq. (B-1) is usually much larger
over the eastern United States because gradient level winds are
stronger in the east, at least in the cases studied. The net result
has been that the CAT wavelength energies resulting from Appala-
chian le: waves were less than those connected with most western
ranges, This is also due to stronger winds aloft over the east which
resulted in longer lee waves, both theoretically and as observed by
the satellite. The longer waves need greater vertical motions to

result in CAT (see Fig. 43).

Outlook for Future Research

Although the results of several aspects of the Colorado pilot
field measurement program were not as fruitful as might have been
anticipated, the overall program, when carried out over an extended
period of time with proper instrumentation, offers a means of
intensive mountain lee wave investigation. The K-24 camera system
should bte replaced with lightweight, rapid-firing (with remote control
capabilities) 70 mm wide-angle cameras, Also, a radio communica-
tfion system between operators is a necessity. In this study there was
a loss of much film footage because sometimes one of the two cameras
malfunctioned and cumulus clouds obscured the lee wave clouds at one
camera site while lee waves were still visible at the other camera

location.,
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The radar set used in any future study must be capable of
locating transponder-carrying constant-level balloons far upwind
from the radar site. It would be best to position two radar sets
along the prevailing wind direction in order to insure tracks up to
300 km in length. In this way numerous wavelengths could be
observed. Additionally, the radar should have automatic readout
capabilities so that a continuous record of the balloon trajectory
would be available for spectral analysis. The fuse rope separation
system should be replaced by a pressure switch mechanism to insure
separation at the programmed altitude. The installation of a GMD-1
apparatus would be desirable in making rawinsonde observations so
that the radar sets would be free at all times to track constant-level
balloons.

Frequent rawinsonde releases at both radar and GMD-1 sites
would allow for a study of interfaces both in time and space.
Arrangements should be made to have FAA Traffic Control Centers
elicit pilot reports of turbulence (including reports of no turbulence)
from all aircraft in the study area. It would be desirable to utilize a
small aircraft to fly into the lee waves and the surrounding areas.
This aircraft could be used to release constant-level balloons at
assigned altitudes in order to get the longest tracking possible.

Future research should be based in large part upon measurements
taken by sophisticated instrumentation carried aloft by several air-

craft used only as inertial reference frames. The aircraft should
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probe the areas of CAT as well as the surrounding airspace, In
particular, energy-spectral measurements should be made in the
airstream upwind from lee waves, in lee waves, in areas immediately
downwind from lee waves and in any resulting CAT areas. By this
means one could determine if lee waves do provide the input energies
which eventually cause CAT in the mountainous West.

Mcre complete coverage of any lee wave area may be accom-
plished with the availability of more continuous satellite surveillence,
With all of the methods that were used in the field measurement
program properly instrumented and the innovations mentioned above,
a comprehensive study of lee waves should produce a collection of
data thet will lead to the understanding of lee wave formation, energy
transfer in the turbulence spectrum, and subsequently, to the
processes whereby this energy will be finally dissipated in the

atmosphere,
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APPENDIX A

List of Symbols

a universal constant

amplitude factor

mountain half-width

wave speed

speed of sound

structure function

twice the energy, per unit mass, per unit wave number
force vector

acceleration of gravity

mountain height

height of the density interface above the earth's surface
wave number, the wavelength per unit length

exchange coefficient of momentum

exchange coefficient of heat

Scorer's parameter gB/U2 - 1/U 82U/822

Lyra's parameter gB/U2

. 12 =4 22

atmospheric pressure

absolute vorticity (normal component)

universal meteorological gas constant

Richardson number

autocorrelation function of the vertical gust velocity
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right angle coordinate system oriented with s along the
streamline, n normal to the streamline, and z along the
vertical.

time

temperature in degrees absolute

aircraft frequency response function

velocity components of the perturbed flow

velocity components of the undistrubed flow

horizontal wind component normal to the mountains at the
gradient wind level.

volume of balloon
three dimensional velocity vector
weight of balloon and attachments

maximum vertical velocity (its amplitude) in a lee wave
where the lee wave has maximum amplitude

Cartesian coordinates

an angle satisfying nw-o /o = Lh, and 0<ae<r /2, where n
is the solution that gives the maximum W and A\

static stability 1/8 86/8z
dissipation rate of energy, per unit mass, per unit time

z-z, the vertical displacement of a particle from its
original level

density

potential temperature
stream function
wavelength

the earth's angular rotation (velocity) vector
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APPENDIX B

Application of the Theory - Determination of Lee Wave Energy
Leading to CAT

The following steps, some of which will be enlarged upon below,
must be taken in order to compute vertical velocities and energies
in lee waves:

1) Determine (17.)2 = gB/U2 for each layer from the rawinsonde
data collected nearest to the suspected lee wave area.

