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FOREWORD

Analytical and experimental fluid mechanics investigations were performed to
investigate instabilities 2n atmospheric flow systems associated with cleaxr air
turbulence. This research was a conbtinuation of investigations reported in NASA
Contractor Repcrt CR-160k. The program was conducted by United Aireraft Research
Laboratories under Contract NASW-1582 with National Aeronsubics and Space Adminais-
tration Headquarters, Washangton, D. C., 20546. The program was under the technical

direction of the Chief, Fluid Dynamics Branch, Code RRF, Office of Advanced Research
and Technology.
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Report J910563-14

Further Research on Instabailities in Atmospheric Flow

Systems Associated with Clear Air Turbulence

SUMMARY

Additional anailytical and experimental fluid mechanics studies were conducted
to anvestigate instebilaties in abtmospheric flow systems associated with clear aar
turbulence.

The experimental portion of the program was conducted using the UARL Open Watexr
Channel which allows anvestigation of flows having wide ranges of shear and densaity
stratification. The program was primarily directed toward studies of the stabilaty
of straight, stratified shear flows with particular emphasis on the effects of
velocity profile shape on stability, and on the interaction of shear flows with long-
wavelength internal waves. The results of these studies were used to evaluate
theoretical methods used in analyses of CAT encounters involvang wave-induced shear-
layer instabilaties.

The results of these and past fluid mechanics investigations were then applied
wn an investigation of atmospheric shear flows., Aaircraft and rawinsonde data were
used 1n analyses of $1X cases in whach clear air turbulence was associated waith
mountain lee waves. In addition, three cases were analyzed in which stratospheric
clear air turbulence was encountered over thunderstorms. The results provade
addational evidence that stable layers in the atmosphere can be destabilized by
increases 1n shear which cccur as the layers undergo long-wavelength, large-amplitude
motions, as in flows through lee waves and flows forced up and over thunderstorms.

Recommendations were wade for equipment and procedures that might be used in
future flaght research programs to cbbain "in situ" measurements of the wave-induced.
instability phenomenon. Recommendations were also made for possible approaches,
based on knowledge of this phenomenon, that might lead to improved CAT prediction
along flight routes.
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RESULTS AND CONCLUSIONS

1. The water channel experiments to investigate the stabalaty of straight,
stratified, shear flows hdving "S-shaped" velocity profiles confirmed that the shape
of the velocity profile affects the dimensionless wavenumber, ad¥, of the anstabili-
ties which can occur. The values of ad cbserved in experiments with "S-ghaped"
profiles were significantly larger than those observed previously in experiments
with hyperbolic tangent profiles. This result 13 1n agreement with the theoretical
stability craiteria of Hazel for "S-shaped” profiles and Drazin for hyperbolic
tangent profiles.

2. The experimental resulits and the theoretical stability criteria were also
1n agreement regarding the critical value of Richardson number. Both "S-shaped® and
hyperbolie tangent profiles are stable for Richardson numbers greater than 0.25.

3. Although the values of dimensionless wavenuumber, ad, at which instabilities
occeur &t a Richardson number of 0.25 are larger for "S-shaped" profiles than for
hyperbolic tangent profiles, the actual wavelengths, A, are about the same (assuming
that the shear layer thacknesses, the velocity differences across the shear layer,
and the mean shears at the center of the shear layers are approximately equal). The
theory indicates that the higher wvalues of ad are due mainly to higher values of the
parameter d necessary to describe "S-shaped" profiles. The experamental results tend
to confairm thas. .

4, The preceding conclusion also applies to the wavelengths of ainstabilities
that can be expected when stable shear layers in the atmosphere are destabilized by
long-wavelength waves (i.e., wave-induced instabilities), such as mountain lee waves.
If the shear-layer thickness, the velocity dafference across the shear layer, and
the mean shear at the center of the layer are faxed, then the wavelength of the
1nstability ocecurring when the Richardson number decreases to 0.25 waill be about the
same, whether the profile is an "S" or a hyperbolic tangent. This wavelength 1s
closely approximated by the wavelength given by Drazin's theory, Ag = (em/ vy2)-24,
where d 1s taken as half the shear-layer thickness.

*The characteristic breakdown flow pattern consists of waves which develop into
vortices and turbulence. The wavenumber & i1s 2 /A, vhere A is the wavelength of

the instability, d 1s one of several parameters which describe the velocity profile
(8 1s approxaimately half of +the shear-layer thickness for hyperbolic tangent profiles,
but this 15 not 2 good approxamation for "S-shaped" profiles).
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5. Water channel experiments were also conducted to investigate wave-induced
instabilities in straight, stratified, shear flows. Theoretical predictions of the
wave-induced shear were i1n good agreement with measured values. Moreover, the
occurrence, or lack of occurrence, of instabilities in the shear layers was predicted
quite well using the same method used for analyses of clear air turbulence encounters
in the atmosphere.

6. The analyses of si1x cases in which CAT occurred in mountain lee Waves
provide Turther evidence that stable layers in the atmosphere can be destabilized
by 1ncreases 1n shear which occur as the layers flow through the long-wavelengith lee
waves. Stable layers in the siratosphere were identified using rawinsonde data. The
stability of these layers in the lee wave region was predicted by estamating the
changes in shear that cteurred near lee wave crests and troughs and applying the
criterzon Ra >0.25 for stability. Drazin's eriterion was used to estimate the
unstable wavelengths that might occur in these layers. In most cases, the estimated
wavelengths were i1n fair to good agreement with wavelengths observed in the isentropes
reconstructed from aircraft and rawinsconde data.

T. Similar analyses were made for three cases in whach clear air turbulence
was encountered over thunderstorms. In these cases, 1t was suspected that ainstabalaties
were 1nduced as the flow was forced up and over thunderstorms. The regults andicated
that in at least one case it i1s probable that this phenomenon occurred. The estamated
wavelengths were in fair to good agreement with those observed in the isentropes.
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INTRODUCTION

The past decade has seen a very rapid growth in the number of commercial transports

and general aviation aircraft that are designed for cruise flaght in the lower levels

of the stratosphere. The supersonic transport will cruise at even higher altitudes
than those of today's transports. Because of the frequency waith which clear air tur-
bulence (CAT) 1s encountered in these regions, consideration of passenger safety and
comfort has resulted in continued interest in the development of methods foxr the
prediction and detection of CAT. CAT 1s also important because of 1ts influence on

the structure, stabality and control, and operation of engines and inlets of the SST.

The prancapal objectives of the present program are (1) to gain increased
understanding of the nature and causes of turbulent atmospheric phenomena, particularly
clear air turbulence; (2) to develop improved crateria for predicting neutrally stable
states 1n atmospheric flow systewms, and (3) to compare the results of this research
with available meteorological data and attempt correlations.

The results of fluid mechanics analyses and experiments conducted previously
under this program are reported in Ref. 1  Thas previous work provided eviadence that
long-wavelength waves could destabalize initially stable shear layers which occur in
the atmosphere. Since such long-wavelength waves may occur quite often in the
atmosphere, the breakdown of these layers could account for an appreciable fraction
of CAT which is encountered.

The study descrabed ain this report was an extension of the investigation reported
an Ref. 1. The specific objectives were: (1) to conduct experiments to investigate
further the effect of the shape of the velocity profile on the stability of straight,
stratified shear flows; (2) to investigate experimentally the interaction of long-
wavelength waves with stable shear layers; (3) to study further the possibility that
long-wavelength waves can destabilize initially stable layers in the atmosphere; and
(4) +to make recommendations for approaches that might lead to improved prediction
methods and for equipment and techniques that could be used for "in situ" measurements
of CAT.

This report contains four main sections --- a discussion of the investigation of
the stability of straight, stratified shear flows having "S-shaped" velocaty profiles,
a discussion of the investigation of the interaction of long-wavelength waves with
straight, stratified, shear flows; a discussion of the application of the results
obtained here and previous results to atmospheric shear flows; and & dascussion of
recommendations for "in situ" measurements and improved CAT prediaction methods.
Appendix I containg a description of equipment and procedures used in the fluid
mechanics experaments. Appendix IT contains the derivation of equations used to
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compare theoretical with experimental "S-shaped" velocity profiles. Appendix ITT
contains the results of preliminary investigations of the effects of "three-
dimensionality” --- 1.e., cases where the transverse width of the shear layer is of
the same order of magnitude as the wavelengths of the disturbances which oceuxr ---
on the stability of straight, stratified, shear flows.
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STABILITY OF TWO-DIMENSIONAL, STRATGHT, STRATIFIED
SHEAR FLOWS HAVING "S-SHAPED" VELOCITY PROFILES

The primary purpose of this part of the fluad mechanies program was to investi-
gate the effects of the shape of the velocibty profile on the stability of straight,
stratified shear flows. First, experaments were conducted to obtain data on the
stability of two-dimensional, straight, stratified shear flows having "S-shaped"
veloeity profiles, these data were also compared with theoretical stability criteria.
The results for "S-shaped" flows were then compared with resulits from an earlier
investigation of the stability of two-dimensional, straight, stratified shear flows
having hyperbolic tangent velocity profiles. The end objectave was to obtain results
which could be applied to than, initially stable shear flows occurring in the atmosphere.
The program was directed toward three areas. (1) 1dentafying the conditions under
which such flows become unstable, (2) determining the characteristics of the flow
during the initial phases of breakdown, and (3) evaluating existing theoretical
stability crateria for subsequent use in studying atmospheric shear flows.

Review of Flows Havang Hyperbolic Tangent Profiles

The stability of shear flows having hyperbolic tangent velocity profiles was
anvestigated in detairl in earlier work
under this contract (Ref. 1). Flows
having velocity profiles of this type
were developed in the UARL Open Water
Channel by shaping the foam material in
the filter bed as shown in Sketch A
(see Appendix I for a description of
the water channel and the measurement
techniques used). The stabilaty of
flows havaing such profiles was studied
theoretically by Drazin (Ref. 2) and
others. The hyperbolic tangent
veloeity profile which most closely
approximates the profiles in the
channel is given by

FILTER BED

VELOCITY
AL PROFILE, V

) @v/on,""

%o

' *
P X

SKETCH A. FILTER BED AND YELOCITY
PROFILE FOR HYPERBOLIC TANGENT
YELOCITY PROFILE

V= Vg + AL tanh (ZJZ") (1)
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In this equation, V is the local velocity at heisht z above the channel floor;

¥, = (V1 + Vp)/2 18 the velocaty at the center of the shear layer at height z,

AV = (Vg - Vp); and 4 = (AV) /2(aV/32) 5. The paramefer d 1s a scale length and is
approximately half the thickness of the shear layer. Drazin also used an exponential
variatron of density with height-

i Ri d (8w 923 rz~2,
RGN (=) (2)

pIp, = d/ze g d

where R1 15 the Richardson number and £ 1s the gravitational constant. Since the
change 1n density across the shear layer is small, a good approximation to Eg. (2) 1s

Ri d(0v/z)2 (Z"'zo) (3)

P/FP =1 = 3 d

Drazin derives a criterion Tfor stabaility in Ref. 2 by introducing a perturbation
stream function

y' = p(z) erexeh) (1)

into the equations governing the motion of the fluid. Here, o 1s the wavemuumber,
o= 27T/)l, and ¢ 1s the complex wave velocity, ¢ = cp + 1+¢,. The eguations of
motion then yield a single stabilaty equation. Making use of the fact that the
perturbations neither amplify nor decay when c, = 0, Drazin sclves for the following

equation for neutral stability on the ad - Ri plane:* :

ad=\/¥—,\/.al___-_—_m_ (5)
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i NEUTRAL BOUNDARY
1.0
Rt =0,25
Sketch B shows this boundary which separates ad =VZ/2
stable and unstable regions. The criterion l
indicates that the flow would be stsble for ad UNSTABLE |
disturbances of all dimensionless wave- STABLE
numbers, ad, for R1>=0.25. For R1<0.25, |
the flow would be unstable for dimensionless 0 | | | |
wavenumbers which lie inside the boundary. 0 0.1 0.2 0.3
R1

SKETCH B. DRAZIN'S NEUTRAL
STABILITY BOUNDARY

FOR HYPERBOLIC
TANGENT PROFILES

The results of water channel investigations of the stability of flows having
hyperbolic tangent velocity profiles are summarized and compared waith Drazin's
theoretieal criterion in Fig. 1. This plot shows the same data shown in Fig. 8 of
Ref. 1. For each flow conditaion, the Richardson number was calculated using the
slopes (6V/az)o and dT/dz from the measured profiles. The scale length, 4, was
calculated using the slope (aV/az)O and the velocity difference AV from the velocaty
profile, AV was bagsed on the maximum and minimum velocities in the vicinaty of the
edges of the shear layer. The wavemmiber, « = 27/A, of instabilities observed in
the shear layer was calculated using wavelengths determined from photographs of dye
traces. Thus, each flow condrtion at whach waves were observed is identaified by a
point on the plot of ad vs Ra.

The symbols in Fig 1 denote different flow characteristics that were observed.
The open circle symbol denotes conditions at which only waves were observed in the
shear layer, that i1s, the waves extended the entire length of the chammel without
breaking down. The wavelengths of these waves ranged from about 3 to 6 in. The open
circle sywbols with flags indicate the nature of the disturbances observed --- for
example, small-amplitude waves which persisted, waves vwhich seemed to grow in
amplitude to a certain point and then not grow further as they progressed dowmstream,
and waves which appeared in the flow only intermittently. The half-solid symbols
denote flow conditions in which the waves transitioned to vortices but did not
transition to turbulence before reaching the downstream end of the channel. The
full-solid symbols denote flow conditions at whach the full sequence of events associated
with complete shear-layer breakdown occurred --- waves, vortices, and turbulence. The
erosses i1ndicate conditions at whach no waves of the type associated with instabilaty
occurred. At some conditions (indicated by (IW)), standing, long-wavelength (12 to
24 1n.) waves occurred.
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Examination of Fig. 1 indicates that most of the observations are in good
agreemenrt with Drazin's boundary, All ecases in which full transition was observed
fall in the unstable region. 8Six cases in which waves were observed fall an the
stable region. The intermittent waves indicated at Ri = 0.43 and steady waves at
R1 = 0.38 were unexpected, 1n subsequent tests at approximately the same conditions,
no waves vere chserved. Pour cagses were observed which fall above the boundary but
at R1<=0.25, These four cases were, at the time of the tests, suspected to be
attributable to differences between the experimental velocity profile and Drazin's
hyperbolic tangent profile. This hypothesis was based on a theoretical study by
Hazel (Ref. 3) which showed that instabilities associated with flows having "S-shaped"
veloecaty profiles could have dimensionless wavenumbers greater than 1.0. Thas
lack of agreement and proposed explenation, them, provided the motavation for the
present experiments with "S-shaped" profiles.

Stabilaty Criteria of Hazel for "S-Shaped" Velocity Profales

"S-shaped"” velocaty profiles are developed in the UARL Open Water Channel by
shaping the porous foam filter bed as shown in Sketch C.

FILTER BED

/—VELOCITY PROFILE, V

Laus

A :
LV, : Z (@v/0z)e
M Z] '_t |
g
z2
Lo .
SKETCH C FILTER BED AND VELOCITY PROFILE FOR “S_SHAPED” VELOCITY PROFILE

e

The velocity profile used by Hezel in his theoretical study is

Ve Ve +4L sech® (257) tanh (2) (6)
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Here V 1s the local velocity at height z above the chamnel floor; V, = (Vq + Vé)/E
is the veloeity at the center of the shear layer at height zy; b 15 an exponent that
affects the shape of the "S", and 4 = (AV)/2(8V/8z)_. The parameter 4 1s a scale
length. The relationship of the velocaty difference AV to (Vi - Vé) and b is

(see deravation in Appendix II)

b+t b
AV b+ D b2V - vy (7)

The -theoretical density profile used by Hazel is

2
_Ri_d V420 yqnh (z_dz_o_)

g (8)

P 7 Po®

Hazel derives criteria for stability in Ref. 3 for several velocity and density
profiles. This is done by solving (using numerical techmiques) a differential equa-
tion which 1s satisfied by one Fourier component of the velocaty perturbation for a
plane, two-dimensional, Boussinesq shear flow. The full perturbation velocity is
gaiven by

wix,z,t) = fm wiz) ¢ ta(x-ct) da (9)

-0

Here, a 1s the wavenumber, a= 2@/, and c is the complex wave velocaty,
e = ¢y + 1°cy. Using the

3.0
fact that the perturbations
neither amplify nor decay when ~ b INCREASING
¢, = 0, the locations of . ST ABLE
neutral stability curves were 20 S e— N
determined on the ad - Ra UNSTABLE —~—

[ —

plane (see Sketch D), Lake
Drazin's criterion, these
erateria andicate that the
flow would be stable for
disturbances of all dimen-~
sionless wavenumbers for
R1=0.25. For Ri=0 25, the

- NEUTRAL BOUNDARY FOR
\\ FIXED VALUE OF b
ad

1.0

R

SKETCH D. HAZEL'S NEUTRAL STABILITY BOUNDARIES

FOR!*‘$-SHAPED” PROFILES

10
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filow would be unstable for dimensionless wavenumbers which lie anside the boundaries.
The locations of the neutral stabalaity curves on the wd - Ri plane are dependent
upon the value of the exponent b {see sketeh).

Summary of Experiments with “S-Shaped” Velocaity Profiles

The preceding theoretical considerations formed the basis for planning the
experiments, The pramary objective of the tests was to obtain data for "S-shaped"
profiles so that the effects of the shape of the velocity profile on the stabality
of straight, stratified shear flows could be evaluated., Particular cbjectives were:
(1) to determine 1f the anitaal disturbances in the shear layer have wave-lake
characteristics as an the case of flows having hyperbolic tangent velocity profiles
and, 1f so, to obtain & method for estimating the wavelengths thet occur, (2) to
observe the stages of breakdown through which the initial drsturbance transitions
into turbulence, (3) bto test the valiadaty of Hazel's stability criteria, and (&) %o
provide further evidence that Ri = 0.25 should be used as the eritical Richardson
munber in atmospheraic analyses,

Characteristics of Breskdown of Flow

Tigure 2 1llustrates the stages observed as the flow in the shear layer breaks
down  The breakdown characteristics were very similar to those for hyperbolic-
tangent-type flowe. There are four very diastinel and repeatable stages which occur;
dye traces illustrating the phenomenon are shown an the skeich in Fag, 2 and in the
photographs. The photographs wére taken through the lucite side wall (see Appendax I)

with the flow from left to right. The scale appearing in the photographs was immersed
in the flow close to the dye traces.

In Fag. 2(a), the flow appears undisturbed. Neither the dye traces nor the
hydrogen bubble traces show visual evidence of any perturbation.

In Fig. 2(b), whach 1s 28 in. further downstream, the cenber dye trace indicates
the presence of a wave amplifying as it progresses dowanstream. The wave has a wave-
length of about A= 5 an. and an amplitude (half the distance from trough to crest)
of about a = 0.25 1n at this poant. By placing dye traces at several transverse
locations across the channel, 1t was verified that.the flow was approximately two-
dimensional, 1.e., the wave extended across the channel.

In Fig. 2(c), whach 18 another 2 in. downstream, the waves have rolled up anto

vortices, The circulation of the voriices has the same sense as the vorticatiy
introduced by the shear --- the shear 1s negative in this flow condition, and all of

1l
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the vortices rotated counterclockwise. These vortices grew slightly in sizZe as they
drafted dowanstream. Their downstream drift velocity was approximately Vo5 the
velocity upstream at the center of the shear layer. The flow was also two-dimensiocnal
at this stage.

In Fag. 2(d), which 1s another 10 in. downstream --- TO 1n. dowanstream of the
fialter bed --- the vorbices have "burst" and the flow appears turbulent. The fluid

motions were three-dimensional at this stage.

Veloeaty, Tewmperature, and Density Profiles

Velocaty, temperature, and density profiles for three flow conditions are shown
in Fig. 3. These data are for three different Richardson mambers and three dafferent
values of the exponent b used in Hazel's theorebical veloecity profile Ri = 0 and

= 0.8 (Fag. 3(a)), R1 = 0.0k and b = 0.3 (Fag. 3(b)), and Ri = 0.5 and b = 0.k
(Fig. 3(c)). The velocity and temperature measurements were made within 2 to 10 in.
dovnstream of the Tilter bed. The method for calculating the density profiles from
the temperature profiles 15 gaven in Appendix I. The corresponding velocity and
densaity profiles in Hazel's theory (Egs. (6) and (8)) are shown by the dashed lines
in Fag 3.

These particular velociiy profiles were selected because They i1llustrate
typical dafferences which existed between velocity profiles in the water channel and
the corresponding ideal "S" profiles of Hazel. Once a velocity profile had been
measured, the value of the exponent b was derived so as to provade a reasonably good
mateh between theoretical and experimental velocity profiles. The theoretical profile
was chosen by matching to the data the following (see Appendix II and Sketch C):
(1) the velocaty dafference, Vy - Vp, (2) the vertical distance between vy and V,,
Zy - %y, and (3) the mean velocity gradiemt, (8V/oz),, at z_. Agreement between the
theoretical and experimental velocaity profiles was best in the region of flow located
between V2 and K -

The corresponding theoretaical densaty profile was chosen by matching the density
gradient and mean density of the experimental profile at the center of the shear
region. Thus, the best agreement is obtained at the center of the shear layer. The
theoretical and experimental profiles were most similar when the gradaient was small.

Comparison of Experamental Results with Hazel's Theoretical Stability Criteria

Figure 4 i1s a sunmary of the results and a comparison with Hazel's theorstical
craiteria. The symbols in Fig. 4 denote dafferent flow characteristies that were
cbserved. The open circle syumbols denote conditions at which small-amplitude waves
were observed; that is, the waves extended the entire length of the channel or were

i2
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damped. out before the end of the channel without making the transitron to voritices.
The wavelengths of thess waves ranged from about 3/% to 6 1n  The half-solid symbols
denote conditions at which the waves transitioned to vortices but dad not transition
to turbulence before reaching the downstream end of the chamnel. Four or five waves
were often observed upstream of the first discernible vortex. The full-solid symbols
denote flow conditions at which the full sequence of events oceurred --- waves,
vortices, and turbulence. The crosses indicate conditions at which no waves of the
type associated with instabality occurred. At some conditions (indicated by (IW)),
standing, long-wavelength (6 to 2% an.) waves occurred. These long-wavelength waves
were investigated 1n some detail and are discussed later an thas report. The values
of the exponent b which provide the best match between the theoretical and experimental
velocity profiles are given next to the symbols in Fig. L.

Examination of Fig. 4 indacates that most of the experimenial results are in
agreement with Bazel's stabilaity boundaries. For all cases an vhich 1nsfabillty was
observed, the Richardson number was less than 0.25, and only one stable case was
observed for which the Richardson number was less than 0.25 {ad = 0, R1 = 0.2). For
all but one of the cases for which instability was cbserved, the dimensionless wave-
nunbers, ad, were greater than 1.2. This 1s in conbtrast to the resulis obtained for
hyperbolic tangent velocity profiles {see Fig. 1) where the ad's assoeiated with
instabilities were less than 1.2 for all but one case.

In matching theoretical to the experimental velocity profiles, 1t was found
that, for most cases, values of b greater than 2 were reguired. Stebilarty boundaries
for b>1 were not calculated by Hazel, the dashed boundary in Fig U is an extra-
polation of his results. HazZel's theory shows that as the value of b increases,
the range of wavenuwbers, ad, of instabilities whaich can occur also increagses. The
data appear to confarm thas trend, although ansufficient daba were obtained to make
detailed comparisons with Hazel's criteria for low values of b. Only two cases are
not in agreement with Hazel's neutral stability boundaries. They are (1) Ri = O,
od = 2.4, b =0.8 and (2) R1 = 0, ad = 2.07, b = 0.3. However, these values of b
are guestionable since the agreement between the theoretical and experimental velocity
and density profiles was comparatively poor for these cases.

Concluding Remarks
The most important result of these experiments from the standpoint of the

present program i1s that the data provide sufficient evidence to confairm the hypothesis
that instabilaties whach cccur in flows having "S" profiles generally have values of

13
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ad considerably larger than those in flows having hyperbolic tangent profiles. As
explained below, however, the actual wavelengths of instabilities at Ri = 0.25 are
gbout the same due to compensating changes in d.

The theoretical eriteria of Hazel differ from Drazin's criterion only in that
one might expect to observe instabialities having larger dimensionless wavenuubel's
in unstable shear layers with "S" profiles. When b 1s greater than about 0.2, the
value of dimensionless wavenumber at the craitical Richardson mumber (Ri = 0.25) for
Hazel's theory 1is greater than the corresponding values for Drazin‘s theory.
Therefore, one might be 1inclined to expect shorter wavelengths for instabilities
associated waith "S" profiles than wath hyperbolic tangent profiles., However, it
can be shown that for an experimental velocity profile having a maxaimum velocity Vi
at z1, a mnmm velocity Vp at zp, and a velocity gradient (9V/3z), at the center of
the shear layer, the wavelength, A, at Ri = 0.25 for the best fitting "S" profile
15 generally about the same as that for the tanh profile. This is because the value
of d for the best fitting "S" profile is larger than that for the tanh profile. Thus,
the increase in the critical value of ad 18 offset by an i1nerease in d and,
therefore, the wavelengths of instabilities in flows having "S" profiles are approxi-
mately the sawe as those for hyperbolic tangent profiles. Thas i1s 1llugtrated an
Sketch E whach shows, 1.6
for instabilities USING HAZEL'S THEORETICAL RESULTS
associated with ad —— —EXTRAPOLATED
at Ri = 0.25, the theo-
retical variation of
the ratioc of A for "S-
shaped" profiles to A
for hyperbolaic tangent
profiles wath the
parameter b (b 1s
related to zy - 2o,
V1 - Vo, and (8V/02),
in Eq. (28) an ~
Appendix II). For the 1.0 —
range of b shown, and for
b not near zero, this
ratic 18 not greatly
different from 1.0. 0.8 : : :
Data from the water
channel cbtained near
Richardson number of
0.25 tend to confirm
thas:

1.4

by FQR segre
A FOR TANH
i
|

SKETCH E. THEORETICAL RATIO OF WAVELENGTHS
FOR R: =0.25 FOR *“‘S—SHAPED*
AND HYPERBOLIC TANGENT .PROFILES
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Profile
"S-Shaped"
"5-Shaped”

Tanh

Tanh

Tanh

Ra

0.17

0.16

0.24

0.16

0.12

od

1.9
0.7k
0.8k

0.70

0.58
0.52

0.44

L

As a result, Drazin's value of A= (27/+/Z):2d (Fag. 1), where 4 1s approximately
equal ‘to half the shear-layer thickness, would provide reasonably good estimates of
the wavelengths that might occur in the atmosphere regardless of whether the profiles
are "S" or tanh in shape.

The experaiments and theories also provade further eviadence that 0.25 should be
used as the critacal Richardson number, and that several distinct waves might be
observed in the isentropes when anstabilities occur in atmospheric shear layers.
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INTERACTTON OF LONG~WAVELENGTH WAVES WITH
TWO-DIMENSIONAL, STRAIGHT, STRATIFIED SHEAR FLOWS

The primary purpose of this part of the fluid mechanics program was to investi-
gate, using the UARL Open Water Channel, the destabalization of anaitially stable
shear flows by long-wavelength waves. Evidence that this phencomenon oceurs in the
atmosphere and mey be the cause of an appreciable fraction of clear air burbulence
that is encountered has been documented previously under this contract (Ref. 1),
In Ref. 1, an analytical technique was developed to predict when long-wavelength
waves, such as mountain lee waves, would destabilize initaally stable shear layers
in the atmosphere. In using the technigue, Ri1 = 0.25 was used as the cratical
Richardson mumber for neutral stability. The increment in shear induced by the
tresence of long waves was estimated usiﬁé an extensizon of a theory developed by
Phillaps (Ref. 4); properties of the atmosphere and the long-wavelength wave from
rawinsondes and an-flight aircraft measurements were used as inputs to the
calculation.

The objectives of the water channel experiments and analyses reported in thas
section were: (1) to investigate the conditions for weve-induced instability and
the nature of the initiel disturbances, (2) to obtain experimental verification of
Thillip's theory for estimating the amplitude of long~wavelength waves and Haurwitz's
theory (Ref. 5) for estimating their wavelengths, and (3) to study the validity of
Fhillips' theory for estimating shear induced by long-wavelength waves. Fainally,
it was desired to relate the results to atmospherie flows so that they could aa1d in
analysee of CAT encounters.

Theoretical Criteria of Phillips and Haurwitz

In Ref. 4, Phillips derives an eguation for the increment in shear induced by
the presence of a wave traveling slong the thermocline in a fiwad. He introduces
a perturbation velocity into the equations governing the motion of the flow and
solves for the verbical velocaty gradient. For the case studied, the mean shear
was zero; the density changed abruptly across the thin thermocline (stable layer)
and was uniform above and below the layer. The expression he obtained for the
wave-induced shear is

A@V/az) = (N2- r?).(%) (20)
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where
Wy = Brunt-Vaisla Freguency = Z_leQE)
P\Iz
n = Wave Frequency = 2ﬁVO/KLW
a = Wave amplitude
Vo = Wave velocity

The Brunt-Vaisala frequency can be obtained from measured Lemperature profales.
For stationery waves, the wave velocity, V,, is equal to the mean veloeity through
the wave and can be determined from measured velocity profiles (temperature and
velocity profiles are available for the atmosphere from radiosonde and rawinsonde
data). For the case that the wavelength of the internal wave i1s large compared to
the thickness of the thermocline, Phillips shows that Ny==>=n (this condataion
generally applies to long-wavelength waves, such as mountain lee waves, in the
atmosphere), and the wave amplitude 1s

2Vo
Q= N (11)

For conditions where Ny>=n, the wave-induced shear becomes

A(3V/32) = 2Ny (12)

For cases when Ny 1s not much greater than n (this was the case for the long-wave-
length waves whach were cbserved in the UART, Open Water Chammel), Eqg. (10) can be
used to calculate the wave-induced shear provaded that, in addation to Ny, the
amplitude, wavelength, and mean velocity of the long-wavelength wave are known.

In Ref. 5, Haurwitz deraves an expression for the wavelength of waves traveling
on & dascontinuity of density and velocaty at a velocaty equal to the mean flow
velocity and in a direction opposite to the flow direction (thus the wave 1s station-
ary relative to the observer). The velocity and densaty gradients were considered
to be zero on either side of the dascontimuity. The expression obtained by Haurwitszs
1s
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-2z Ve (W)L )

RG] (13)

where V; and P, are the velocity and densaty, respectively, of the laght fluad which
flows over the heavy fluid having a velccaty and density Vo and Py, respectively.

Using estimated values of wave-induced shear, 2t 1s possible to predact the
effects of long-wavelength waves on local Richardson number in shear flows in water
(this was done for atmospheric flows in Ref. 1). A schematic diagram of the flow
condition is shown in Fig. 5(a). At the left are shown upstream velocity and
temperature profiles with a stable shear layer having a thickness 2d. Withan this
layer, the mean velocity 1s V, and the mean temperature is TO, the mean shear is
(oV/82), (all mean values are at the center of the shear layer).

At the right in Fig. 5(a) 1s shown a portion of a long~wavelength wave having
an amplitude (which might be 0.1 to 1.0 in.) and a wavelength Apy (which maght be
6 to 30 1n.). It 1s assumed in this analysis that the thickness of the shear layer,
the mean temperature, and temperature gradient remain constant as the flow wathin
the shear layer eXperiences the undulating motion.

The minimum local Richardson number in the Tlow 1s calculated with the wave-
induced shear, A(BV/BZ), added to the inmitial mean shear. An expression for the
minimum Richardson number (which ocecurs locally at the crest in the example given,
but would occur at a trcuéh if the initial shear were negatlve) is

2
- Nm 1k
Rimw = (1V/92)t + 1A(9V/92)1)2 (1)

Using Phallaips' expression for the wave-induced shear, this equation can be
rewritten as

R = Ny
MIN T {T(gv/aziol + (N2 - n2)a/ V)i (15)

From Eq. (15) it can be seen that small values of RiMIN are agsociated wath
large inmitial shears, (8V/8Z)0; waith large wave amplatudes, a; with small flow
velocities, V,; and with large wavelengths, ALW(n = BﬂVO/AEW). The effect of the
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temperature gradient, BT/BZ, on RlMIN cannot be seen directly from Eg. (15) but can

be seen from the plot in Fig. 5(b). This figure 1s based on values of v, (0.1 £t/sec),
To (60 F), a (0.05 £1) and Apy (2.0 £1) which have been observed in the UARL Open
Water Channel in one flow condition. Curves are shown for three values of inaitaal
shear |(aV/az),| (0 5, 1.0, and 2.0 sec™l). The curves show that with increasing
initial temperature gradient, RHﬂIN first increases to & maxaimum value, and then
decreases. The winimum Richardson mumber is zero when 8T/9z = O and o, although the
latter condition cannot be seen i1n Fag. 5(b). Since the flow aec unstable for Ri=0.25,
weakly stabilized layers (87/8z near zero) as well as very strongly stabilized shear
layers (BT/BZ large) could be destabilized in the presence of a long-wavelength wave.
Temperature gradients greater than 300 deg F/ft could not be obtained in the water
channel ; hence, the effects of long-wavelength waves on strongly stabilized layers
could not be studied. In the atmosphere, the strongly stebilized layers are most
interesting since 1t 18 belaieved that breakdowmn of such layers causges the most

severe turbulence This will be discussed 1n a later section.

a The dashed curves in Fig. 5(b) were obtained by assuming that ALM'=‘”’ so that
Ty =~1n°, This reduces Eq. (10) to

A(3V/02) = NP ('%6) (16)

The solid curves in Fig. 5(b) were obtained by using the equation for finite wave-
length waves, Eg. (10). A comparison of the dashed and solid curves shows (1) that
for the flow and wave conditions of Fag. 5(b), use of the sample expression for wave
shear, Eq. (16), in the calculation of R does not cause large errors in RlMIN’
and (2) that these small errors in Ri l%ﬁﬁch do occur decrease with inereasing

value of initial shear and are least for very small and very large initial tempera-
ture gradients.

Not entirely evident in Fig. 5(b) is the fact that for small values of 1nitial
shear, |(8V/BZ)0,, wave-induced instabilaty as limated to quite a narrow range of
initial temperature gradients. For ingtance, for [(BV/BZ)Ol = 0.5 sec'l, the flow
would be unstable for 3T/dz <23 deg F/ft even 1f the wave were not present and would
be stable for #T/8z ~30 deg F/ft an the presence of the wave. For |(8V/oz),| =
1.0 see™l, the range of 8T/9z for wave-induced instability 1s 9 to 140 deg F/Ft.
Assumaing that 300 deg F/Tt 1s ‘the maxaimum temperature gradient which can be attained
in the chamnel, the greatest range of aT/az for wave-induced instability 1s 180 to
300 deg F/ft for an initial velocity gradient I(BV/BZ)OI = 1.39 sec-l.
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It would appear then that 1t should be relatively easy to develop tThe conditaions
necessary for wave-induced shear instabilities using the UARL Open Water Channel.
The preceding initial veloecity and temperature gradients and mean velocity are well
withan the channel capabaility, and long-wavelength waves having wavelengths and
amplitudes on the order of 2 ft and 0.05 ft, respectively, have been chserved many
times. However, the parameters are all interdependent such that it i1s very difficult
to obtain similtaneously all of the condations under which instability would be
wave-induced. In fact, only three cases occurred in which instabilaty was suspected
to be wave-induced and in these cases the instability that was cbserved was a slight
undulation or wave superimposed on the stationary long-wavelength wave. This will
be discussed in more detarl in the next section.

Summary of Experimental Results

Objectives of Tests

Particular cbjectives of the tests discussed here were (1) to induce shear
instabality an the flow by long-wavelength waves, (2) investigate the effects of
the long-wavelength waves on the local shear and Richardson mumber and to compare
the measured wave-induced shears with wave shears predicted using Phillip's theory,
and (3) to compare measured wave properties, such as amplitude and wavelength, with
values predicted using the theories of Phillips and Haurwitz, respectively.

Example of Effect of Long-Wavelength Wave on Local Richardson Number

A loné—wavelength wave typical of those studied in the UARL Open Water Channel
is shown in Fag. 6 (Ayy; = 15.5 in. and a = 0.8 an.). The mean velociby measured at
the center of the shear layer was V_ = 0.0k ft/sec and was almost constant through
the wave crests and troughs shown in Figs. 6(a) through 6(d). Based on an average
of the local flow conditions (measured at the center of the shear layer) at the crest
at x = 12 an. and at the trough at x = 19.5 in., the initial shear, (BV/az)o was
0.26 sec“l, the initial Richardson mummber, Ri_, was 2.5, and the wave-anduced shear,
A(8V/3z), was 0.16 sec~l, The data in Fags. g(a) through 6(d) show that the shear,
BV/oz, was greater at the crests than at the troughs. The data also show that the
shear decreases with increasing downstream dastance, a itrend which was observed
repeatedly in the long-wavelength wave experiments. The manimum Richardson number,
Ryymw which was observed at the crest at x = 12 in., was 40 percent of the initial
Richardson number (Ri = 1.0, compared with Rij = 2.5) based on the mean shear
(BV/BZ)O = 0.26 sec-l. The Richardson number which was observed at the trough at
X = 19.5 1n., R1 = 1k, was over 500 percemt of the anitial Richardson mumbex.
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Typical Velocity, Temperature, and Density Profiles at Long-Wavelength
Wave Crests and Troughs

Velocity, temperature, and densaity profiles obtained at crests and troughs of
the wave shown 1n Fig. 6 are presented in Fig. 7.

The influence of the long-wavelength wave on the shape of the velocity profile
1s shovn 1n Fag. 7(a). The velocity profile (solid line) at the first crest
{x = 12 in.) 1s compared to the best fitting theoretical "S" profile (dashed line)
for b = 2. 'This indicates that the profile 15 initially somewhet "S-shaped.”

The anfluence of the long-wavelength wave on the temperature profile is shown
1n Tag. 7(b). Tt can be seen (most obvious at first crest and trough) that the
thermocline, as would be expected, 1s slightly higher at the crests than at the
troughs. These data also indicate that the temperature gradient changes in the
fluid as 1t flows through the wave, however, these changes are relatively small
compared to the changes in velocity gradient.

The denszty gradients in Fig. T(c) were obtained from the itemperature gradients
an Pag. T(b)}. Like the temperature profile, the density profile 1s not uniform and
consists of two regions above and below the thermocline where the density is
relatively constant. The changes in temperature gradient which occurred in the
fluad ag 2% flowed through the wave were reflected in the density gradient, however,
as 1n the case of the temperature gradient, the changes were swmall relative to the
changes i1n the velocity gradient.

Comparison of Measured with Predicted Amplitudes and
Wavelengths of Long-Wavelength Waves

Measured values of long-wavelength wave amplitude are compared with values
predicted using Phillips' theory (Ref. L) in Fig. 8(a). The measured wave amplitudes,
ay, Were determaned from the dasplacement of streamlines whach were photographed
using & newtrally buoyant fluorescent dye (described an Ref. 1). The predicted
values of amplitude, ap, Were obtained using Eq. (11), measured values of mean
velocity, V,, and Brunt-Vaisala frequencies, Ny, calculated from measured temperature
profiles. The data in Fag. 8(a) indicate that the measured amplitudes, Sy Were
approxamately one-thard of the predicted amplitudes, a.. Thas discrepancy might be
explained in part by the fact that one of the conditions assumed in deriving Eq. (11),
that NM/n=>>l, 15 not satisfied i1n the experiments. The numbers next to the data
points 1n ¥Fag. 8(a) denote corresponding values of M= N /n The data indicate that
in the water channel tests the condation N /h3“>1 0 1s far from being satisfaied.

In the atmosphere, except for very weakly stabilized layers, NM 13 much greater than
n and, therefore, Eq. (11) should more accurately predict the amplitude of long-
wavelength waves.
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Measured wavelengths of long-wavelength waves are compared with values predicted
using Haurvitz's theory (Ref. 5) i1n Fig. 8(b). The measured wavelengths, (ALW)m ,
were determined by measuring the distance between crests and troughs of the long-
wavelength waves from photographs of the dye traces. The predicted wavelengths,

(A )p: were calculated using Eg. (13) with densities and velocities from measured
temperature and velocity profiles, respectively. The data in Fag. 8(b) indicate
Tair agreement between measured and predicted wavelengths. The diafferences between
measured and predacted values 1ncrease with increasing wavelength. Part of the
reason for this can be seen by examining Eq. (13) (also shown an Fag. 8(b}). One
way to increase wavelength, Ay, 1s to decrease the density difference, s -Fi.
However, this tends to make the predicted wavelengths more sensitive to errors in

Py or P,. This may explain some of the differences in Fig. 8(b) since in this
series of experaments 1t was easier Lo cbtain changes in A__, by changing densaty
gradient than velocity gradient. However, this still does not account for the
general trend in which the measured wavelengths are generally less than predacted
values. Subsequently, the method of Haurwatz (Ref. 5) was examined to determine the
possible effect of having a finite depth in the water channel on the measured wave-
lengths. The influence on wavelength of having a free surface above the shear layer
and a boundary below the shear layer (1t was applaed by Phallaps (Ref L) to flows in
oceans) was calculated This method predicted a trend that did not account for the
discrepancy i1n the data That is, 2t predicted that wavelength should increase with
decreasing depth while the wavelengths measured in the water channel were generally
less than those predacted for infinite-depth flows.