2) Compute Lz = (El)2 - 2)2 from the (“2 values obtained
in step (1).

3) Determine if L2>172/4h12 where h; is the height above
the surface of the earth of the surface separating the two
layers wherein 22 is constant. If this condition is not
satisfied there can be no lee waves.

4) Use the equation Lhyj=nw-a/sin a for various values
n to find various values of a (see step (a) below)..

5) Use the relationship k2=(£2)2+ L2 cos2 a to find k, the

wave number.
6) Use A=2n/k to determine the lee wavelength.

7) Use the equation

2m7hb sin2 a

= { )

o ekb nr-ao +ttano

), L) B-1)

to determine vertical velocities in the wave (see step (b),
(c), and (d) below).

8) The vertical velocity amplitude expressed by the equation
in step (7) above is used to compute the mean kinetic
energy (vertical component) per unit mass contained in
the lee waves in the following manner.

W= W sin 2w — B-2)

2w @ gip? o B-3)
o) A

wo=w 5
— A W

B =2 Lllf 2 §ip22™Ky, - _O

KE——Z— LA W, sin dx — B-4)
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FIG. B-1, Determination of a. Enter graph atf (o) and read off
a values for values of n that are pertinent, '
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FIG., B-~2. When o and n are known from Fig, B-1, enter graph to
determine f' (a ). Only the n that accompanies the largest A\ should
be used as this is the dominant wave,
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The following aids have been developed in order to simplify
some of the above steps:
a) Fig. B-1 shows the relationship between f(a) = n7-a /sin a
and a. Since f(a) is known from the rawinsonde data (th) enter
the graph at f(a) = th to determine valid values of o to be used
in step (5) above (for various values of n).
b) In step (7) above the expression for W has been divided into
three terms. The first term is (2whb/ekb) and is a function of k
only, provided h and b are known. The measurements of mean
values of h and b for an entire mountain range were taken with
respect to an altitude where the mountain range became the main
obstruction to air flow above any low level ridges and foothills in
the area. We are studying a phenomenon which is more responsive
to relatively high and narrow ridges. If the mean values for the en-
tire ridge are used, it must be realized that some area in the lee
of the range will develop much more vigorous waves than pre-
dicted by the use of the mean values of h and b, while on the other
hand, some area will show less active waves than forecast. Close
inspection of aeronautical charts produced the topography values
listed in Table B-1 for several well known mountain ranges.
¢) Table B-2 shows the value of the term (2nhb/ekb), assuming
h is ecual to one kilimeter. X in Table B-2 is obtained from step

(6) above and b from Table B-1. If h differs from one kilometer
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in Table B-1, multiply the value in Table B-2 by the mountain
range height (h in kilometers).

d) Fig. B-2 shows the relationship of the second term in step

(7) above, f'(a) = sin2 @ [nm-a +tan o to a for various values of n.
In step (4) above (notice .a above) we determined valid values of
n and o by use of Fig. B-1. Enter Figure B-2 at the largest

a and read off the value of f'(o¢) from the n curve (n=1,2,...)
that accompanies the largest @. This n and « lead to the
longest lee wavelength, which will dominate the flow (see step (5)).
e) Multiply the terms obtained in ¢ and d by the third term

in step (7), (U L2), to determine W - The term (U1L2) is

1

obtained from rawinsonde data.