Comparison Between Measured and Predicted Wave Shear in Long-Wavelength Waves

Measured values of wave-induced shear caused by long-wavelength waves are
compared with values using Phillips' theory (Ref. 4) in Fig. 9 The measured wave
shear, [A(8V/5z)|, was determined by taking one-half the dafference between the
shears at the crest and trough of the long-wavelength wave. The predicted wave
shears were calculated using Eq. (10) with measured values of wave amplitude,
wavelength, and velocity. The Brunt-Vaisala fregquency, Ny, was determined from
measured temperature profiles. The results shown in Fig. 9 aindacate that in most
cases the agreement between measured and predicted values of wave shear was good.
The results of these tests provide some experimental evidence thaet Eq. (10), whaich
was used 1n Ref. 1 to predict wave-induced shear A(aV/az) 1n the atmosphere,
correctly predicts wave shear induced by long-wavelength waves

Wave-Induced Shear Instabilaity

Figure 10 is a plot of initial shear, ](av/az)ol, versus the Brunt-Vaisala
frequency, MNy. The boundaries define regions where wave-induced instability can
occur. They were calculated using Eq. (15) with the condition N >=> 1, The bound-

aries are loci of Rijy. = 0.25 for constant values of a/V,.
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To the left of the boundary for a/Ve = 0, the presence of a long-wavelength wave
1s not required fTor the flow to be unstable, and any anstabalities observed in this
region would not be wave-induced. In the region to the right of the boundary for
a/V, = 0, the boundaries define the lower limit of a/V_required for wave-induced
instability to occeur. For example, a long-wavelength wave having a/VO=-O.75 would
cause wave-induced instability to occur anywhere in the region bebween the boundary
for a/Vo = 0 and a/V_ = 0.75; a long-wavelength wave baving a/V_ < 0.5 would not cause
wave-induced instability anywhere in the region to the raght of The boundary for
a/VO = 0.5.

The open and solid symbols in Fag. 10 denote cases for which long-wavelength
waves were and were not observed, respectively. For each flow condition for whach
a. long-wavelength wave was present (the open symbols) (1) the Brunt-Vaisala frequency
was determined from an average of the crest and trough temperature gradienis {in these
tests, measurements were made at the most upstream crest and trough for which
measurements could be made), and (2) the absolute value of initial shear ,(BV/BZ)OI
was determined from an average of the shears measured at the crest and trough. For
cases in which long-wavelength waves were not observed (the solid symwbols), the
Brunt-Vaisala frequency and the absolute value of initial shear were cbtained from
the temperature gradient and velocity gradient, respectively, at the center of the
shear layer (measurements were wade at approximately the same distance downstream
from the filter as the measurements thst were made when waves were present). The
nunmbers near the symbols denote values of a/VO. The letters near the symbols denote
the type of instabilaty that was cobserved --- W - wave, V - Vortex, T - Turbulence.

The sclid syubols show that long-wavelength waves were not cbserved in the
channel for values of Brunt-Vaisala frequency, Ny less than about 0.3 sec—t.
Therefore, 1t was not possible to investigate wave-induced instability for values
of Wy less than about 0.3 sec .

Examination of Fag. 10 indacates that most of the observations are in agreement
with the stability boundaries. Instability of some type was observed for all cases
whiach are to the left of the boundary for a/VO = 0. This 1s expected since the flow
18 predicted to be unstable in thas region even without the additional shear from a
long-wavelength wave. Instabilaty was observed for only three of the cases (marked
with asterisks) which are to the right of the locus a/VO = 0. In these cases long-
wavelength waves were present. The anshabilaty appeared as short-wavelength undula-
tions on the long-wavelength waves and was suspected to be wave induced. Based on
measured values of a/Vb for the three cases for which wave-induced instability was
suspected and the values of a/V_ for the cases where wave-induced 1nstabality was
not observed, the data agree Wl%h the stability boundaries. The value of RlMIN for
the three cases involving instability was legs than 0.25. For cases where instabilaty
was not observed, R%MIN was greater than 0.25. More cases in whach wave-induced
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1nstability occurred were not studied during these experaments because of the
difficulty in establishing the required condations in the channel. This was because
of the fact that the required combinations of parameters, such as long-wavelength
wave amplitude, wavelength, and flow density and veloecity gradients, were difficult
to obtain simultaneously because of their interdependence.

Concluding Remarks

These laboratory experiments tend to confirm the analytical methods that have
been used to estimate wave-ainduced shear and Tto predict the onset of shear-layer
anstabilities in analyses of CAT encounters in the atmosphere. The most important
results are shown in Figs. 9 and 10.

Figure 9 shows that the wave shear IA(BV/BZ)I ~=~ the change in shear that occurs
when a thin shear layer flows through a long-wavelength wave --- can be reascnably
well predicted using Bg. (10). The inputs needed for this calculation are the long-
wave amplitude (a), the mean flow velocity (VO), the Brunt-Vhisala frequency (NM),
and the long-wave frequency (n).

Figure 10 shows that the occurrence, or lack of occurrence, of wave-induced
shear-layer instabilities in the water channel experiments could be predicted fairly
consistently using Eq. (15). This equatbion incorporates Eg. (10) for estimating the
wave shear  The crateraon for instability that was used i1s that the shear layer will
become unstable vhen the predicted mainimum Richardson number is less than .25
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APPLICATION TO ATMOSPHERIC SHEAR FLOWS

In earlier work under the present contract, initial studies were conducted in
which clear air turbulence was associsted wath the breakdown of shear layers in the
atmosphere. Seveval cases were presented in Ref. 1 in which mountain waves were the
cause of wave-induced instabilities 1n initially stable shear layers. As discussed
in Ref. 1, these findings appear to be in agreement with evidence assembled by other
investigators --- notably Woods (Ref. 6, a study of wave-induced instabilities in the
ocean), Ludlam (Ref. 7, a study of billow cloud formation), Mitchell and Prophet
(Ref. 8, an analysis of USAT Project HICAT flaght data), Spallane (Ref. 9, an analysis
of high-altitude CAT over the Australian desert region), and Hardy (Ref. 10, radar
measurements that indicated wave-like motions in regions of CAT).

The purpose of the meteorological analyses of CAT encounters that are presented
in this section of the report was to further test the hypothesis of wave-induced shear-
layer anstabilities in the atmosphere. Most of the cases studied involved mountain
waves as the cause of The instabilaty Several cases of CAT caused by the wave-like
flow over the top of thunderstorms were also analyzed

Data for these analyses were obtained from Project HICAT reports (Ref. ll) and
from the 1970 Lee Wave Observational Program. The author participated in the data
acquisition phase of the 1970 Lee Wave Program at the National Center for Atmospheric
Research in Boulder, Colorado for a three-week period during February 197C. While
at NCAR, he worked under the direction of Dr. Douglias K. Lilly who kindly made all
of the prelaminary rawinsonde and aircraft in-flight data available for these analyses.

Review of the Fundamental Flow Phenomenon

A schematic diagram of the flow condition considered here 1s shown in Fig. 11(a).
At the left are shown upstream waind and temperature profiles with a stable shear layer
having a thickness 2d. Within this layer, the mean wind is V, and the mean temperature
is Ty; the shear is (BV/BZ)O and the envircnmental lapse rate is BT/QZ.

At the right an Fig. 1l(a) 1s shown a portion of a long-wavelength wave having
an amplitude a (which maght be 2000 or 3000 ft), and a wavelength Ary (which might be
10 or 20 nm). It 18 assumed an this analysis that the thickness of the shear layer,
the mean temperature and the lapse rate a2ll remain constant az the flow within the
shear layer experiences the undulating motion (2&, Ty, and 8T/az are constant). From
Phallips (Ref. &), the following equation for the increase in shear that occurs at
the crest (see Fig. 11{a)}) can be derived-
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ABV/3z) = (NE-1F) (Vio)

(17)
For flows in the atmosphere instead of the ocean,
Ny = Brunt-Vaisala frequency = \/(g/TO) - [(az/82) - (aT/az)ad]
n = wave frequency = EﬂVb/ha
(9%/9z)gg = adisbatic lapse rate, -2.98 x 10=3 deg C/ft¥

This ancrease 1n shear is added to the initial shear. An expression Tor the minimum
Richardson number (which occurs locally at the crest in the example given, but would
occur at the trough af the ainitial shear were negative) is

2
- Nm 18
RN = T3V702),1 + 1510V/0211)2 (18)

Since NM?>¢-n2 under all conditions of interest (this 1s only untrue for weakly stable

lapse rates, 1.e., when 8T/8z =(8T/dz)_4), the expression can be further samplified
to

R N

i R

MIN-™ (av7azlol + Nof (a/Vo))? (19)
From Eg. (19) 1t 1s evadent that low values of R are agsociated with large

initial shears, (SV/BZ)O, with large long-wave amplitudes, a, and with low winds, V,.
The latter two parameters are not independent, however, since large amplitude waves

do not usually oceur under low-wind conditions. If very stable layers havang low
wands, Vb, are only slaghtly disturbed by large amplaitude waves genersted in nearby
stable layers having high winds, 1t 1s possible for the very stable layers to become
unstable (Ryypy=0.25) even with zero imitaal shear, (8V/dz),. For instance, a stable
layer having a lapse rate 87/8z = 3 x 10~3 deg C/ft, a temperature T, = -60 deg C,

a wind velocity Vb = 15 kbts, and zero initial shear would be destabilazed by a wave
having an amplitude a = 660 £t. Although turbulence produced an such a layer might

*Note use of minus sign to denote temperature decreasing with increasing altitude.
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not be severe because of the low wind velocity, aireraft flying through such regions
could encounter sudden changes in ambient temperature which may affect engine
operation.

The effect of the environmental lapse rate, 5T/9z, on Ry 18 not evident from
Eg. (19) but can be seen n Fag. 11{b). This figure 1s based on typical conditions
under which long-wavelength waves such as mountain lee waves are observed in the
lower stratosphere (ses, for example, details of the lee-wave cases that are
described later in this section of the report). Curves are shown for three shears
--- small shears (1 and 2 kts/1000 £t) and a moderately large shear (12 kts/1000 £t).
The curves show that the greater the initial stebility from a convective standpoint
(1.e , the greater 8T/5z), the lower Riygy Will be. They also show that shear layers
which have swall values of anaitial shear are stable when the environmental lapse rate
18 near zero. Thus, 1t 1s primarily the most stable layers appearing in the tempera-
ture profile that are of interest. The curves also show that as the environmental
lapse rate approaches the adiabatic lapse rate (-3 deg C/ft), all. shear layers
become unstable.

The stratosphere is the praimary regron i1n whaich wave-induced anstabilities are
important. In general, the environmental lapse rate is guite close to the adaabatac
lapse rate below the tropopause and, therefore, layers having large shears do not
occur xn this region of the atmosphere without an accompanying increase i1u stabilaty
of the layer. Consequently, below the tropopause one should expect to ses a
correspondence between the temperature and velocity profile in regions where large
shears occur. Above the tropopause the envirormental lapse rate 1 apprecizbly
greater than the adiabatic lapse rate and layers having large shears are stable (for
instance, in the absence of long-wavelength waves, a shear of 25 kt/1000 £t 1s stable
in air having a lapse rate aT/Bz = 0 deg C/ft). Therefore, 1n regions above the
tropopause it 1s not necessary that there be a correspondence between the temperature
and velocity profiles.

Wavelengths of Instabilities that Might Occur

Tn Fig. 12, the ranges of unstable wavelengths ( A in nm) are shown as functious
of the shear-layer thickness (24 an ft) for local values of Ri between 0.25 and 0.
These ranges are based on Drazan's criteraion for hyperbolic tangent velocity profiles.
Considering first Ri = 0.25 (Fig. 12(a)), only one wavelength 1s unstable at each

value of 24 --- A= (2m/ V2):2d. Thas 1s the wavelength corresponding to ad = v2/2,
the only point at whach Drazin's boundary reaches as far out as Ri = 0.25 {Fig 1).
For smaller values of R1 --- Fags. 12(b), (c), and (d) --- there are increasingly

wider ranges of unstable wavelengths.
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One can argue several different ways to reach the conclusion that, when an
1nstabality occurs, the wavelength will be given by the unique value of od associzted
with R1 = 0.25. Thais wavelength i1s often saxd to be "the most lakely" or "the most
unstable" wavelength based on i1ts theoretical growth rate. However, another viewpoint
is that af the Richardson number at the crest of the long-wavelength wave 1s less
than 0.25, then the flow in the shear layer must have experienced Ri = 0.25 on the
way up to the crest. Since instability would occur at Ri = 0.25, the wavelength
that would be seen would therefore correspond to the ad for Ri = 0.25 ( A= (2n/ VZ)-2d
in Drazin's theory).

Tt was pointed out previcusly that, for shear layers having roughly equivalent
minammwm and maxamum velocitires and mean shears, the wavelengths of instabalaties at
Ri = 0.25 would be about the same for "S-shaped" as for hyperbolic tangent velocity
profiles (even though the wavenunbers, ad, are different). Thus, the wavelength
from Drazin's theory, A= (2ﬂf Vv2)-24, should provide a reascnasble estimate of the
unstable wavelengths that can be expected. The analyses of the California and
Coloradoc Lee Wave cases i1n Ref. 1 showed that wavelengths determined by this method
were 1n reasonably good agreement with those observed in the atmosphere.

Analyses of CAT Associated with Mountain Lee Waves

Project HICAT

The objective of the HICAT program was to determine the statistical characteristics
of high-altaitude (45,000 te 70,000 f4) CAT so as to improve aircraft structural design
craiteria. In addition, meteorological forecasts and analyses were correlated with the
CAT measurements to i1mprove CAT forecast procedures. Results obtained during the
program following March 1967 are presented an Ref, 11. In a number of tests in thuis
phase of the program, high-altitude CAT was encountered and recorded in flaghts from
various bases around the world. Analyses of some of these cases were made in the
study reported herein to cobtain further evidence that initially stable shear layers
in the stratosphere can be destabilized as they flow through the undulstions of long-
wavelength waves which are caused by mountains. Results of the cases are presented
an this section. Details of the cases are summarized in Table I.

Test 26k, Fun 16

Severe to moderate turbulence was encountered during flaights at altitudes from
61,000 %o 61,500 ft near Grand Junction, Colorado in thais flaght. The reconstructed
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h80 K isentrope¥ for this test 1s shown in Fig. 13. This isentrope was selected for
analysis because i1ts altibude was approximately the same as the flight altitude and
the altatude of stable layers which were likely to be destebailaized by the lee wave.
In this case, the winds were from west to east (left to raght an Fag. 13). Short-
wavelength waves indicative of shear-layer instabilities and long-wavelength waves
are apparent in the isentrope (the characteristics of these waves are summarized in
Table I).

Wind and temperature profiles for this case are shown in Fig. 1. VWind and
temperature profiles from Yucca Flats rawinsonde data are shown in Fig. 1i(a). The
wind profile from aircraft flight data, obtained near Grand Junction, 1s showm by
the dashed line in the wind-profile plot. Profiles from Denver rawinsonde data are
shown in Fig. 14(b). Rawinsonde data from Grand Junction, which would be the most
appropriate for this case, were not available.

Two very stable layers are evident in the Yucca Flats temperature profile at
altitudes near the 61,000-f+ flight level. Layer 1 1s approximately 680 £+ thick;
the Richardson number was calculated to be Rij = T7 based on Yucca Flats wind and
temperature data and Ry, = 0.34 based on the aircraft wind data and Yucca Flats
temperature data (differences between rawinsonde and flaght data are not usually
this large). The expected wavelength from an instability in this layer is AE(l) =
(2n/v/2)680 = 3020 ft, or 0.5 nm. Based on the Yucca Flats wind profile, the

shear 1s negative which would suggest that 1f an instability were to occur at would
be near a trough of a lee wave instead of near a crest. Based on the airreraft wind
profile, the shear 1s positive, suggesbing that the location of the instability
should be near a crest. Iayer 2 is 1050 ft thick and the corresponding wavelength
18 AE(Q) = 0.8 nmi. The Richardson number for this layer is Blo = 9.7. The shear
18 negative so that instabialaby would be expected near a trough of a lee wave.

A stable layer can be seen in the Denver temperature profile at an altituds of
60,000 f4. The layer as 870 £t thack and the corresponding wavelength is Ag(3) =
0.6 nmi. The Richardson number for this layer, based on Denver wind and temperature
profiles, 1s R1_ =o; based on aircraft wind data and Denver temperature profile,
Rig = 8.%. For this layer the shear was zero based on the Denver wind profile and
a combination of positive and negative segments based on the aireraft wind data.
Therefore, the anstability could be expected in eather the crest or the trough of
The lee wave. These and other characteristics of the expected waves that will be
discussed subsequently are summarized under "Test 264, Run 16" in Table I.

*From the rawinsonde data, the profile of potential temperature was determined.
Axrcraft measurements of tempersture along the flight path were converted to potential
temperature. It was assumed that the potential temperature profile was unchanged by
the wave. Then, the height of any specifac isentrope relative to the aireraft was
determined from the profile and the potential temperature at the aircraft. Actual
aircraft altitude was then used to locate the isentrope relative to sea level.
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Since all of the previcus values of Rlo are greaber than 0.25, additional
wave-induced shear is required to destabilaze the flow. If it is assumed that the
rawvinsonde data are rvepresentative of undisturbed conditions upstream or downstream
of the mountain wave, then the minimum Richardson number of a given layer that would
be expected to occur in the erest or trough of a wave 1s given in Eg. (19). This
assumes that the shear determined from the wind profiie, (HV/SZ)O, 1s changed by an
amount A(5V/8z) determined from Eq. (17) using the observed long-wavelength
characteristics from Fig., 13 and the characteristics of the indavadual layers fxrom
Fig. 14, Thus, for these calculations the following were used with the appropriate
dimensicnal units:

A, &, To> aT/8z, Source of Vo, (3v/82) 4
Layer —mm £t deg ¢  deg G/LO00 £t  Wand Data  kts  kts/1000 ft

1 8-10 1000 -60.5 1.9 Rawinsonde 12 1.8

2 8-10 1000 -57.0 6.8 Rawinsonde 3b 7.3

3 8-10 1000 -60.5 71 Rawansonde 18 0

1 8-10 1000 -60.5 1.9 Flight 16 28

3 8-10 1000 -60.5 7.1 Flaght 12 8

The results of these calculations are shown 1n Table I under “RlMEN --= based

on A{8V/8z)." Tt will be noted that the wave shear decreased the Richardson number

appreciably. In layer 1, based on rawinsonde wind data, R1i decreased from T7 to 0.4T;
based on winds from flight data, Ri decreased from 0.34 to 0.11. 1In layer 2, Ri
decreased from 9.7 to 1. In layer 3, based on rawinsonde wind data, Ri decreased
from « to 0.61; based on winds from aircraft data, Ra decreased from 8.k to 0.38.
Straict application of the craterion RiMIN-=O.25 for instability leads one to conclude
that, based on rawinsonde wind data, instability would not occur and, hence, small
waves would be unlikely. However, the calculated values for two of the layers
(layers 1 and 3) are not mich larger than the critical value. An increase in the
amplitude of the lee wave --- about 50 percent --- above that estimated from Fag. 13
would result in Ri—=0.25, in which case waves would be expected. Calculations of

Ri based on winds obtained from aireraft data indicate that layer 1 would be unstable
and waves would be expected to oceur.

To obtaain the minimum value of Ru that can reasonably be derived from a
given set of temperature and velocity profiles, EAS(SV/BZ) can be used i1n Eq. (19)
instead of A(8V/8z). The reason for this is that, at least in theory, the difference
1n shear between a crest and a trough 2s 24 ( av/ 9z). In the unlikely carcumstance
that the rawinsonde was not taken upstream i1n undisturbed air but instead passed
upward through a trough (in the case of positive (BV/BZ)O), then the change in shear

3
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would be EAS(BV/BZ). It 18 fairly ceritain that the rawinsondes ain some of These
cases were not in undisturbed air, although there is no evidence that they were
taken precisely through troughs or crests.

The values of Ry based on 2A(8V/8z) are also shown in Table I. For layers
1 and 3, the values of Riyypy Wwere less than 0.25 (based on wand profiles from either
rawinsonde or aircraft flight data). Thus, under the speciafied conditions, both

layers 1 and 3 would be classified as unstable, and short wavelength waves would be
expected.

The principal resulits of this analysis can be seen upon examination of Table I
and Fig. L3, The calculatlons wndicate that at least one wavelength should appear
(AE(I) = 0.5 nm1) and that a second might appear (Ag(3) = 0.6 nm1). The isentropes
in Fag. 13 show several sets of small waves havaing wavelengths, ) of about 0.2 to
2.0, 0.1 to 0.2, 0.2 o 1.0, and 0.2 to 0.7 nmi.*¥ Some of these wavelengths are
quite close to the expected values. It was not possible to determine, from the
isentrope in Fig., 13, the location of the instabilaties with respect to crests oxr
troughs of the lee wave. The locations of moderate to severe turbulence were
apoproximately the same as those of the short-wavelength waves which were observed.

Test 267, Runs 8, 9, and 26

In this case, an which mountain waves were suspected to be involved, severe to
moderabe burbulence was encountered during flights at altifudes of approximately
51,000 and 55,500 fi near Albuguerque, New Mexico. The reconstructed 4Ok K
1sentropes for Runs 8 and 9 are shown in Fags. 15(a) and (b), respectively. The
reconstructed 422.5 K isentrope for Run 28 s shown an Fig. 15(ec).

The 404 K and 422.5 K isentropes were selected for anzslysis because of their
proxamity to stable layers at altitudes corresponding to the fiight altatudes.
Short-wavelength waves indicative of instabality in the layers are apparent in the
1sentropes; however, the long-wavelength mountain waves could not be 1dentafied an
the i1sentropes due to the short time span of the avaarlable data.

*The wavelength, Ay, Was determined from measurement along the flight path of the
wavelength of ghort waves whaich were observed in the isentropes and the angle between
flaght path and the wind direction. It was assumed that the axis of these waves
was perpendicular to the darection of the wind. The observed wavelength, A, was
egual to the wavelength measured along the flaght path multiplred by the cosine of
the angle between the direction of flaght path and wind.
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Waind and temperature profiles for these runs are shown in Fig. 16. The wind
profile shown in Fig. 16(a) was obtained from aircraft flight data, and the temperature
profile shown in Fig. 16(b) was obtained from rawinsonde data from Albuguerque. Stable
layers are evident in the temperature profile. The 4Ok K isentrope passes through the
lower stable layer (layer 1) whach is near the 50,500 £t flight level. The k22,5 K
isentrope passes through the upper combined layer (layers 2 and 3) which is near the
55,500 £t Tlight level. The thickness of layer 1 was 750 ft and the expected wave-
length for instability of this layer is Ag(1) = 0.6 nm.. The thicknesses of layers
2 and 3 were 900 £t and 150 ft, respectively, so that the expected wavelengths for
instability of these layers would be‘AEfE = 0.7 nmi andaEr y = 0.1 nmi, respectively.
Tayers 2 and 3 might also be treated as a combined layer wath an expected wavelength
AE(2~3) = 0.8 nmi.

For this case the amplitude and wavelength of the lee waves (1f present) could
not be determined from the isentropes. As a result, neither the destabilizing effect
of lee waves nor the location of the short-wavelength waves relative to crests or

troughs could he estimated.

The results from this case can be geen in Table I and Fig. 15. Calculations of
the amrtial Rachardson number, Fi,, for layer 1 showed that the large shear shown in
the wind profile would be encugh to cause instability in this layer (Rlo = 0.18).
Short-wavelength waves are apparent i1n the 4Ok K isentrope of Figs. 15(a) and (b)
(Ao is equal to the measured wavelength multiplied by the cosine of the angle between
the aircraft heading and wind dzrectlon), layer 1 was unstable. The observed wave-
lengths A j = 0.3 to 0.6 nm. are in good agreement with the expected wavelength,
AEfl) = 0.6 nmi. Calculations of the i1natial Richardson numbers for stable layers
2 and 3 (based on an extrapolated value of wind shear) indicated that these layers
would be stable in the absence of a long-wavelength wave. Short-wavelength waves
are apparent in the 422.5 K isentrope {shown in Fig. 15(c)), indicating that
ingtabilities are present in layers 2 or 3, or in the combined layer 2 and 3. The
observed wavelengths, A, = 0.8 to 1.5 nm1, are 1n good agreement with the expected
wavelengths for layer 2 and combined layer 2 and 3.

Test 262, Run 2

In Test 282, Run 2, turbulence was encountered in flights made between Denver
and Grand Junction, Colorado Flights were made at several levels. Very little
turbulence was reported at 52,000 f£t; light to moderate was reported east of Denver
at 57,000 ft, moderate to severe was reported at 62,000 £t (Run 2), and light
turbulence was reported at 64,000 ft. The reconstructed 440 X isentrope 1s showm
in Fig. 17. This i1sentrope was selected because 1t was at approximately the same
altitude as a stable layer near the flight altitude. Both long and short-wavelength
waves are apparent in the isentrope
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VWind and temperature profiles obtained from Granby, Colorado rawinsonde data
for this case are shown in Figs. 18(a) and (b), respectively. Several steble layers
are evident in the temperature profiles. The two layers of most interest are layers
1 and 2 which were located at mean altitudes of 58,300 and 53,125 ft, respectively.
Layer 1 was closest to the flaght level of Run 2. If these layers were destabilized
by & lee wave, tThe expected wavelength for both layers would be hEHlj =Ap(o) = 1.5 nma.
The shear 1s negative for both layers, so that the instabality would be expected
near the trough of a long-wavelength wave.

The praincipal results of the analysis of this case can be seen in Fig. 17 and
Table I. The stabilaty of layers 1 and 2 were investigated using the characterastacs
of the i1ndividual layers (Fig. 18), the characteristiecs of the long-wavelength wave
determined from the isentrope (Fig. 17) and the anslysis discussed previously. The
calculations showed that for layers 1 and 2, respectively, (1) initial Rachardson

nuubers were Riy = 5.7 and 17.3, (2) minimum Richardson numbers --- based onA(&V/3z)
~-~ were Riypy = 0.78 and 1.51 and (3) minimm Richardson numbers --- based on
2A(aV/9z) --- were Riymy = 0.29 and 1.05. Strict application of the criterion

R1MIN<=O.25 for iunstability leads one to conclude that an instability would noi occur
and, hence, small waves would be unlikely. However, based on 2 av/o8z), RlMIN for
layer 1 1s only slightly greater than cratical. An increase in the lee wave amplitude
to approximately 2000 £% or an increase in initial shear by approximately 200 percent
would meke the Riypy, based on A(8V/8z), less than 0.25 for layer 1. Aircraft

flaght data obtained at altitudes slaightly above that of stable layer 1 indicated
that wind shears were present which were approximately saix times greater than those
shown in the Granby wind profile. The wavelengths of the small waves which were
observed in the isentrope shovm in Fag. 17, Ay = 0.2 to 1.0 nm, are in fair
agreement with the expected wavelength Ag¢q) = 1.5 nmx. The observed location of

the waves in the trough of the lee wave 1s as expected since the shear in the Granby
wind profile 1s negative. The short-wavelength waves were apparent in the isentrope
for the same portion of the flight path over which the moderate to severe turbulence
was encountered.

Before leaving thas case it should be mentioned that the "sawtooth" shape of the
Granby temperature profile i1s similar to those which can result from horizontal
motion of the radiosonde through crests and troughs of lee waves during aits vertical
ascent (e.g., see Ref. 8). Assuming a balloon ascent rate of 500 £t/mn (Ref. 12)
and using the differences an altitude between mimimum temperatures in the temperature
profale, the tame 1t takes the balloon to travel between crests is calculated to be
approximately 12 minutes. Assuming that the balloon travels horizontally at velocity
of 40 kts (approxaimately equal to the wind velocaty), the wavelength of the lee
wave 1s calculated (the product of the balloon velocaty and time between erests) to
be approximately Aty = 8 nmi. This agrees with the A;=B to 10 nm observed in the
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isentrope in Fig. 17. Although there i1s no other evadence that the radaiosonde in
fact passed through a wave (the Granby launch site is at x = 55 nm1 an Fag. 17),
this particular temperature profile (Fig. 18(b)) 1s open to guestron.

1970 Colorado Lee Wave Cbservational Program

The 1970 Colorado Lee Wave Observational Program was a cooperative meteorological
field experiment involving participants from universities, Government agencies, and
private organizations. The program was first i1nitiated an 1965 when efforts were
made to investigate lee waves in the region of the Front Range of the Rocky Mountains
near Boulder, Colorado. In February 1968, a more complete measurement network
{1ncludaing research-instrumented aircraft) was established and a second observational
period was undertaken (the analysis of a case which involved CAT and lee waves from
this program was reported in Ref. 1). A thard observational program was undertaken
in 1970. Two of the pramary scientafic cobjectives of the 1970 program, which was
darected by Dr. D. K. Lilly of NCAR, were (1) to measure the detailed statistical
properties of lee flows that contribute to changes in the large-scale atmospheric
structure and (2) to determine conditions under which CAT 1s generated by instabilities
associated with standing lee waves. Preliminary data were analyzed Tor three of
the cases which were obtained during the Pebruary portion of the 1970 program. The
results of analyses of these cases are presented an this secticn.

Four aircraft partacipated in the flights for these three cages. The four
particaipating aircraft and the approximate ranges of flight altitudes flown are:
(1) Air Force RB-5TF - 45,000 to 63,000 £+, (2} ESSA B-57A - 35,000 to 45,000 ft;
(3) NCAR Sabreliner - 25,000 to 35,000 £t; and (i) NCAR Buffalo - 15,000 to 25,000 ft.
The ESSA B-H5T7A Tflight data were not yet awvailable at the time of this writing.
Isentropes were calculaied for flaghts only where appreciable lee wave and turbulence
activity were reported.

The isentropes for this case are shown in Fig. 19. The wind was from the west
(left to raght in Fig. 19) and parallel to the direction of the flights. The flights
were flown over the Kremmling aznd Denver vortacs between Kremmling and a point
approximately 45 nm1 east of Denver. Long-wavelength waves are evident in all of the
isentropes, however, the wave patterns appear to be quite irregular. The lee waves
in the 1sentropes have wavelengths which range from approximately 10 to 20 nmi and
amplitudes (half the heaght from crest to trough) up to about 1000 ££. Two
rawinsondes were used in this analysis One was launched at Grand Junction
(Fags. 20{a) and (b)) which 1s upstream and approximately 125 nmi west-southwest from
Kremmling. The second was launched at Denver (Fags. 20(c) and (d)) which 1s down-
stream approximately 80 nmi east-southeast from Kremmling. A rawinsonde launched
at Kremmling during this case failed.
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Two and four stable layers were identified in the Grand Junction and Denver
profiles, respectively (see Fag. 20). The wavelengths that would be expected to
occur are shown in Figs. 20(b) and (d). Iayers which were subsequently found to be
stable when 24(9V/8z) was used in computing Riymy are denoted by an asterisk.

The characterastics of the expected and chserved waves are summarized in
Table I under "Colorado Case - Feb. 13, 1970." The layers have been grouped
according to their altitudes. The first two layers (layers 1 and 3) have mean
altitudes of 60,150 and 61,250 £t (9= 448 and 458 K) and are associated with the
upper 435 and 450 K isenbtropes in Fig 19. The next two layers (layers 4 and 5) have
mean altitudes of 55,700 and 48,750 £t (6 = 422 and 386 K) and are associated with
middle 392 and 405 K isemtropes in Fig. 19. The last two layers (layers 2 and 6)
have mean altitudes of 36,825 and 35,575 £t (@= 333 and 330 X) and are associated
with the lower 330 K aisentrope in Fag. 19.

The prancipal results of this analysis can be seen upon examinabtion of Table T
and Fig. 19. Cousider the upper group of isentropes first. The calculations indaicate
that of all of the stable layers, leyers 1 and 3 are the least stable; however, based
on Ryymy=0.25 for instability, these layers should remain stable. Small waves having
wavelengths ho = 2 to 4 nm1 were observed in the isentropes associated with the upper
stable layers. The observed wavelengths were in good agreement with expected wave-
lengths AE(l) = 3.8 and AE(BW = 3 0. A weve amplitude of approximately 2500 £t {approxi-
mately 2 5 times the observed amplltude), would be requared to destabilize the upper
layers. This 18 a lattle more than one-helf of the total change in altitude of the
k35 X isentrope. The location of moderate turbulence which was encountered at 59,000 £t
corresponded to the loecation of the small waves that were observed.

The small waves in the 1seniropes appear to start in the troughs of the lee waves
and to extend downstream through crests and troughs. As andacated in Table I, the
1nitial shear based on the wind profile upwind of the mountains at Grand Junction
was negative so that small waves would be expected in the troughs. Based on positive
ghear in the Denver profile, small waves would be expected at the crests.

It 15 also interesting to examine the middle and lower isenitropes in Fag. 19
in view of the predictions for stable layers (layers 2, 4, 5, and 6) associated wath
these 1sentropes. All four layers were predicted to remain stable even based on
Rampy computed using 24 aV/8z). WNo small waves were observed in the isentropes
in thas region (Fig. 19). However, the occurrence of moderate turbulence was reported
by the pilot of the AF RB-5T7F at approximately 50,000 £t and 37 nmr east of Denver.
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The isentropes are shown in Fig. 21, The wand was from west to east (left to
right in Fig. 21) and parallel to the direction of the flights. The flaight path
was the same as for the previous case (Kremmling to Denver). Long-wavelength waves
are evident in all of the isentropes and there appears to be some patitern to the wave
structure. The lee waves 1n the 1sentropes had wavelengths up to approximately
Arzp = 30 nm and amplitudes up to approximately a = 1800 ft. It can be seen 1in
Fig. 21 that two of the isentropes at low altitudes overlap (see for imstance the
311 1 and 31k.2 K isentropes). This situation was noted ainfrequently in previous
cases (see, for example, Fig. 15 of Ref. 1). Thas overlap could be the result of
changes in the wave pattern between Tlights over a given point or from errors in
temperature measurements (when the envirommental lapse rate 1s near the adiabatic
lapse rate small errors in measured temperature can result in large altatude
errors when plotting the isentropes).

Rawinsonde data from Grand Junction (Figs. 22(a) and (b)), Kremmlung (Figs. 22(c)
and (d)), and Denver (Figs. 22(e) and (f)) were used 1n the analysis of thas case.
However, the data for the upper level wands from the Kremmling rawinsonde were
missaing. A total of twelve stable layers were identified in the temperature profiles
and were investigated. Two were from the Grand Junction temperature profile, two
from the Kremmling profile, and exght from the Denver profile. The wavelengths that
would be expected to occur are shown in Figs. 22(b), (d), and (£f). ZIayers whach
were subsequently found to be stable when EA(SV/BZ) was used in computing Riyme
are denoted by an asterisk. -

The characteristics of the expected and observed waves are summarized in
Table I under "Colorado Case - February 17, 1970." The layers have been grouped
according to thear altitudes. The farst group (layers i, 5, and 6) had mean altitudes
between 62,175 and 66,775 £t ( 0= 4lt9 to 496 K) and are assocrated with the uppermost
L50 K isentrope an Fig. 22. The second group (layers 7, 8, and 9) had mean altitudes
between 60,125 and 61,525 £t (6= h2k to k5 K) and ave associated with the 390,
410, and 450 K 1sentropes. The thard group (layers 2, 3, 4, 10, 11, and 12) had mean
altitudes between 26,050 and 51,625 £t (@ = 322 to 373 K) and are assocrated with
the lower 322.1 and 368 K isentropes.

The principal results of this analysas can be seen upon examination of Table I
and Fig. 21, First, consider the upper group of isentropes (0= 39 to 450 K and
h = 53,000 to 61,000 ). Examination of Table I shows that the layers having mean
altitudes between 62,175 and 66,775 (layers 1, 5, and 6) were predicted to remain
stable (Riymy>0.25 --- based on 2A(5V/92)). In Fig. 21 1t can be seen that there
are no short waves i1n the 450 X isentrope at approximately 61,000 ft although light
turbulence was encountered. The flight at 6&,000 ft was reported to be smooth ---
no turbulence. The next layers (layers T, 8, and 9) have mean altitudes between
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60,125 and 61,525 £t. The calculations indicate that, for these layers, at least
two wavelengths should occur (AE(7§ = 0.6 nm and AE(9) = 2.3 mm1) and ore wmght
occur (Ag(8) = 0.3 nmr --- this layer requires only an increase in A(aV/sz) of

6 percent for Ryyry<0.25). The 410 and 390 X isentropes in Fag. 21 whach were
obtained from flights at 53,000 and 57,000 £t have small waves with wavelengths

Ag = 1.0 to0 2.5 nm which are i1n fair agreement with the expected wavelengths. The
small waves in the isentropes appear in the troughs of the long-wavelength waves.
As 1ndicated in Table I, the shear was negative for the two layers for which

instability should occur and, therefore, the small waves would be expected in the
troughs.

Stability (Riypy<0.25 --- based on 2A(9V/0z) was predicted for the layers
(layers 2, 3, k, 10, 11, and 12) having mean altitudes between 26,050 and 51,625 ft.
The stability predictions for layers X and 12 (mean altitudes 26,050 and 33,700) were
baged on lee-wave amplitudes estimated from the isentropes above and below this
level. TIn Fig. 21 1t can be seen that there are no small waves in the isentropes
associated with these layers; however, the occurrence of very light to light turbulence
was reported throughout the altitude range associated with these isentropes (such
turbulence might be caused as slightly stable layers having small shears are
destabilized by the lee waves ~-- see Fag. 11}, Between the altitudes of 27,000 and
36,000 £t the palot of the NCAR Sabreliner reported lee wave actavity, but no
turbulence.

{

The 1sentropes are chown in Fig. 23. The wind was from west to east (left to
right in Fig. 23) and parallel to the darectiom of the flaghts. The flights were
on a line between the Kremmling and Akron vortacs and from Kremmling to a poant on
the line approxamately 125 nmi east of Kremmling. This point was approximately
50 nm1 east-northeast of Denver.

A pattern of lee waves can be seen in the isentropes of Fag. 23. The waves had
wavelengths from Apy = 6 to 20 nm1i and amplitudes up to a = 1350 ££. Rawinsonde
data from Grand Junchtron (Figs. 24(a) and (b)), Kremmling (Figs. 24(c) and (d) ---
upper level data missing) and Denver (Figs. 2L(e) and (f)) were used an the analysis
of this case. However, in this case the 1200 GMT (approxaimately 2 hours before {he
first flight) rawinsonde data for Grand Junction and Denver were incomplete (upper
level data missing) and, therefore, the 2400 GMT (approximately 10 hours after the
firgt flight) rawinsondes had tc be used A total of 31 stable layers which were
wdentified in the temperature profiles from the three rawinsondes were anvestigated;
eleven from the Grand Junction temperature profile, eight from the Kremmling profile,
and twelve from the Denver profile. The wavelengths that would be expected 1f the
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flow becomes destabilized are shown in Figs 24(v), (d), and (f). Layers which were
subsequently found to be stable when 2A(§V/8z) was used in computing Riymy are
denoted by an asterisk.

The characteristice of the expected and cbserved waves are summarized in
Table I under "Colorado Case - February 18, 1970." The layers have been grouped
according to their altitudes. The first group (layers 1, 2, 3, L, 20, 21, and 22)
had mean altitudes between 65,075 and 81,360. The second group (layers 5, 6, 7, 12,
23, 24, 25, 26, and 27) had mean altitudes between 32,325 and 63,895 £t and are
associated with the 352 and 470 K 1senmtropes. The thard group (layers 8, 9, 10, 1k,
15, 28, 29, and 30) had mean altitudes between 25,875 and 28,hh5 ft and are associated
with the 32k and 333 K isentropes. The fourth group (layers 13, 16, and 17) had mean
altitudes between 2&,125 and 25,200 ft and are associated wath the 310 K 1sentrope.
The fafth group (layers 11, 18, 19, and 31) have mean altitudes between 19,550 and
23,255 ft and are associated with the 302 K isentrope.

The prancipal results of thas analysis can be seen upon examination of Table I
and Fig. 23. The results shown in Table I for the uppermost group of stable layers
(layers 1, 2, 3, &, 20, 21, and 22) were included to show that such layers can be
present at altitudes as high as 80,000 £t and may be destabilized by lee waves havang
relatively small amplitudes (a = 1000 £t was used here, based on the waves apparent
an the 470 K asentrope).

Table I shows that the layers in the second group (layers 5, 6, T, 12, 23, 2#,
25, 26, and 27; 9 = 346 to LU0 K) are expected to be stable. K In Fig. 23 1t can be
seen that there are no small waves in the 352 and 470 K isentropes. However, isentropes
were not plotted in the altitude regiron between these two isentropes and 1t 1s not
known whether or not small waves were present in this region. Inspection of data
recorded on the RB-5TF aindicated that wave activity was small for this region except
at 63,500 £t for whach the F70 K isentrope 1s shown. Iaght turbulence was detected
at 49,000, 57,000, 61,000, and 63,500 Tt; moderate turbulence was detected a3t
61,000 ft.

Table I shows that the layers in the thard group (layers 8, 9, 10, 1k, 15, 28,
29, and 30; 6= 317 to 328 K) are predicted to remsin stable (even for Riypy based
on 2A(8V/8z)) These layers are agsociated with the 324k and 333 K isentropes. In
Fig. 23 1t can be seen that there are no small waves in the 333 X isentrope, however,
small waves --- A, = 1.5 to 2.5 pma --- can be seen in the 324 X isentrope. The
expected wavelengths for these layers were Ag = 0.2 to 1.8 nma. Turbulence was not
reported for the flights associated with these isentropes.
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Table I shows that the layers in the fourth group (layers 13, 16, and 17; 6 =
309 to 316 K) are also predicted to remein stable {even for Ry based on oA 8V/0z)).
These layers are associated with the 310 K isentrope. In Fig. 23 1t can be seen that
there are no small waves in this isentrope, although light turbulence was repoxrted
at three locations along the flaght path.