Table B-1. The Height and Half Width (in km) of Important
Mountain Ranges

Mountain Range Height (h) Half Width (b)
(km) (km)
Sangre de Cristo 1.1 2.5
Colorado Rockies 0.9 2.5
Southern Wasatch 0.3 2. 2
Southern Sierras 1,1 8.0
Ruby Hills 0.8 2.0
Northern Sierras 0.5 2.5
Northern Wasatch (SLC-DEN) 0.8 4.0
Montana Rockies 0.8 3.0
Big Horn Mountains 0.6 2.0
Black Hills 0.3 4.0
Wind River Range 1.0 2.0



Table B-2. Value of (2whb/ekb) for various dimensions of b and M\, assuming h=1 km
(Units are km).

N (km)1 2 3 4 5 6 7 8 9 10 15 20
b
(km)

1 0.01 0.30 0.80 1.30 1.80 2.30 2.60 2.90 3.10 3.40 4.20 4.50
2 0.00 0.03 0.19 0.50 ©0.97 1.70 1.90 2.50 3.10 3.80 5.50 7.00
3 ---- 0.02 0.04 0.15 0.39 0.89 1.30 1.70 2.30 3.10 b5.60 17.60
4 ---- 0.00 0.01 0.04 0.14 0.46 0.68 1.00 1.50 2.30 b5.00 17.50
5 -=== =-=--- 0.00 0.01 0.05 0.21 0.35 0.57 0.95 1.50 4.20 17.00
6 -=== ==== ~---- 0.00 0.02 0.09 0.17 0.31 0.57 1.00 3.10 &6.20
7 === === -=-=- ---- 0.01 0.04 0.08 0.16 0.33 0.65 2.60 5.30
8 ——== === ~--=-- ---- 0.00 0.02 0.04 0.08 0.18 0.41 2.00 4.20
12 mm==  m===  —==eo  -=—-- ---- 0.00 0.00 0.01 0.02 0.05 0.41 1.40
15 ——==  m--=  —m=== === ===~ === ---- 0.00 0.00 0.01 0.24 1.10
19 mmmm mmmm mmme - mm s mmem s -- —--- --=-- 0.00 0.06 0.39

i
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APPENDIX C
Shortcut CAT Forecast Method Using Satellite Data
1) Measure the lee wavelength, A, from a satellite photo to
compute the value of the term (2whb/ekb) in Eq. (25), (see Table
B-2 in Appendix B).
2) Since k2 = L2 cosza + (2 2)2 [Eq. (22)] and since (£ 2)2
is usually much smaller than L2 cos2 o,
2

4172/)\2 = 1% eos’ & C-1)

3) Eq. (25) now becomes,

2 2
_,2whb sin « 4
Wo = kb )(nn—oz +tan @ )(Ul 2 2 ) C-2)
e N cos «
=(2Tl'hb)( tan2 o ) (U 4172 ) C-3)
Yo kb''nm-a ttana’ 1 2

4) Since h (mountain height), b (mountain half-width), U1
(gradient wind), k (wave number = 2rn/\) and N (lee wavelength)
are all known from the satellite photo, the topography map, and
the wind sounding data, a is the only unknown. Fig. B-2 shows
that f'(o) is a maximum at « equal 65 degrees and n=1.
The middle term in Eg. (C-3) (right hand side) equals unity
under these conditions. If o« becomes much greater than 65
degrees, L2 cos2 a 1is no longer much larger than £ 22. This
condition will only permit relatively long lee waves containing
little perturbation kinetic energy.

The value of w, is maximized with o at 65 degrees and

thus the highest possible degree of turbulence can be determined

by use of Fig. 9.
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APPENDIX D

Constant Level Balloon Data Discussed in Chapter IV

The following diagrams show various data for the constant
level balloon releases made during the Lee Wave Field Program
in the spring of 1966. The abscissa in all diagrams is the xy
distance (in ft) of the balloon from the radar site. The heavy
dark line is the track of the balloon (ordinate is z in ft), the
solid light line is the horizontal direction of the balloon (ordinate
is direction in degrees), the dotted line is the uv wind component
(ordinate is m sec-l) and the dashed line is the w wind com-

ponent (ordinate is m sec ).
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TIG. D-3. Aprill, 1966, run 3 at 22387, Balloon tore.
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F1G, D-4. May 13, 1966, run 1 at 15633Z. Late separation.
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FIG, D-5, May 13, 1966, run 2 at 16252, Balloon went into clouds,
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FIG. D-8, May 13, 1966, run 3 at 1725Z. Balloon went into clouds,
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