Next consader the last group (8= 293 to 303 K) of layers (layers 11, 18, 19,
and 31) which are associated with the 302 K isentrope. Calculations show that at
least two wavelengths should occur Agryqy = 0.5 nm and Ap(gyy = 0.6 nmi. The 302 K
isentrope an Fag. 23 indicates the presence of small waves with wavelengths, Ag =
0.5 to 2.5 mma whaich are in fair agreewment with the expected wavelengths. The small
vaves apparent in the isentrope just to the east of Kremmling appear to be just
downgtream cof a crest in the lee wave. This is the expected location for small
waves assoclated with both layers 1L and 31. The small waves which occur further ‘o
the east appear downstream of a large crest throughout a region of the isentrope
which appears to be free of lee-wave activity.

Analyses of CAT Over Thunderstorms

It 12 suepected that the mechanism of wave-induced shear-layer instabalaity is not
restricted to mountain waves but can occur anyplace i1n the atmosphere where long-
wavelength waves occur. To anvestigate the possibalaty that the blocking effect of
thunderstorms could cause such waves, three Project HICAT cases in which turbulence
was encountered in clear air over thunderstorms were analyzed using techniques described
previously.

Project HICAT

Test 198, Rups 9, 12, and 13

Tn Test 198, long-wavelength waves were suspected to be caused as flow in the
stratosphere was forced up and over a line of thunderstorms near Oklahoms Caty.
Severe to moderate turbulence wasg encountered during flights over the storms at
approximately 51,000 ft. The reconstructed %10 K isentrope 1s shown for Runs 9, 12,
and 15 in Fig. 25 This isentrope was selected because of ibs proxamity to stable
layers having mean altitudes pear 51,000 £t. Short-wavelength waves indacative of
instabality an the layers are apparent in the isentropes However, the character-
1stics of any long-wavelength waves which might have been present could not be
determined from these isentroves (the component of f£laght path distance perpendacular
to the assumed vave axis direction was only about 4% nmi). The locations of the
thunderstorms are shown in Fig 25. Thas anformation was determined from data supplied
by Mr. P. Boone of the U. 8. Air Force Flight Dynamics Laboratory at Dayton, Ohio.
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Wind and temperature profiles are shown in Fag., 26. The wind profile shown n
Fug. 26(a) was cbtained from flight data and the temperature profile shown an
Fig. 26(b) was cbtained from Amarillo rawinsonde data. The rawinsonde data from
Oklahoma City (nearest to the area covered by the flaghts) were missing. Two stable
layers can be seen in the temperature profile; the corresponding expected wavelength:
are AE(y) = Ag(o) = 1.0 nmr. The expected wavelength based on the combined layers
18 AgR(3) = 2.0 nmi.

For this case, the amplitude of the long-wavelength waves could not be deduced
from the isentropes. Hence, the usual analysis to determane the stability of these
layers and to locate the swmall waves relative to long-wave crests or troughs could
not be made.

The results which were obtained can be seen in Table I and Fig. 25. The wave-
lengths of the short-wavelength waves (i, = 0.4 to 1.6) whach are apparent in the
1sentropes are about the same as the expected wavelengths (1.0 to 2.0 nmi). The
waves were apparent for most of the flaght paths for the three runs. The moderate
and severe turbulence occurred in patches. There appeared to be correlation of The
location of the turbulence with the location of the thunderstorms.

Test, 202, Run 8

In Test 202 moderate to severe turbulence was encountered during a flaght at
approximately 58,000 £t over thunderstorms located about 70 nmi north of Little Rock,
Arkansas. It was suspected that long-wavelengith waves were produced as the flow in
the stratosphere was forced up and over the thunderstorms and that these waves
destabilized stable layers near the flight level. The isentrope is shown in Faig. 27.
Wind was from west to east {left to right in Fag. 27) and approximately 22 deg to the
direction of the flights. Long-wavelength waves are evident in the izentrope and
appear to have wavelengths and amplitudes up to 16 nmi and 1300 ft, respectively.

The wind profile was obtained from flight data and is shown in Fig. 27(a). The
temperature profile was cbtained from rawinsonde data from Oklahoma City which was
up~waind of the thunderstorms.

Two stable layers were identifaed in the temperature profile at mean altatudes
of 61,100 and 57,250 £t. The wavelengths that were expected to occur were Am (1) =,
1.3 nma and AE(EH = 1.5 mmi. Examination of Table I shows that both layers would be
expected to be unstable for RIMIN based onJA(BV/az). Most of the short-wavelength
waves which are apparent an the isentrope in Fig. 27(c) had wavelengths between 0.k4
and 2.0 nmi, wath one as long as It nmi. These are i1n fair agreement with the
expected wavelengths ?\E (1)~ 1.3 and )‘E (2} = Ll.5 nma.
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The small waves appear to be located 1n the crests of the long waves. As
indicated an Table I, the shear for the upper and lower layers is positive and
negative, respectively, indicabting that the small waves could be expected to be
found i1n crests and troughs of the long waves. As can be seen in Fig. 27, the
location of some of the reported turbulence corresponds to the location of small
waves.

Test 233, Run 3

In Test 233, laght to moderate turbulence was encountered in flights at
approxamately 54,000 £% over thunderstorms located approximately 150 nmi south of
Panama above the Pacific Ocean. It was suspected that flow forced up and over these
storms caused the destabilization of stable layers located approximately at the
flight levels. The reconstructed 396 K isentrope i1s shown in Fig. 28. The flight
darection was approximately 13 deg to the wind. Short-wavelength waves indicative
of ingtability at this flight level are only slightly apparent. Because of the
shortness of the flight record i1t was not possible to determane the characterastics
of any long-wavelength waves which might have been present.

Wind and temperature profiles are also shown in Fig. 28. The wind profile,
shown 1in Fig. 28(a), was determined from flaght data. The temperature profile, shown
in Fig. 28(b), was determined from rawinsonde data from Howard Air Force Base,
Panama. Two stable layers can be seen i1n the temperature profile and the expected
wavelengths were Ag(1y = 1 2 nm and KE(E = 1.0 nma. The expected wavelength
based on the combined layers was AR(3) = 2.9 nm1.

It was not possible to predict the stability of these layers or to locate the
small waves relative to crests or troughs because long-wavelength waves could not be
1dentafired on the short record. Other results which were obtained can be seen in
Table I and Fig. 28. The wavelengths, Ao = 1.6 to 3.7 nmi, of the short-wavelength
waves which were observed in the isentrope shown in Fig. 28(c) are in good agreement
with the expected wavelengbhs Ap = 1.0 to 2.9 nmi. The turbulence and sghort-
wavelength waves oceurred throughout this segment of the flight’path.

Concluding Remarks

The precedang resulits provide further evidence that very stable layers in the
atmosphere can be destabilized by ancreases 1n shear caused by long-wavelength waves
such as mountain lee waves. The results also provide some evidence that long~wave-
length waves occur in stratospheric flow as 1t 1s forced up and over thunderstorms
and that stable layers in the stratosphere can be destabilized by these waves. The
results provided additional confirmation that stabaility criteris such as that of
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Drazain can be used to predict the onset of instability and the approximate wavelengths
that occur. A few of the cases alsco proviade sufficient detail to support the method
for predicting whether the instability will occur first in a crest or trough of the
long-~wavelength wave.

It 15 suspected that the disturbances produced by mountains and thunderstorms
are not the only cause of the long-wavelength waves which occur in the atmosphere.
These waves wmay also occur in the vicinmity of fronts, at the tropopause, etc. There-
fore, this phenomenon (destabilization of stable layers by long-wavelength waves) could
be responsible for an appreciable fraction of clear air turbulence encounters.
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RECOMMENDATIONS FOR "IN SITU" MEASUREMENTS OF
CAT ENCOUNTERS AND IMPROVED METHODS FOR PREDICTING CAT

Analyses reported herein and in Ref. 1 of data obtained duraing CAT encounters
have showa that CAT may result from the breakdown of 1nitaally stable layers
resulting from shear induced by long-wavelength waves. In general, the in-flaght
data which were used for these analyses were not obtained for the specifaic purpose of
verifying thas breakdown phenomenon. In some cases, the main purpose for compiling
the data was to provide spectral information needed for the design of aircraft
structures. In the L9700 Lee Wave Observational Program, the measurements were darect-
ed toward determining possible relationships between CAT and mountain lee waves,
although this program has provided by far the best information available to date, a
complete evaluation of the breakdown phenomenon could not be made with these data
because of limitations in the number and detaal of the measurements that could be
made withain the scope of the program. Some recommendations for "in situ" measure-
ments which would help meet this objective were submitted by UARL during a plexning
session for the 1970 Lee Wave Observational Program. These and other recommendations
are included here along with limited recommendations for approaches that might lead
to improved CAT prediction methods.

Whale detailed and accurate atmospheric measurements wmay be difficult to obtain,
the ultimate cbjective should be to cbtain data that will allow a complete evaluation
of (1) the structure of long-wavelength waves and the change in properties of the
flow through the waves, and (2) the extent of the turbulence in the genesis region.
These measurements are discussed below. Flight measurements and other studies should
be underitaken to deteruine condibions under which these long waves occur to confirm
their expected properties, and to evaluate wave forecasting methods for dafferent
parts of the U, 8. where waves frequently occur. )

"Tn Satu" Measurements

On the basis of present knowledge of this flow phenomenon associated with CAT,
there appear to be two situations for which further detailed in-flaght measurements
should be made CAT caused by mountain lee waves and CAT over thunderstorms. The
equipment and procedures that should be used in obtaining these measurements are
eggentially the same for both situations.
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Primary Criteris

In conducting these measurements there are several primery criteria that, in the
author's opinion, must be met for an adequate program on wave-induced shear insta-
balaities®:

(1) The location must be chosen such that there 1s a high probability that the
CAT satuation will occur frequently during the program. This is the case
for the Lee Wave Observational Programs based at the Nataonal Center for
Atmospheric Research in Boulder, Colorado during February and March.

It would also be true for an investigation of CAT over thunderstorms if
the program were based at the Wational Severe Storms Laboratory atb
Norman, Oklahoma, or at the NASA facility at Wallops Island, Virginia,
during the summer wmonths.

(2) Adequately instrumented aircraft must be available (see subsequent discussion
on instrumentation). If possible, more than one aircraft should be in the
ares probing the CAT patch. These aircraft mist be capable of exbended
operation 1n turbulence (1.e., when CAT 1s encountered, the flight must be
continued through the turbulent reglon). Scme of the betbter aircraft
available in the U, 8., for this purpose are: the USAF HICAT U-2 (Ref. 11);
seversl RB-5TF aircraft operated by the USAF 58th Weather Reconnalsance
Squadron based at Kirtland AFB, Albuquerque, N. M.*¥, the ESSA B-5TA based
at the ESSA Research Flaght Facilaty, Miami; and the NCAR Sabreliner, based
1n Boulder. The NASA-Langley B-57B, which 1s presently operating from
Edwards A¥B, would also be suatable af addrtional instrumentation were
anstalled.

(3) Special upstream rawinsondes must be available, In general, this will
require that temporary launching sites be established to supplement
rawinsondes obtained from Weather Bureau stations at the standard launching
times.

#This discussion 18 restricted to equipment and procedures, there are, of course,
other important considerations such as fundang, adequate research mANpPower,
coordination with FAA air traffic control centers, ete.

**¥Bpecial instrumentation packages for these aircraft have been assembled by the
National Aeronautical Establishment in Canada and by the USAF Cambridge Research
Laboratories.
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(4) Accurate plotting of the f£light position and altitude and an air-ground
communications link are necessary. This allows observers on the ground to
assess the progress of the flight and direct the flight path relative Lo
the CAT location, the expected locations of forecast wave peaks and troughs,
radar information on locations of thunderstorm cells, ete.

(5) A "quick-look" data reduction and dissemination capability is necessary for
day-to-day evaluation of results and for program planning purposes.

1

Special Instrumentation Required

The following are special instrumentation requirements for investigating the flow
characteristics under consideration here:

(1) An inertial navigation system 1s needed to contimiously and accurately
record position information and to provide a cockpit readout of position.
The groundsgpeed deraved from the inertial system and the airspeed measure-
ments will also allow local winds to be determined to supblement rawinsonde
data. There are less desirable alternatives, such as use of DME (VHF
distance measuring equipment) and control of the flight path using ground
based radar, but these would not provide sufficient accuracy for investa-
gating small patches of CAT.

(2) ZInstrumentation 1s needed to combinmuously record pressure altitude,
ambient temperature, true airspeed, and heading. The ambient temperature
probe need not have particularly high frequency response; the frequencies
of interest for studying the flow phenomenon are considerably less than
one cycle per sec.

(3) An instrument is needed which would process pressure altitude and ambient
temperature measurements and provide the flight crew with an instantaneous
cockpit readout of potential temperature. This would allow the crew to
select their flight level so as to probe a particular air mass (for
example, a stable shear layer) as 1t undergoes large-scale vertical and
horizontal motions.

These are the primary instrumentation requiremenis. Most research aircraft are
equipped with accelerometers, attitude and direction gyros, and wind vanes. Informa-
tion from these devices 1s useful for deravaing power spectral disiributions of the
turbulence. Power spectra are important from the axrcraft structural design standpoint,
they are also of importance in flights to study the different phases of the atmospherzec
shear-layer breakdcown phenomenon (1.e., the wave-instability phase, the voritex
phase, and the turbulence phase).
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The NASA-Tangley B-57B will be equipped with a device for marking turbulence
patches with smoke. If this technique proves to be effective, it would be useful
for the type of in-flight research considered here.

Measurements to be Obtained

Maye Measurements

The wave measurements (or measurements of the undulating flow, in the case of
the flow over thunderstorms) should have sufficient detarl to allow evaluating of
changes an stability of the flow due to changes i1n local shear as the flow proceeds
through the wave. This information is needed to verify the hypothesis that the flow
breaks down when the Richardson number decreases to less than 0.25 locally. The
amplitude of the wave should also be measured to evaluate the method dascussed herein
for predicting the wave-induced shear. These measurements might bhe made and the
data reduced in the following manner:

(1) From rawinsonde or aircraft sounding data, locate and identafy by local
potential temperature the stable layers upwind of the suspected or
observed long-wavelength waves. These waves may be occurring as a result
of dasturbances to the mean flow caused by mountains, thunderstorms or
other terrain or meteoroclogical conditions that may be effectavely blocking
the flow. Data from several stations located transverse to the wind
should be examined since the extent of the stable layer relative to the
extent of the turbulence is of interest.

(2) Conduct flights at constant altitude at several closely spaced altitudes
within the stable layer and continuously measure wind and temperature.
Then, at the crests and troughs obtain wand and temperature profiles by
crogsplotting the data. From these measurements it should be possible to
determine the wave-induced shear, A(8V/8z), the minimim Rachardson
number Riyyy, and the wave amplitude, a.

(3) Fly through several wavelengths of the wave to determine whether'or not
the layer has become unsgtable.

Turbulence Messurements

Results of the turbulence measurements should show the location of the genesis
region with respect to the long-wavelength crests and troughs, whether or not the
wnstability s more wavelike in the genesis region than in the turbulent regaon,
and the extent of the turbulence relative to the extent of the sitable layer. These
measurements might be made and the data reduced in the following manner:
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(1) Find the genesis region wath respect to the wave structure by having the
aarcraft fly upstream in the wave, noting the location at which the
turbulence ceases. Compare this location with the location of crests and
Troughs as determined from wave measurements.

(2) Meke spectral measurements of the turbulence to determine if discrete
frequencies or wavelengths are apparent in the spectra in the genesis
region. Compare these wavelengths with wavelengths predicied on the basis
of the thickness of the layer and Drazin's craterion (see previous discussion)

(3) Make Tlights both transverse and parallel to the wand directiorn to determine
the extent of the turbulence in these directions, and compare the extent |,
of the turbulence with the extent of the stable layer as determined from
rawvinsonde or aarcraft sounding data. If the thicknesses are about the same,
1t would provide additional evidence that 1t i1s the stable layers that
are breaking down and causing CAT. Also, 1t wau%d be of interest fo
determine how the turbulent region develops ~-- doeg the thickness of the
layer increase, remain constant or decrease? Prediction techniques would
be improved 1f, in addition to predicting the onset of the CAT instabilaty,

information about vertical and horizontal extent of the turbulence could
also be predicted.

Improved CAT Prediction Methods

In general, most CAT prediction technigues are based on synoptic features which
are present and on a comparison of the values of one or more atmospheric paramebers
(such as horazontal wind shear, vertical wind ghear, horizontal temperature gradient,
streamline curvature, etc.) with emparically determined critical values. In most
cases, there is no physical model for the breakdown mechanism. An example of such
a prediction technigue is given an Ref. 13. The technique 1s based on horizontal
and vertical temperature gradients (determined from rawinsondes along the flighi
route) and 1s quite simple to use.

It 18 recommended that consideration be given to evaluation of a prediction
procedure based on the mechanism of wave-induced instabilaity of initially stable shear
layers. This procedure would be comprased of three distinct operations conmbained
in a single computer program: (1) ‘+the rawinsonde from a given station would be
processed to predict the long-wave amplitude necessary to destabilize each shear
layer appearing in the profiles; (2) the rawinsonde would be used with wave fore-
casting technaiques and/or statistical data to determine the probability that waves
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would occur during the forecast peraod and what their amplitudes might be, and

(3) the results from (1) and (2) would be combined to esbimate the probability that
wave-induced instabilities, and hence CAT, would occur during the forecast period,
and to identify the altatudes and locations at which they would occur.

This procedure is outlined below along with some of the reasoning involved.
Addrtional information would be required, particularly on wave forecasting, before

such a procedure could be thoroughly evaluated.

Calculation of Required Long-Wave Amplitudes

Thais portion of the procedure would be relatively straight-forward. Eguation (17)
can be re-wratten to yield the minimum long-wave amplitude necessary to destabilize
(Riymy = 0.25) a shear layer:

2Nu - 1dv/dz)i i
NZ -t Yo

g = (20)

The rawinsonde data would be processed by the program to identify shear layers {using
the temperature profile) and, for each layer, to calculate the mean flow parameters
Vo, (BV/BZ)O, Ny, and n. TIn calculating n, a long-wave wavelength of Apy = 15 nm
could be used since waves of about this wavelength occur frequently, moreover, n is
small, so that large percentage changes in n have little effect on the computed
emplitude, a. TUsing the mean flow parameters, the required amplitude for instabilaty
would be calculated for each shear layer. The following table (based on the Denver
rawinsonde for 2200 GMT on February 13, 1968, see Table I of Ref. 1) 1llustrates the
results of this calculation:

Mean Amplitude, a, Req'd.

layer Altatude, ft for Riypy = 0.25, Tt
7 67,195 2690
8 59,232 ko8B0
9 62,021 3480
10 57,715 5780
11 43,kh75 5700
12 37,967 10,120

L3



J9L0563-1k

Thus, layer 7 would require a mountain lee wave amplitude (or a height increase 1n
flowing over a thunderstorm, etc.) of 2690 £t for instability. ILayer 12 would
require an amplitude of 10,120 ft.

Long-Wave Amplitude Forecast

At this poant, the characteristics of waves in the locel zone of the forecast
mist be considered. The U. S. has eighteen designated mountain wave zones (Ref. 14)
--- ranging from Zone 1 - Cascades and Coastal Ranges (Washangton and Oregon) to
Zone 18 - Adarondacks and White Mountains. For forecasting CAT induced by mountain
lee waves, good techniques for forecasting the occurrence and approximate amplitudes
of waves would be required. These technicues are usually empirical --- they rely on
such parameters as average lapse rate, wind direction and strength at mountain-
top level, positive vorticaty advection, etc. Where the technigues have been used
extensively, they have been developed to confadence levels of 80 to 90 percent ~--
Torecasters can fairly consistently predict whether waves will cceur and whether
they will be strong or weak. If this CAT prediction technigue were to prove
successful in one or two zones, 1t would be necessary to probe mountain waves and
establish wave forecasting techniques for other zones of interest.

Sereenang and CAT Forecast

The particular example given in the preceding table 15 in Zone 12 - Continental
Divade, northern Colorado. Wave forecasting techniques for thisz zone are especially
well developed due mostly to activabies at NCAR and the ESSA Research ILaboratories
in Boulder. The computer routine for this zone would probably disregard layers
having values of requived amplitude greater than 3,000 or 4,000 f£t; even though
strong waves can ocecur in this zone, the amplitudes of the waves would rarely, if
ever, exceed these amounts. Thus, the anitial screening would eliminate all but
layers T and 9 from consaderation.

The final CAT forecast would devend upon the local wave forecast. If, in this
example, 1t was likely that strong waves would occur during the forecast period,
then the forecast would probably be "possibilaity of CAT at approximately 67,000 £t
and 62,000 £t in vicinity of eastern slope of Colorado Rockies." If 1t was unlikely
that waves would occur, or i1f they would be weak, a "no CAT" forecast would be
1ssued.

Concluding Remarks

It 15 suggested that an evaluation of the proposed prediction technigue be
undertaken, concentrating first on a well-documented lee-wave zone such as in the
vicinity of Boulder. If the fTechnique 1s successful, 1t could then be extended to
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other zones and could he expanded to forecast wave-induced convective instabilitaes
as well (although the latter are not usually assocaated with CAT#). The possibilaty
of forecasting wave-ainduced shear instabilities in the stratosphere using simple
models of fronts and thunderstorms could zlso be investigated 2f the anatial
evaluation proves successful.

¥Widespread ascent of air can lead to formation of convective instabilaity in shallow
layers of aar. Thas instability s dependent upon the arr in the lower part of the
layer becoming saturated as 1t 1s lifted vhile the air in the upper part 1s still
not saturated. This leads to convective cloud patterns ("mackerel” skies).
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LIST OF SYMBOLS

8, Amplitude of wave (half the height from trough to peak), £t or in.
b Exponent in thecretical velocity profile (Eq. (6)), dimensionless

¢ Complex wave velocity, ¢ =cp + 1 ¢j, ft/sec

< Tmaginary part of complex wave velocity, ft/sec

Cp Real part of complex wave velocity, ft/sec

d Shear-layer scale length parameter for describing velocity profiles,

4 = (av/2)/(8V/32) o> ©%

g Gravitational constant, 32.2 ft/sec?

1 Uit imaginary anumber,+/-1, dimensionless

J Unit length, ft

n Wave frequency, 2w Vo/Ary, sec™t

By Brunt-Vaisala frequency, Ny =\/(g/To) . [(BT/BZ) - (BT/Bz)ad] 1n the
atmosphere and +/(-g/p)(9p/3z) 1n the water channel, sec™l

T Radial cocrdinate mezsured from center of curvature of water chamnel, ft or i

Re Reynolds number, Re = V{/v, dimensionless

R Richardson number, Rr = (g/TO) [( 9T/8z) ~ (BT/Bz)ad]/(GV/BZ) 2
in the atmosphere and (-g/p)  (8p/02) /(8V/92)2 1n the water chennel,
dimensionless

Ri, Initial or upstream Richardson number, dimensionless

RlMIN Minimum Richardson number caused by influence of long-wavelength wave,
dimensioniess

8 Coocrdinate along centerline of curved water chamnel, ft or in.

i Time, sec

T Temperature, deg C, X, or F
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LIST OF SYMBOLS (Continued)

T, Temperature at center of shear layer, deg C, K, or F
v Velocity, ft/sec or kts
Vo Velocity at center of shear layer or velocity of long-~wavelength wave,

ft/sec or kts

Vi5Vo Velocities in upper and lower streams bounding shear layer, respectively,
for hyperbolic profiles, or minimum and maximum velocities 1n shear layers
with "S-shaped"” profiles, ft/sec

W Perturbation velocity (Eq. (9)), ft/sec

X Downstream coordinates in water channel (Fig. 30), £t or in.; also
distance along flight path, nmi

¥y Transverse coordinate in water chennel (Fig. 30), £t or in,

Z Vertical coordinate in water channel (Fag. 30), £t or in.; also pressure
altitude, Tt

Zo Vertical coordinate of center of shear layer in water channel, ft or in.
Z15%o Vertical distance to V; and Vp, respectively, in.
o Wavenumber of small-amplitude waves associgted with instabilifties 1n

shear layers, a = 27 /A, 11

2
B Paremeter in density profile equation (Eq. (2)), B = Ri-d’(8V/8z), /g,
dimensionless
AV Velocity difference parameter for describing velocity proflles'(Eqs. (1},

(6), and (7)), ft/sec
AoV /9z) Change in shear caused by influence of long-wavelength wave, sec-l
(8T/02),q Adisbatic lapse rate, (9T/8z),q = -2.98 x 1073 deg C/ft
(3T /8z) Initial upstream temperature gradient, deg F/ft
o

(BV/SZ)O Initial or upstream shear, sec L or kts/1000 £t
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LIST OF SYMBOLS (Continued)

n Ratic of Brunt-Vaisala freguency to wave frequency, 7= NM/n, dimensionless
0 Potential temperature, deg K
A Wavelength of small-amplitude waves assoeiated with instabilities in

shear layers, fT or in.

AE( ) Wavelength of instability estimated to occur in atmospheric shear layer
(number 1n brackets identifies layer), £t or nm:

At Wavelength of lee wave or long-wavelength wave in water channel, in., ft, or nmi
ho Wavelength of instability observed in atmospheric shear layer, ft or nm
v Kinematic viscosity, £1°/sec
P Density of water or air, slugs/ft3
By Density of water or sir at center of shear layer, slugs/ft3
91,92 Densities 1n upper and lower streams bounding shear layer, respectively,
slugs/ft3
¢(z) Perturbation amplitude function in ghear-layer stability analysis, fta/sec
w' Perturbation stresm function in shear-layer stability analysais, ft2/sec
Subscripts
m Measured value
P predlctgd value
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APEFENDIX I - DESCRIPTION OF EQUIPMENT AND PROCEDURES

UARL Open Water Channel

Figure 29 1s a photograph of the UARL Open Water Channel and Fig. 30 1s a sketch
indicating 1ts major features. This facility provides a 2-ft-wide by 6-in.-deep by
10-ft-long, non-recirculating, open channel flow. The lucite side walls extend about
2 1n. above the surface of the water. They are held firmly in place by weights and
the joints where the walls meet the glass-topped table which forms the channel floor
are sealed. The walls can be adjusted from the straight-channel position (shown by
the solid lines in Fig. 30) to any desired curved-channel position (shown by the
dashed lines) with the minimum centerline radius of curvature being about 6 ft. The
flow is illuminated from beneath the glass floor using fluorescent lights (visible
in Fig. 29).

Shaped filter beds made from a porcus foam material* are used to introduce
desired vertical and transverse velocity profiles at the upstresm end of the channel
(Fig. 30). A filter bed shaped to provide a "three-daimensional" velocity profile 1s
showm in Fig. 31 and 1s described in more detail in Appendix III. The foam material
1s bonded to porous stainless steel supporting structures which are bolied to the
cover of the plenum. Several different adjustable sluices, including some that are
porous, are used at the downstream end of the channel. They provide usable mean
channel velocities up to about 1.0 ft/sec.

Hot-water nozzles in the plenum are used to introduce vertical and transverse
temperature gradients and, hence, density stratification. Figure 30 shows schemat-
1eally the nozzles used to create vertical gradients; twelve such nozzles are actually
located in the plenum. Six simlar nozzles (not shown) are installed with their axes
vertical to create transverse temperature gradients. A filter consisting of screens
and a 3-in.-thick layer of pebbles 1s used downstream of the hot-water nozzles to
smooth the temperature profiles.

With the channel walls straight, the origin of the coordinate system used to
described points in the flow i1s at the Juncture of the tapered filter bed, the floor
of the channel, and the side wall nearest the observer {see Fig. 30); x 18 measured
in the downstream (streamwise) direction, y is measured transversely from the wall,
and z is measured vertically from the floor of the channel. With the channel walls

*8cott Industrial Foam, a product of the Scott Paper Company, Foam Division,
1500 East Second Street, Chester, Pennsylvania.
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curved, positions in the flow are described by z, by the local radius r measured
from the center of curvature of the channel, and by the running coordinate & measured
from the filter bed along the centerline of the channel in the downstream direction.

The central region of the channel away from the floor and side-wall boundary
layers and away from the free surface 1s the region of primary interest. The
gradients attainable in this central region vary with the Llocal tempgrature of the
water and with the shear-layer thickness. The approximate ranges of velocities,
temperatures, and gradients in tests reported herein were:

Local Veloeities: 0.02<V=0.5 ft/sec
Veloeirty Gradients: -3.5-<8V/az-<+ 3.5 sec™ L
Local Temperatures:* Wo<T <100 ¥

Temperature Gradients: 0 < 8T/8z < 300 deg F/ft

Use was made of the curves in Fig. 32 (derived from tabulated data 1n Ref. 15)
for calculating the Richardson numbers* for these flow conditions. The range of
Richardson number was from O to near infinity (for av/az approaching 0).

The Reynolds numbers per unit length in the channel vary over wide ranges due
to the wide ranges of both velocity and temperature. In the present investigation,
the minimum value was Re/fp = 1200 per ft for V = 0.02 ft/sec and T = 40 F; the
maximum was Re/y = 67,800 per £% for V = 0.5 ft/sec and T = 100 F.

The floor of the channel slopes downward slightly toward the sluice. Thus, scme
provision is made for the effect on the flow of floor boundary layer growth. Never-
theless, care must be taken to assure that observations are not influenced by this
boundary layer, particularly at low chamnel speeds.

Instrumentation and Test Procedures

Dye Tracing

Neutrally buoyant fluorescent dye¥* 1g used to obtain qualztative information
about the nature of the flow. It 1s an effective method for identifying the presence
of internal waves, vortices, and turbulence; 1t can also be used to determine the

* Ry = (-g/p)(0p/92)/(8/52)° = (-&/p)(ap/oT)(0T/02)/(8V/52)?; using the measured T,
p and BP/aT were determained from Fig. 32.

*+#Jranine concentrate powder in water; concentrate available from Sagamore Color &
Chemical Co., 82 Braintree Street, Alston Sta., Boston, Mass.
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wavelengths of internal waves. The dye i1s injected through 0.020-1n.-ID stainless
steel hypo tubes located immediately upstream of the tapered filter bed. The dye
gtreamers trace out streamlines in steady flows and streaklines in unsteady flows.
In the latter case, caution must be used in theirr interpretation (see discussion
1in Ref. 16).

Bubble Tracing

Measurements of the velocity profiles are made using the hydrogen bubble wire
technique. A volbage is applied to a 0.00l-1n.-dia platinum wire extending from the
channel floor through the surface of the water. Hydrogen bubbles are generated by
electrolysis. The voltage may be pulsed at 10, 5, 2, or 1.0 ¢ps to generate chains
of bubbles which drift downstresm with the flow. The local velocaty can be determined
by photographing the chains, determining the distance between chains from the photo-
graphs and dividing by the time between chains. At low speeds, only the chains
closest to the wire are used to prevent errors due to rising of the bhubbles. The

voltage can also be applied continuously to create a sheet of bubbles for flow
visualization.

Thermometry

All of the temperature measurements reported herein were made using a standard
submersible mercury-filled thermometer.
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APFENDIX II ~ METHOD ¥OR FITTING HAZEL'S THEORETLCAI VELOCITY PROFILE
TO DATA FOR "S-SHAPED" VELOCITY PROFTIES

This appendix describes the method which was used to fit the theoretical veloeity
profile of Hazel (Ref. 3) to the "S-shaped" velocity profiles obtained experimentally

in the UARL Open Water Channel. The theoretical profile was given DPreviously in
Eq. (6) as

VEESRA +(%!) sech? (Z—_-dzﬁ-) tanh (z_dzo) (21)

where the mean veloecity, Vg = (Vl + V2)/2, 1s ghown in Sketch C on page 12. The
minimum and maximum velocities of the profile, V; and Vo, respectively, are also shown,
Fitting Eq. (21) to a measured profile involves determining the constants b, AV, and d.
In the following development this will be done by matehing the velocities vV, ahd Vo

at 2z and z,, the shears at z) and z, (which are zero), and the mean shear, (8V/8z)o,
at zg of the measured profile to the theoretical profile of Eq. (21).

The shear can be obtained by differentiating Eq. (21) with respect to the vertical
coordinate z:

ovsoz = (%:—)0{[(!:“) sech’ (z;z")]-b} sech’ (%zj) (22)

In this equation, the following substitution was made:

Vi
(@737, = o4 (23)

A% z, the shear is zero, so Eq. (22) yields

sech(z,-zo/d) =/ _b_':-'t (2h)
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Substituting Eq. (24) into Eq. (21) provides an expression for Vy:

-btl
Vi S Vo + (-%!) bg b+n* (25)

Replacing Vo with (V, + V,)/2 in Eq. (25), yields an equation for AV as a function of
o 1 2

oL (26)

2o 2
T

AV = (V- V) (b+1)

Now, substituting AV from Eq. (23), (27 - 2,)/d from Eq. (24) and V, = (V; + V,)/2
into Bq. (25) results in

b +1

¥
[(z,-zo) /(V,*Vz)] (dV/ dz)y = -|2~ (orccosh (b—;-l-) ) b” (i:-l-l)h-r (27)

Using a similar development but with the condition that the shear i1s also zero at Zo
yields an expression that 1s similar to Eq. (27) except that zZ7 1S replaced by zp and
the right side of the equation 1s negative. Combiming this result with Eq. (27)
produces

£\ b 231
[(Zn' Zz)/(v,-vz)] (av/dz), = (orccosh (bgl )b 2 (b+1) ° (28)

The left side of Eq. (28) can be determined entirely from properties of the
measured profile., The right side 1s only a function of b. Therefore, the value of
b for a given profile can be obtained by plotting b versus the right side of Eg. (28)
and entering the plot at the value given by the left side of Eq. (284. After obtaining
b for the profile, AV can be obtained from Bg. (26) and, finally, d can be obtained
from Eq. (23). Thus, all of the parameters needed i1n Eq. (21) to describe the velocity
V as a function of z have been determined.
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APPENDIX III - PRELIMINARY STUDIES OF THE STABILITY OF
"THREE-DIMENSTIONAL", STRAIGHT, STRATIFIED SHEAR FLOWS

The primary purpose of this part of the fluid mechanies program was to perform
a prelimnary investigation of the effects of "three-dimensionality" on the stabilaty
of straight stratified shear flows. Such effects might be important in the atmosphere
vhere two-dimensiocnal flows are disturbed locally, as in flows influenced by a single
mountain or the blocking effect of a single thunderstorm cell.* It is planned to
study this phenomencn in more detail at a later date.

Summary of Experiments with "Three-Dimensional" Velocity Profiles

The results obtained from previous siudies of the stability of two-dimensional
flows having hyperbolic tangent profiles and "S-shaped" profiles formed the basis for
planning the experiments. The primary objective of the tests was to determine the
effects of "three-dimensionality" on the stability of straight, stratified, shear
flows. Particular objectives were (1) to determine if the initial disturbances were
wavelike as were those for two-dimensional hyperbolic and "S-shaped” velocity profiles,
(2) to determine methods for predicting their wavelength 1f the initial disturbances
are wavelike, (3) to observe the stages of breakdown, and (4) to determine the critical
value of the Richardson number for stabiriarty.

¥i1lter Bed Used to Develop "Three-Dimensional’ Velocity Profiles

A photograph of the shaped filter bed typical of those used to develop velocity
profiles in these tests i1s shown in Fig. 31. The filter provided no velocity gradient
(1.e., the same velocity at all heights above the channel floor) across the span of
the chamnel except in the center 1/3 of the channel span where a hyperbolic tangent
vertical velocity gradient was provided. The spanwise distance allowed for transition
from hyperbolic tangent wveloecity gradient to zero velocity gradient was large enough
go that horizontal veloeity gradients were very small compared to the vertical gradients.
It was estimated (using data from Ref. 1) that the distance required for a disburbance
produced by the horizontal gradients to grow to observable size was greater than the
chamnel length., Obgervance of dye streamers 1n the transition region verified that:
no digsturbance of the flow by the horizontal veloecity gradients was discernable.

*Tt 18 questionable whether the results of these preliminary studies sre applicable
to atmospheric flows since the transverse widths of the shear layers were sbout equal
to the wavelengths of the disturbances; such narrow shear layers might not occur in
the atmosphere.
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Summary of Experaimental Results

Velocity, temperature, and density profiles for typical flow condirtions are shoun
in Fig. 33. These data are for three different values of Richardson number: Ri =0
(Fig. 33(a)), Ri = 0.07 (Fig. 33(b)), and R1 = 0.14 (F1g. 33(c)). The velocity and
temperature measurements were made within 2 in. downstream from the filter bed on the
channel centerline. Tt was found that neither a hyperbolic tangent nor an "S-shaped"
profile was particularly representative of the experimental velocity profiles (thas
can be corrected in fubure experiments). The temperature and density gradients shown
in FPag. 33(b) and (c) indicate that the temperature and density vary approximately
linegrly through the thermocline which separates the two regions of the flow having
approximately uniform tempergtures,

Characterastics of the Breakdown of the Flow

Frgure 34 1llustrates the stages observed as the flow in the shear layer breaks
down. The four dastinet and repeatable stages which occur are simlar to those
observed in tests of two-dimensional flows having hyperbolic tangent and "S-shaped”
velocity profiles; dye traces i1llustrating the phenomenon are shown in the sketch and
1n photographs. The photographs were taken through the lucite sidewall (Fig. 30); the
flow 18 from left to right. The scale appearing in the photographs was immersed in
the flow close to the dye traces.

In Fag. 34(a), the flow appears undisturbed. Neither the dye traces nor the
hydrogen bubble traces show visual evidence of any perturbation.

In Fig. 34%(b), which 1s 7.5 in. further downstream, the center dye trace 1ndicates
the presence of a wave amplifying as 1t progresses downstream. The wave has a wave-
length of about A = 3.0 in. and an amplitude (half the distance from trough to pesk)
of about 0.1 2n. at this point. By placing dye probes at several transverse locabrons
1t was verified that the wave was only in the central portion of the channel and that
the disturbznce had transverse components. .

, In Fig. 34(ec), which 1s another 10.5 in. downstream, the waves have rolled up
into vortices. The cairculation of the vortices has the same sense as the vortieity
introduced by the shear --- the shear 1s negative in this flow condition, and all
the vortices rotated counterclockwise. These vortices grew slightly in size as they
drifted downstream. Their downstream drift velocity was found to be approximately
Vg, the velocity upstream at the center of the shear layer. The flow was also
determined to be three-dimensicnal at this stage.

Tn Fig. 34(d), which 1s another 41 in. downstream --- 62 in. downstream of the
filter bed --~ the vortices have "burst" and the flow appears turbulent.
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A summary of the results obtained in these tests i1s shown in Fag. 35. It was
not possible to find a theoretical criterion for the flow conditiong studied in these
tests and therefore the results were compared (Fig. 35) with Drazin's criterion which
was developed for two-dimensional flows having hyperbolic tangent veloeity profiles.
For each flow condition, the Richardson number was calculabed using the velocity
gradient, (8V/8z),, and temperature gradient, 9T/8z, at the center of the shear layer
from the profiles measured on the charmel centerline. The scale length 4 =AV/2 (BV/BZ)O
was calculated using the velocity gradient, (av/az)o, and the velocity difference AV
from the velocity profile; AV was based on maximum and minimum velocities in the vicinity
of the edges of the shear layer (Fig. 33). The wavenumber, « = EW/A, was calculated
using wavelengths determined from photographs of the dye traces. Thus, each flow
condition at which waves were observed ig rdentified by a point on the plot of ad
versus Ri. -

The symbols in Fig. 35 denote different flow characteristics that were observed.
The open circles denote conditions at which waves were observed; that 1s, waves appeared
and then were dampled out without making the trangition to vortices. The wavelengths
of these waves was between 1 and 5 an. The flags on the symbols indicate cases for
which the waves were intermittent or the wave amplitude was small. The half-solid
symbol denotes conditions at which waves transitioned to vorbices; that is, vortices
occurred and then were damped out without making the transition to turbulence. The
full-solid symbol denctes flow conditions at which the full seguence of events
occurred ~--- waves, vortices, and bturbulence. The crosses indacate condrtions at which
no waves of the type associrated with instability oceurred. At scme conditions
(indacated by (IW)), standaing long-wavelength (10 to 24 in,) waves occurred. These
long~-wavelength waves were 1investigated in some detail for two-dimensional flows and
were discussed 1n detail previocusly 1n this report. )

Examination of Fig. 35 indicates that, except for two cases, the dimensionless
wavenumbers for cases where instability was observed are in agreement with Drazin's
stability criteria for two-dimensional flows having hyperbolic tangent velocity profiles.
In two cases for which instability was cbserved the dimensionless wavenumbers vere
greater than 1.0. This 1s not unexpected since the veloecity profiles were somewhat
"S-shaped". Theoretical studies by Hazel (Ref. 3) and expsraimental studies discussed
previously in this report indicate that the dimensionless wavenumber, ad, can he
greater than 1.0 for "S-shaped" velocaty profiles. However, the data also indicate
that the critical value of Richardson number for neutrally stable flow may be somewhat
less than the two-dimensional value of (0.25. In several instances stable flows were
observed for which the Richardson number was between 0.08 and 0.20., There was some
overlap 1in the data; 1n one instance stable flow was observed for Ri as small as 0.058,
however, in three instances instability was observed for Ri as large as 0.06 %o 0.075.
For the unstable cases, damped vortices were observed in one case, small-amplitude
waves In a second, and small-amplitude intermittent waves in the thard. Further tests
are needed before thig appareunt inconsistency 1n the resulis 1s wderstood.



TABLE Y

CHARACTERISTICS OF EXPECTED AND OBSERVED SHORT-WAVELENGTH WAVES
ASSOCIATED WITH CAT TN LER WAVES AND OVER THUNDERSTORMS

FXPECTED WAVELENGTH, Ag = (27/v3) 24

EYPECTED WAVES OBSERVED WAVES
Based on A(3V/AD) Baged on 2AV/az)
Short Waves Short Waves
Stable layer lean Expected Likely? Likely? Anplitude
and Rowinsonde  Altitude, 0 Thicknens, An( ); Iccabion dn A1, Ry (RYyy <0 25) |{Riyry  (RYymp< © 25) |||skort Waves Aoy Iecatlion in  of Long Waves] Data Shown on
Cose Statfontek i deg K 24 - % nmd Long Waves t Cbserved? fmi, Long Waves ar-ft Figures
LEE VAVES « HICAT
TEST 26%, RUN 16 1.1CC 63,37 50 &80 o5 trough 7 ok no Q13 yes 1,000 13 ik
ucc* 63,370 wro &80 05 crest 03 o011 yes 0 05 yes crests 1,000
2-UCC 57,9589 4kg 1,050 08 trough 9T 102 no 037 no yes 0,1-1 0 and, 1,000
3=DEN 60,067 461, 870 06 - o0 0 6L no 015 yes troughs 1,000
DEN* 60,067 161 870 06 trough 8L 036 no 012 yes 1,000
TEST 267, RUN 8 1-ABQH 52,625 Los 750 06 trough 018 ~A | K yes 0406 15 16
RUN 9 1-ABQH 52,625 Los 750 D& trough 018 0305 T
RUN 28 2-REQ# 56,350 las 500 0T crest 162 yes [o 8-1 5
3-ABQ* 56,875 L3k 150 01 crest 1500
TEST 282, RUN 2 1-GBY 58,300 433 2,100 15 trough 57 o7 no 0 a9 no yes ‘o 2-1 0 [trough 1,000 17 18
2-GBY 53,125 10 2,250 15 trough 17 3 151 no 165 no 1,000 afd
LEE WAVES-COLORADO
1 {I-GJT 60,150 g 5,200 38 trough g22 17 ne ok no yes {z 0-4 0 {cres'l: and 1,000 19 ayd 20
Februery 13, 1970 3-DEN 61,250 458 2,750 20 crest 8o 1 no 0 38 no trough 1,000
{h-DEN 55,700 4zo 1,200 09 crest 2,000 39 no Lo no no 1,000
5-DEN 48,750 386 i, 300 iz trough 10 4 6 no 35 no} 500
3 { 2-6J7 36,825 333 4,150 30 crest wh 35 no 13 no no 500
6-DEN 35,575 330 1,556 11 cvent 63 19 no 89 no 300
February 17, 1970 L-GJi 62,400 g 2,800 20 trough 218 o099 no 0 26 no 800 2] and 22
1 ¢5-DEN 66, TS hos 850 06 - L, 000 - no - no } no
6-DEN 62,175 456 1,850 Lk trough L1687 1 59 Bo o ko no 800
‘ T-DEN 60,825 b3k 850 06 trough 6,550 010 yes ooz yen 800
2 {g-pEn 60,125 b2k 450 03 crest 330 02y Bo 0 o7 :res} ves {1525 ftrough 800
9-DEX 61,525 his 3,150 23 {rough 500 015 yes o ok yes 800
2-GTR 19,200 383 2,000 L5 trough 12 *069 Do L1 no 2,500
3-RIG 51,200 373 3,700 2T trough 13 070 no O Uk no 1,500
heRIG 26,050 32 500 03 creat 82 26 ro 13 no no 1,800 i
10-DEN 51,625 386 50 06 trough 25 112 no 062 no 1,500
11-DEN 50,375 3 1,750 13 trough Leéh 1h5 no 068 no . 1,500
12-DEN 33, 700 336 800 06 crest T 2 93 no 153 no 1,800%%

*  Temperatures from rewlnsonde gt indicoted station and winds from eircraft dato
* o 13 sseumed emplifude based on neavest isentrope

¥ Rawinsonde Stations  UCC-Yucea Flats, PEH-Denver, ABQ-Albuguergue, GBY-Granby, GJT-Grand Junction, RLG-Kremmling, AMA-fmarillo, OKC-Oklshema City, ond MEHO-Hownrd Air Forte Pase (Panamn)

{Contimed)



TABEE I

~CGITINUED-
EXPECTED WAVES I OBSERVED WAVES
Dased on Al8v/az) Tesed on 2A[V/ - z)
Short Woves Short Waves
Stoble Layer Mean Cxpected Likely? Likely? Amplitude
. nnd Bawineande  Altitwde,  Teickuess, Mi( ), Ietatton in  RE, | Riyry  {Rlypy<0 25) | [Biymy  (Riype<O 25)|||short Waves Mo, tocotion in  of Long Waves| Data Shown on
, Cbase Statdonsix by deg K 24 - It ol Long Waves 11 _Observed? omt Long Waves a~ Tt Flgures
LEE WAVE>-COLORATQ
CONTTAIED
1-GJIT 81,360 621 5,220 38 crest 1,8 019 Yes 0 05 yes 1,000%# 23 and 2h
Februgry 18, 1970 2-GJT 70,465 538 6,530 L 8 trough 57 o kz no 01l yee 1,000%%
3-GJT 65,075 L8l I, 250 31 trough T0 10 no 029 ro no data 1,000%%
L ¢ h-GIT 68, 3k0 514 10,780 79 trough Wb o9 no 0 26 no 1,000%
20-DEN 67,925 517 1,350 10 trough 19T oéL no 016 yes 1,000%%
21-DEN 66,910 505 680 05 trough kg o055 no 015 yes 1,000%%
22-DEN 47,585 513 2,090 15 trough 85 068 ne ¢ 19 yes 1,000%%
5-GJT 5T, TCO Yo 1,800 13 trough LT 12 no 051 1o 1,000%%
6-GaT 48,615 384 2,170 18 erost 5,800 L no 15 no 1,000%*
T=GJT 32,325 ks 350 03 crest 215 1 1o 17 tio 1,050
12-REG i, 935 365 T30 o5 ‘trough T0 139 no 0 oh no ro 1,000
2 { 23-DEN 63,895 Wrr 1,236 09 trough 23 0 85 no 026 ro 1,000
24-DENN 56,565 ka6 1,5% 15 troagh 14 33 no 143 no 1,000 i
25.-DEH 51, Tho 397 1,34 Lo trough g3 ho no pes tio 1,000
26-DEN b5, 820 379 2,h80 18 trough 89 ¢ no 2 88 no 1,000
o7-DEN 4,165 369 330 a2 trough 8¢ 52 no 3 46 o 1,000
8-gJT o7, k10 327 1,060 08 erest i1 5k no 28 no 1,050
S=GJT 26,615 317 650 o35 ereat 36 17 no 096 ro 1,050
-Gy 27,245 321 1,70 12 crest 67 29 no 16 no crost 1,050
g J M-REG 26, 700 328 1,400 10 crest 20 1 no L1z no yeos 15.2 5 and 1,050
15~RLG 25,875 320 250 oz crest 2l 2 33 no 137 ro trough 1,050
28-DEN 28,145 329 1,310 L0 exest 13 0% no 019 no 1,050
29-DEN 27,245 320 1,090 o8 crest 23 14 no 0 95 o 1,050
30-DEN 27,900 323 2,500 18 crest 17 123 ne 092 o 1,050
f L3-RIf 24, TS 315 5,250 38 erest 18 g8 o 058 ro | 1,050
L 116-RIg a5, 200 316 1,100 03 crest 06 0 52 no ohs no no 1,050
17~RLa 24,125 309 1,050 08 erest 05 0 ka2 no o 3% no j 1,050
11-63T 23,255 299 690 05 eregt gaok 903 yes o 03 ves 1,350
5 J18-RLG 2,875 303 1,450 11 crest 13 0 95 ro 065 no yes 0525 crest 1,350
19-RLG 19,550 293 900 o7 crest ko L 36 no 0 62 1o 1,350
31-DEN 28 1o 299 80 06 crest: a3 023 Jeu 016 yas 1,350
THUNDERSTORMS-HICAT
TESP 158, R & 1-AMA¥ 55,600 18 1, ko0 L0 trough 95 NA HA 06-09 25 ard 26
RUN 12 2-AMA¥ 54,000 hor 1,450 10 trough L5 T } yes 10-16 .
RUH 13 J=AAE 5h, 600 koo 2,850 20 Hrough T0 040 5
TEST 202, KUN 8 LaOKC# 61,100 k50 1,800 13 erest 25 019 yes 0 o7 yes yes {0 b o {crebt , 1,300 a7
2-CRC* 57,250 b8 2,100 15 traugh 173 0z yos [Rv] yes } 1,300 4
TEST 233, BUN 3 1-MBHC* 5l 850 396 5 1,700 12 orest 027 o, HA
2BHOR 52,250 376 1,300 10 ‘trovgh 52 NT r l M[ } yes {J. 63 7 Ta
3-MBHCH 53,700 37T 4,000 29 trough 55

* Teuperatures from ravwinsonde st indicated stubtion and winds from niveraft dato
** g ip syswned amplitude Lased on neerest isentrope
4% Ravinsonde Stations  UCG-Yucea Flots, DEN-Denver, ABQ-Albuguerque, GBY-Granby, GJT-Grand Junction, RIG-iremmling, AMA-Amarillo, OKG-Oklahoma City, and MBHO-Howord Adw Force Base { Penoma )



DIMENSIONLESS WAVE NUMBER, a d

COMPARISON OF WATER CHANNEL RESULTS FOR HYPERBOLIC TANGENT
VELOCITY PROFILES WITH DRAZINS CRITERION FOR STABILITY

AR R T R e e e e e LR e A ESEE: E3SRRIRAEE GANEY SRRR3 ER AR 4 SRan0 2g

FLOWS DEVELOPED USING TWO- DIMENSIONAL CONTOURED FILTER BEDS.

LEE I“""

SMALL-AMPLITUDE WAVES
SUPPRESSED WAVES

WAVES TRANSITION TO VORTICES

WAVES TRANSITION TO VORTICES

AND TURBULENCE

;i1 Q. INTERMITTENT WAVES
)
@
X

LENGTH WAVES OBSERVED WHERE

NO INSTABILITY OBSERVED (LONG-WAVE= -

INDICATED BY (LW) )

T4 14491 |“,..|:,I, 198 FEn.
! !

RICHARDSON NUMBER, Ri

FL—E9S0L6r

L "9Id




J910563-14 FIG. 2

TYPICAL STAGES OF BREAKDOWN OF FLOW IN SHEAR LAYERS HAVING
“S—SHAPED" VELOCITY PROFILES

Vo - 0.07 FT/SEC (AV/dz), = —0.80 SEC ™'  (3T/dz)g =0

FLOW
- 0 > S-URFACE—Z 6IN.\

e W O o 0 W 0
s ~
»L?’S:’c

T ;'TT[//!//////’IIIIHFHIIQIHIIII
FLOOR - z=0

(a) x 8 IN. — UNDISTURBED (b) x =36 IN. — WAVES

AITTT

() x 60 IN. - VORTICES (d) x =70 IN. - TURBULENCE




I J910563-14 FIG. 3
TYPICAL “‘S" VELOCITY, TEMPERATURE AND DENSITY PROFILES FOR SHEAR-FLOW

EXPERIMENTS IN WATER CHANNEL
— — CORRESPONDING PROFILE IN HAZEL'S THEORY
] SEE EQS. (6) AND (8) FOR THEORETICAL VELOCITY
() Ri =0, b-0.8 AND DENSITY PROFILES
Bk I
Q 0
Rl L Z
I N - 0,0 sec-!
4 dz = =
l = = g ——— ﬂ =0 = _a_p_ =) ——=
dz =
DEG F/FT
' 2+ = -
1+ - b
(o} (o)
I 0 | 1 I 1 1 I L L I ] I !
0 0.02 0.04 0.06 0,08 0.10 0.12 0.14 30 40 50 60 70 1.937 1.938 1.939
VELOCITY, V - FT/SEC TEMPERATURE, DENSITY, p - SLUGS/FT?
: =
I Z (b)Ri =0.014, b =0.3 DEG ¥
|
N
i: : £
o
o
- |
|18 s —
I £
w
=
Zz £ EX
<
- -
I O
> - [35DEG F/FT| [T -0.16X 102 \
Q (SLUGS/FT° )/FT \
< i =L
i:
=
% 0 1 | 1 I ] I | I L | |
I r 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 30 40 50 60 1.937 1.938 1.939
VELOCITY, V - FT/SEC TEMPERATURE, DENSITY, p - SLUGS/FT?
(e)Ri =0.5,b=0.4 T-DEGF
I - ‘
\\
) : B
4+ o e
_1_/ -0.35X 10!
l SRS — (SLUGS/FT®)/FT
Q 254 DEG F/FT
2= L o
i !
T [ =
l 0 L | 1 1 1 ? I I | I I
0 0.2 0.04 0.06 0.08 0.10 40 50 60 70 1.932 1,934 1.936 1.938
VELOCITY, V - FT/SEC TEMPERATURE, DENSITY, p - SLUGS/FT?3
I T-DEGF




J910563-14
COMPARISON OF WATER CHANNEL RESULTS FOR *‘S-SHAPED'' VELOCITY
PROFILES WITH HAZEL'S CRITERIA FOR STABILITY

DIMENSIONLESS WAYE NUMBER, a d

4.0

3.6

3.2

2.8

2.4 ?

1.6

FLOW DEVELOPED USING TWO-DIMENSIONAL CONTOURED FILTER BEDS
SEE EQS. (6) AND (8) FOR THEORETICAL VELOCITY AND DENSITYPROFILES

FIG. 4

5 B Fihat] i [+ | R4 ERTTHT HtzasRis cRad RIS TR L i e i
S T8 O VYRS 0 N 0 L i SYMBOLS
T !__J.._. : o {3 : H | S ————— frres]
Lok ] R B O R R | O SMALL-AMPLITUDE WAVES*
i o 1538 Dl A Y | .| ® WAVES TRANSITION TO VORTICES it
? i ; i i | .|"@® WAVES TRANSITION TO VORTICES AND :
| 12 XL, ! |
@ 52,0 ; 5 [RBAHER R | TURBULENCE
it g D S T 39853 K351 LR i ! 5 T
i A1 <t ENE NS4 dpei RFES cEval L] Wi Etad M w1l X NO INSTABILITY OBSERVED (LONG~
; >£ 2 e e i ; i ' | WAVELENGTH WAVES OBSERVED WHERE
T b g e I LT[ INDICATED BY (LW)
i ettt Ty —— T
FEd et el 5] ,‘ 1 " % NUMBER NEXT TO SYMBOL IS EXPONENT b . ']
g ' ) e B | ]| INEQUATION FORHAZEL'S -
: 4 13 3 i i 7101 THEORETICAL VELOCITY PROFILE;
i R RSl - j ! ‘ i
11 i | l | e SEE EQ. (6)
'é'— i “i- I l : -i-. ‘”T-— % i i -'"‘F-- 2 :\-'Z.I- 4 | [:: : ey :
| ! J 804 EOOPL IHEN el | | __mw%_;_r_ i ERAE] Etb o St S st 0
I MY
ey | | i i) Hix Rt R O B O T
[ T FOEE] JEEST EOER 3681 00! EOEEI B : I 51 B R ; |
i i i R B T P B S
ThE "i CEEE FECH ER taal phecs tER LR BN DR
! ! ’ | ,[ e |
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FETH MR T30 EruEl el BN R I 5
‘ : 1 : :T ‘ | E__j_ - ﬂjr,u.‘__*
4 SR RS (228 ;E.._wl_'-. 3 RS T DR00Y FRERYRRTS] DO URREt EVer P W 0
i 15 161 ST 0 B 00 s e , ;
: _1 t | ! ' | i e
>2.0] 1 : - NEUTRAL STABILITY BOUNDARIES ACCORDING | |
" s 1 Mot et . ‘rro HAZEL'S CRITERIA (DASHED BOUNDARY
>2-°——-——L~%ﬁ ~ — EXTRAPOLATED FROM HAZEL'S = g sl
| L ITHEORETICAL RESULTS) { }
I I et DA i
= —l 1 e ey e
r UNSTABLE Al e I R R |
b Rl =0 BpEe | b b Tapeeds i =l L5 | |
! g [ | 1 |
i i_\ H t Y 1 e _+- & _}"--V 4‘ T TR i~
‘ ' | !
i i g l i :
£ T o S . S0 SSE RS S LU CO
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RICHARDSON NUMBER IN A
(a) SCHEMATIC DIAGRAM OF FLOW CONDITION

MAXIMUM SHEAR,
Riy,n AT CREST

2d

B e

EFFECT OF A LONG-WAVELENGTH WAVE ON THE MINIMUM

SHEAR FLOW

e |
o

=T
-

|

Q
N

e

UPSTREAM VELOCITY AND
TEMPERATURE PROFILES

2

Ny

2
a
- (NM2 - nz) -—]
vo

Ay /2 -

EDGES OF SHEAR LAYER
IN LONG-WAVELENGTH WAVE

(b) EFFECT OF TEMPERATURE GRADIENT AND INITIAL SHEAR ON Ri ,, IN WATER

Yo =0.10 FT/SEC
To =60 DEG F
a=0.05 FT

1.2

2
ALw=°°("k\2 > n )

Apw=20FT
—_—— ALW =00

/- \ (3V/dz) _ | = 0.5 SEC ™!
~ l ’ °|

—

\

—

\-.

—
=1
/<o 1.0 SEC

0.4

/ /—RiMIN:Q.ZS

=
| — -

—_——

/-2.0 SEC !

—

0.2 £

n =

MINIMUM RICHARDSON NUMBER, Riyy

2 2 .
n“=0.1 N, ,)\Lw— 20FT

0 -

Miee ok =BT

0 500 1000

1500 2000
TEMPERATURE GRADIENT, 9T/0z - DEG F/FT

FIG. 5




J910563-14 FIG.6

WATER CHANNEL RESULTS SHOWING EFFECT OF A LONG-WAVELENGTH WAVE ON THE
LOCAL RICHARDSON NUMBER IN A SHEAR FLOW

Vo =0.04 FT/SEC Rig=25 (dV/dz), = 0.26 SEC )

SEE FIG. 7 FOR VELOCITY, TEMPERATURE, AND DENSITY PROFILES
FLOW

——

SURFACE -
x:07 [: 6 IN.
- |
—

I I | |

MG 1.6 IN.
}'-—I\Lw = 15.5 IN

CEEETEEEREREEEEEEEETEEEEEEEEEEEEEEEEEEEN \\\\\\\\\\\\\‘\\\\\\\\\\\i—\\\\ N
FLOOR -
z=0

(a) x = 12 IN. — CREST (b) x = 19.5 IN. = TROUGH

dV/dz = 0,42 SEC™', JT/Jz -~ 90 DEG F/FT, Ri=1 dv/dz = 0.11 sec“q, dT/dz = 105 DEG F/FT, Ri= 14

(c) x = 27.5 IN. — CREST (d) x =35 IN. - TROUGH
IV /dz = 0,24 SEC™, dT/dz = 97.5 DEG F/FT,Ri=3 dV/dz = 0.08 SEC™ ! dT/dz = 84 DEG F/FT, Ri =27

' 1
Do M AM GV

Caa
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HEIGHT ABOYE CHANNEL FLOOR, z - IN.

FIG. 7

TYPICAL VELOCITY, TEMPERATURE AND DENSITY PROFILES FOR FLOW
INA LONG-WAVELENGTH WAVE
SEE FIG. 6 FOR PHOTOGRAPHS OF FLOW
V, =0.04 FT/SEC, (3V/Bz) o =0.26 SEC™! , A y=1551IN., a=0.8 IN.
(a) VELOCITY
CREST — TROUGH — CREST- TROUGH —
. x =12 IN. x = 19.5 IN. x = 27.5 IN, x = 35 IN.
l e
\ llsll
5 \\'gOFlLE
5 \ b=20
rY 0.24 sEC”" 0.081 SEC™
K
ovV/9z =
o
21— 0.42 SEC 0.1 sec ™!
L= \
0 - irend 0 Pl o g Jite i T AN
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.2 0.04 006 0 0.02 0.04 0.06 0.08
(b) TEMPERATURE VELOCITY, V - FT/SEC
]
5 84 DEG F/FT
105 DEG F/FT 97.5 DEG F/FT
4
3
2 aTr’al =
I 90 DEG F/FT
: 1 i 1 ]
40 50 40 50 40 50 40 50 60
(c) DENSITY TEMPERATURE, T - DEG F
6 0
dp/ 9z = ~0.0096 ~0.0109 -0.0100 -0.0080
5 (SLUGS/FT?) /FT (SLUGS/FT3)/FT (SLUGS/FT3)/FT (SLUGS/FT° )/FT
4
3
2
1
0 | I | |
1.9369 1.9377 1.9369 1.9377 1.9369 1.9377 1.9369 1.9377 1.9385

DENSITY, p - SLUGS/FT"
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COMPARISON BETWEEN MEASURED AND PREDICTED VALUES OF

MEASURED WAVELENGTH, (A y),, - IN.

AMPLITUDE AND WAVELENGTH OF LONG-WAVELENGTH WAVES

DATA FROM UARL OPEN WATER CHANNEL
(a) AMPLITUDE
a=2V, /Ny FOR7=Ny/n >> 1.0 (PHILLIPS - REF, 4)

Sl nm/up=].0—\//

~ IN.
&

o 1.6
u
e L2 // On=17 / B
wd
o
i 0.8 / ]3(925 ’_/0’(3 ) )
m & 0‘2/09/ S %021
g .4—-/ 3.20'
— olLs ©
2 1.1
a3 Jerih Vg AJURS Rl g S S
=

D =04 08 1.2 K& 20 28 2.8 32 36 4.0
PREDICTED AMPLITUDE, a, - IN.

(b) WAVELENGTH

Py sz 2
Ay w P"_l) P i) (HAURWITZ - REF. 5)
¥ py=-m) Va/ Py
28
ALwn/ALw)p = 1.0 /
24— P ‘\/ 0.5\
-4 - Sl
20 — 7 e e o
/
» & A 4 e
sz 2 ¥
g Ve s
12 / <o]e] O}O (o]
@ /
81— /g o) A
O

P

4 o Pl
Vi
/
I Yo AW ST M (NS T, TN ) S [N s
0 4 8 12 16 20 24 28 32 36 40 44 48

PREDICTED WAVELENGTH, (A ), -

FIG. 8



J910563-14 FIG. 9

COMPARISON BETWEEN MEASURED AND PREDICTED VALUES OF WAVE SHEAR
IN A LONG-WAVELENGTH WAVE

SHEAR PREDICTED USING PHILLIPS' THEORY (REF. 4)

—(a/Vg) (N2 —n?)

|a @v/o

MEASURED WAVE SHEAR GENERALLY BASED ON FIRST HALF WAVELENGTH
OF LONG-WAVEL.ENGTH WAVE

DATA FROM UARL OPEN WATER CHANNEL

1.0
/o
'TU B / o
5ol - /
e /S
S /
©
T s yd
o /
=z — .
T /
g 0.4 — . /
=
o — Q0 /
il
oz /
2 02k o°
m /
2 @
B yoo o
o R D R TR RN R R SO T
0 0.2 0.4 0.6 0.8 1.0 12

PREDICTED WAVE SHEAR, |A (9V/92)| ,— SEC™"
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EFFECT OF WAVE AMPLITUDE RATIO ON STABILITY BOUNDARIES FOR
SHEAR FLOWS IN LONG-WAVELENGTH WAVES

DATA FROM UARL OPEN WATER CHANNEL

LONG-WAYELENGTH LET- | INsTABILITY
SYMBOL{  ywaAvE OBSERVED? TER OBSERVED 5
v 2
A(—)zN _ﬂ_)
o YES W WAVES =)= "M {7
a’V,
° NO v VORTICES
T TURBULENCE
3.2 wy ~ 0.42
*DENOTES WAVE—INDUCED
SHEAR INSTABILITY SUSPECTED
3.0 |~
NEUTRAL STABILITY
% BOUNDARY FOR a/V, =0
wv w1
@ 0,42
n Wy T UNSTABLE FOR o/Ve > 0.5,
e @ STABLE FOR o/Vg =0
vy
2017 £ ow UNsTABLE EVEN 0 Ve - 0.50
P WITHOUT WAVES (Ri, < 0.25) .
o
S W
L e}
o Voo 40 UNSTABLE FOR o/V, > 0,75,
] 15 - Wve o STABLE FOR a/V, < 0.5
I »
3 LAY
VgO i
= W @5
- ®
Z To
= 1.20 UNSTABLE FOR o/V, > 1.0
& STABLE FOR o/V, < 0.75
i1 W'Fo 0,95
3 10 g WVT
~ ® e a/Vy = 0.75
J1]
5 W*olud5
3
0.44
4 // ©
= %
0.5 |- V4 147/
/ o 00.98
g/ 090 078  UNSTABLE FOR a/V,> 2.0
A/ ey
- 0.86 O1-80 00.50 STABLE FOR o/V_< 1,0
8,0.98 O
O 01.25 0.78
FLOW STABLE FOR 0/Vg < 2.0 a/Vo=2,0 Ve 10
0 ¥ ! . 1 °
0 0.5 1.0 1.5 2.0

BRUNT-VAISALA FREQUENCY, N — SEC ~!

FIG. 10
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FiG. 1

EFFECTS OF LONG-WAVELENGTH WAVES ON STABILITY

OF ATMOSPHERIC SHEAR LAYERS

(a) SCHEMATIC DIAGRAM OF FLOW CONDITION

MAXIMUM SHEAR,
Rigin AT CREST

2d~\

v T
- ' To
T &) "
dz dz
- o -

ALy/2 =

EDGES OF SHEAR LAYER
IN LONG-WAVELENGTH WAVE

UPSTREAM WIND AND TEMPERATURE PROFILES

(b) EFFECT OF LAPSE RATE AND SHEAR ON Riy, FOR TYPICAL WAVE CONDITIONS

1.0

2

Ny

+ N

2
M

[ =]
.
o]

(=}
-
(=]

o

L]

-
1
|

MINIMUSM RICHARDSON NUMBER, Riy iy
o
N

0.004 SEC™!
(2 KTS/1000 FT)

U@

o =3000 FT, Vg = 30 KTS, To =213 K

G2,

= 0,002 SEC™ {1 KT/1000 FT)

0,02 sSEc!
(12 KTS/1000 FT)

-3

-1

0 1

ENVIRONMENTAL LAPSE RATE, dT/dz — DEG C/FT




J910563-14 F1G. 12

PREDICTION OF UNSTABLE WAVELENGTHS IN ATMOSPHERIC
SHEAR LAYERS USING DRAZIN'S CRITERION

UNSTABLE RANGE- V1/2 ~V1/4 -Rsy < ad-= -Ri 2d < VI/2+ V74 R

{a) R1 =0.25 (b) Ri =0.20
6 &
A=2T.0yg
5 |- 5 Vz
—_ A= 2T .2 4(FT) -
= 3 =
4 prd
I 4 1 4
= = SdTABiu-iza E
':!_:' STABLE = lad < 0.526)
6 31 (@d <Vi/2) o 3
=z =z,
i 4
§ 2 w2
STABLE
g @d >V 5 STABLE
1= [ {ad > 0.851)
0 S SN N R 0 I B R S
0 1 2 3 4 5 6 X 10° 0 1 2 3 4 5 6x10°
SHEAR-LAYER THICKNESS, 2d - FT SHEAR--LAYER THICKNESS, 2d - FT
{c) Ri = 0,10 (dYRi=0
& 6
5l STABLE 5 |—
= d < 0.336 =
Z fa ) A=2T24 =
1 4 - i 4
< - UNSTABLE .
£ = e
b - =
z 2 A= 24
V1] i \/5
i3] 11 ]
2 2
STABLE
= | = » yd STABLE
1 (zd > 0.941) 1 / @d > 1
0 L1 L1 : 0 A N B B
0 1 2 3 4 5 6 X 103 0 1 2 3 4 5 6 X 103

SHEAR-LAYER THICKNESS, 2d - FT SHEAR-LAYER THICKNESS, 2d — FT



PRESSURE ALTITUDE, z - FT

67 X 103

59

57

ISENTROPE FOR PROJECT HICAT TEST 264, RUN 16

CAT ASSOQOCIATED WITH LEE WAVYES
2323 GMT NOVEMBER 30, 1967
AIRCRAFT HEADING APPROXIMATELY 20~70 DEG TQ WIND
{ISENTROPE esrees FLIGHT PATH A, TURBULENCE REPORTED
SEE FIG. 14 FOR WIND AND TEMPERATURE PROFILES

Ay =0.1-0.2 NM Ay =0.2-1.0 NMI A =0:2-0.7 Nl
| | | 1 | 1 I | ! |
6 8 10 12 14 16 18 20 22 24

DISTANCE ALONG FLIGHT PATH, x — NM!

v1—E95016r

£l "OI1d



J910563-14

FIG. 14

WIND AND TEMPERATURE PROFILES FOR PROJECT HICAT TEST 264, RUN 16

0000 GMT, DECEMBER 1, 1967
FROFILES FROM RAWINSONDE DATA

. )LE=(2ﬁ/\/2)-2d
AE DENOTES WAVES UNLIKELY TO OCCUR
SEE TABLE T FOR ADDITIONAL DETAILS

(a) YUCCA FLATS

70 X 103 70 X 103
w FLIGHT LEVEL = = 480 K
| - I _L
2] N — -
5 (=] g
2 =]
T ': *
i WIND PRO— i Ae(yy = 08 NMI
b7y FILE FROM < .
v 50| AIRCRAFT w 50
2 FLIGHT DATA =
o NEAR GRAND 4
E JUNCTICN o
[« 9
A0 1 i I i 40 ] t
0 20 40 60 80 100 -80 -60 =40 -20
WIND YELOCITY, V — KTS TEMPERATURE, T - DEG C
(b) DENYER
70 X 103 70 X 103
APPROXIMATE =
= _
“1- FLIGHT LEVEL "l' G-40K
N N —— —
g‘ 60 [~ § 60— _K—STABLE LAYER
= = Ag(q) = 0.6 NMI
- =
a |
b <
w50l & 50
) 2
[72]
v (7]
L o
& o
40 I i 1 | 40 | i
0 20 40 60 80 100 ~70 —60 -40 ~20

WIND VELOCITY, V¥ - KTs

TEMPERATURE, T - DEG C
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PRESSURE ALTITUDE, z - FT

ISENTROPES FOR PROJECT HICAT TEST 267, RUNS 8,9, AND 28
CAT ASSOCIATED WITH LEE WAVES
DECEMBER 1, 1967

ISENTROPE eses FLIGHT PATH AAA TURBULENCE REPORTED
SEE FIG. 16 FOR WIND AND TEMPERATURE PROFILES

{a) RUN 8 (0328 GMT)
AIRCRAFT HEADING APPROXIMATELY 75 DEG TO WIND

0 =404 K

52 X 103

51

Ao = 0,4-0.6 NMI
50 I ! [ | l

(b) RUN 9 (0333 GMT)
AIRCRAFT HEADING APPROXIMATELY 105 DEG TO WIND
52 X 10°]

sseseesenns
AR TYFTEYY L LR

FIG. 15

51 =
)Lo = 0,3-0.5 NMI
50 1 | I I | | [
0 1 2 3 4 5 6 7
(<) RUN 28 (0453 GMT)
AIRCRAFT HEADING APPROXIMATELY 135 DEG TO WIND
57 X 103
f=422,5K
56 )
..............O‘.-m
ho = 0.8~1.5 NMI es
55 l | | | i ! re*

0 2 4 6 8 10 12 14
DISTANCE ALONG FLIGHT PATH, x — NMI

16



PRESSURE ALTITUDE, z - FT

WIND AND TEMPERATURE PROFILES FOR PROJECT HICAT TEST 267, RUNS 8,9, AND 28

(a) WIND — FLIGHT DATA (0312-0545 GMT)

60 X 10°
58
56
54
52
50
48
46

44

DECEMBER 1, 1967

PROFILES ARE COMPOSITES OF AIRCRAFT AND RAWINSONDE DATA

Ag =@w/Fr24d

SEE TABLET FOR ADDITIONAL DETAILS

tedbtssenee

APPROXIMATE FLIGHT
LEVEL FOR RUN 28
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62 X 10°
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ISENTROPE FOR PROJECT HICAT TEST 282, RUN 2

CAT ASSOCIATED WITH LEE WAVES
2212 GMT FEBRUARY 19, 1968

AIRCRAFT HEADING APPROXIMATELY 22 DEG TO WIND

ISENTROQPE

vesseves FLIGHT PATH “MVVAA TURBULENCE REPORTED

SEE FIG 18 FOR WIND AND TEMPERATURE PROFILES
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WIND AND TEMPERATURE PROFILES FOR PROJECT HICAT TEST 282, RUN 2

BASED ON DATA FROM DR, DK, LILLY OF NCAR
GRANBY 2000 GMT, FEBRUARY 19, 1963

PROFILES FROM RAWINSONPE DATA
Ag=(2n/y22d) AL DENOTES WAVES UNLIKELY TO OCCUR
SEE TABLE TFOR ADDITIONAL DETAILS

{b) TEMPERATURE
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ISENTROPES FOR COLORADO LEE WAVE CASE OF FEBRUARY 13, 1970

BASED ON DATA FROM 1970 LEE WAVE D3SERVATIONAL PROGRAM
1300~1600 GMT
AIRCRAFT FLIGHT PATHS APPROXIMATELY PARALLEL TO WIND
- |SENTROPE sesesessFLIGHT PATH AAAAN TURBULENCE REPORTED

SEE FIG. 20 FOR WIND AND TEMPERATURE PROFILES
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WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 13, 1970

1200 GMT
FROFILES FROM RAWINSONDE DATA

g= 2w/ V224 X% DENOTES WAVES UNLIKELY TO OCCUR
SEE TABLE TFOR ADDITIONAL DETAILS

(o) WIND - GRAND JUNCTION (b) TEMPERATURE — GRAND JUNCTION
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PRESSURE ALTITUDE, z - FT

WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 13, 1970

(c) WIND — DENVER
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FiG. 21

ISENTROPES FOR COLORADO LEE WAVE CASE OF FEBRUARY 17, 1970

e SENTROPE *= <+ FLIGHT PATH AN TURBULENCE REPORTED
SEE FIG, 22 FOR WIND AND TEMPERATURE PROFILES
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PRESSURE ALTITUDE, z - FT

WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 17, 1970
PROFILES FROM RAWINSONDE DATA
Ap =/ f2)-24d Mg DENOTES WAVE UNLIKELY TO OCCUR
SEE TABLE I FOR ADDITIONAL DETAILS
(a) WIND — GRAND JUNCTION (1200 GMT) (b) TEMPERATURE ~ GRAND JUNCTION (1200 GMT)
70 X 10° 70 X 10°
STABLE LAYER
£ A'E (1) = 2.0 NMI
A
60 - : 60 f
APPROXIMATE
RANGE OF
AF RB=57F *
FLIGHT LEVELS [Aeu): 1.5 NMI
50| : 50
. = T
u.
X_ 1
: N
40+ ESSA: B-57A uf 40
: =
%' =
|-
. .|
NCAR <
30 SABRELINER o 30+
a
! vy
. ar
NCAR BUFFALO o
10 101
0 ! ! ! ! \ I { i 0 ! ! !
0 20 40 60 80 700 120 140 160 180 -80 —60 —40 -20 0 20
WIND VYELOCITY, V -~ KTS TEMPERATURE, T - DEG C

{CONTINUED)

y1—£950L &1

(@Y (e) 2z "914



WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 17, 1970

a) WIND — KREMMLING (0900 GMT)
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WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 17, 1970

(CONTINUED)

(a) WIND — DENVER (1200 GMT)
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J910563-14 FIG. 23

ISENTROPES FOR COLORADO LEE WAVE CASE OF FEBRUARY 18, 1870

BASED ON DATA FROM 1970 LEE WAVE OBSERVATIONAL PROGRAM
1300-1600 GMT
AIRCRAFT FLIGHT PATHS APPROXIMATELY PARALLEL TO WIND
ISENTROPE esesse FLIGHT PATH VAAAA TURBULENCE REPORTED

SEE FIG. 24 FOR WIND AND TEMPERATURE PROFILES
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WIND AND TEMPERATURE FOR COLORADO LEE WAVE CASE FOR FEBRUARY 18, 1970

PROFILES FROM RAWINSONDE DATA

Ap=(27/\y2)2d

(s) WIND — GRAND JUNCTION (2400 GMT)
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SEE TABELE I FOR ADDITIONAL DETAILS

(b) TEMPERATURE ~ GRAND JUNCTION (2400 GMT)
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WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE OF FEBRUARY 18, 1970

{CONTINUED}

(c}) WIND — KREMMLING (0900 GMT)
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PRESSURE ALTITUDE, z - FT

WIND AND TEMPERATURE PROFILES FOR COLORADO LEE WAVE CASE FOR' FEBRUARY 18, 1970

(CONTI[NUED)

(e) WIND — DENVER (2400 GMT)
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PRESSURE ALTITUDE, =z - FT

52X 10

52 X 10° ATRCRAFT HEADING APPROXIMATELY 94 DEG TO WIND

ISENTROPES FOR PROJECT HICAT TEST 198, RUNS 8, 12 AND 13

CAT ASSOCIATED WITH THUNDERSTORM ACTIVITY

MAY 3, 1967
SENTROPE  esssrevees FLIGHT PATH  AAAAAA TURBULENCE REPORTED
(og RUN 9 (2]05 GMT) SEE FIG 26 FOR WIND AND TEMPERATURE pROFlLES
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WIND AND TEMPERATURE PROFILES FOR PROJECT HICAT TEST 198, RUNS 9, 12, AND 13

(0} WIND ~ FLIGHT DATA (1819-2137 GMT)

MAY 5, 1967

PROFILES ARE COMPOSITES OF AIRCRAFT AND RAWINSONDE DATA

AE—_—(sz/ \/2)'2 d

SEE TABLE TFOR ADDITIONAL DETAILS
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(o) WIND - FLIGHT DATA (1813-2022 GMT)

FIG. 27
WIND AND TEMPERATURE PROFILES AND ISENTROPE

FOR PROJECT HICAT TEST 202, RUN 8

CAT ASSOCIATED WiTH THUNDERSTORM ACTIVITY
MAY 12, 1967
PROFILES ARE COMPOSITES OF AIRCRAFT AND RAWINSONDE DATA
Ap =(27/V2).24
SEE TABLE LI FOR ADDITIONAL DETAILS

(b) TEMPERATURE - OKLAHOMA CITY, (1200 GMT)
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J910563-14 FIG. 28
WIND AND TEMPERATURE PROFILES AND ISENTROPE
FOR PROJECT HICAT TEST 233, RUN 3
CAT ASSOCIATED WITH THUNDERSTORM ACTIVITY
AUGUST 7, 1967
PROFILES ARE COMPOSITES OF AIRCRAFT AND RAWINSONDE DATA
Agp =2/ V2)2
SEE TABLE I FOR ADDITIONAL DETAILS
(a) WIND — FLIGHT DATA (1546-1809 GMT) (b) TEMPERATURE - HOWARD AFB (0000 GMT)
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PHOTOGRAPH OF UARL OPEN WATER CHANNEL
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SKETCH OF UARL OPEN WATER CHANNEL
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PHOTOGRAPH OF FILTER BED FOR DEVELOPING VELOCITY PROFILES WHICH VARY ACROSS THE CHANNEL

ALL DIMENSIONS APPROXIMATE
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6 IN.
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J910563-14 FIG. 33

TYPICAL VELOCITY, TEMPERATURE AND DENSITY PROFILES FOR ‘‘THREE-DIMENSIONAL' l
SHEAR-FLOW EXPERIMENTS

ALL MEASUREMENTS 2 IN. DOWNSTREAM FROM TAPERED FILTER BED AT CENTER OF CHANNEL

THREE-DIMENSIONAL CUTOUT OF FILTER BED ONLY IN CENTER 1/3 OF CHANNEL SPAN (SEE FIG. 31)

(a) Ri=0
6 = T T T T I I T T I T

‘ ‘ 3% oz
2 Y- o.85 sec! - — - — &

dz
1+~ — s = & .

o] o)

0 L L I 1 | 1 1 1 1 | | 1

0 0.2 0.04 0.06 0.08 0.10 0,12 40 50 60 70 80 1.936 1.937 J.938
VELOCITY, V - FT/SEC TEMPERATURE, T - DEGF DENSITY, p — SLUGS/FT

y (b) Ri = 0.07

6 T T T T T T T T T I T T T T l

B w
I |
1 ol ¥

w
I
1

<176 ssc"‘—/ -R

N
1

~0.016 (SLUGS/FT3 )/FT

et
I
|

HEIGHT ABOVE CHANNEL FLOOR, z - IN

0 | | | 1 | ¥ | i 1 1 1 - | 1
0 002 0.04 0.06 0.08 010012 50 60 70 80 1935 1936 1.937 1.938
VELOCITY, V - FT/SEC TEMPERATURE, - DENSITY, p - SLUGS/FT>
(¢) Ri = 0.14 T-DEGF

-0.01 (SLUGS/FT3)/FT

2k -1.3 sec~!

0 1 1 1 1 Sk | 1 ! 1 foo= il I =
0 0.2 0.04 0.06 0.08 0,70 0,12 50 60 70 80 1.935 1.936 1.937 1.938
VELOCITY, V - FT/SEC TEMPERATURE, DENSITY, p - SLUGS/FT?

T-DEGF




A

J910563-14

FIG. 34
TYPICAL STAGES OF BREAKDOWN OF FLOW IN SHEAR LAYERS HAVING
“THREE-DIMENSIONAL" VELOCITY PROFILES
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J910563-14 FIG. 35
COMPARISON OF WATER CHANNEL RESULTS FOR FLOWS HAVING
“THREE-DIMENSIONAL" VELOCITY PROFILES WITH DRAZIN'S
CRITERION FOR STABILITY OF TWO-DIMENSIONAL FLOWS
DRAZIN'S CRITERION FOR HYPERBOLIC TANGENT VELOCITY PROFILES
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