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FOREWORD 

This report was prepared for the Navy Weather Research Facility by the Department of 
Atmospheric Science, Colorado State University. It is one of a series of reports of work done 
at CSU under contract for NWRF Task 15, "Operational Jet Stream Research". 

NWRF contract reports are normally given limited distribution, since they usually describe 
detailed methods and results of specific research projects or exploratory feasibility studies 
whichare not of general interestto operational activities. This report, on the other hand, pre- 
sents a comprehensive review of our present knowledge of clear-air turbulence (CAT), in- 
cluding a survey of the literature and an extensive bibliography. In view of the present wide- 
spread interest in CAT, and its significance to Jet aircraft operations, the report has been re- 
printed by NWRF in order to give it wide distribution to operational units of the Naval Weather 
Service and to Naval Aviation units. 

Dr. Elmar R. Reiter, Associate Professor of Atmospheric Science at CSU, was the princi- 
pal investigator and the author of this report. 

This publication has been currently reviewed and approved for reprinting on April 18, 1963 
by the undersigned. 
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NATURE AND OBSERVATION OF fflGH-LEVEL TURBULENCE, 

ESPECIALLY IN CLEAR AIR 

Ab stract: 

This is a "state-of-the-art" report on clear-air turbulence (CAT) research. Know- 
ledge of micro-structural details of flow patterns in the free atmosphere is of importance 
to aircraft and missile designers.   It also is of interest in considering passenger comfort. 

There may be at least three different causes for bumplness experienced by an air- 
craft flying horizontally: 

(i)     convective currents 

(il)     gravity waves on interfaces 

(ill)     temperature discontinuities intercepted by a supersonic aircraft 

For vertical take-off vehicles excessive shears of alternating sign in the vertical wind or 
momentum profiles should be considered as possible sources of vibration. 

So far,  observations of high-level turbulence have been made by aircraft and by 
balloon-borne gust sondes.   Especially aircraft measurements present a problem inasmuch 
as the response characteristics of the vehicle usually make it difficult to evaluate the 
actual atmospheric gust input. 

With our present theoretical modelling capabilities we may be able to study wave 
perturbations in the free atmosphere from detailed measurements of wind and temperature 
profiles.   Such measurements will have to be orders of magnitude more accurate however, 
than the ones provided by the synoptic rawinsonde and radiosonde network. 
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I 
1.   INTRODUCTION: 

I 

Ever since the development of fast-flying jet air- 
craft there has been an Increasing concern about 
clear-air turbulence (CAT).    The Importance of 
research In this field may be stressed by various 
considerations: 

(1) First of all the aircraft engineer would like 
to have as detailed Information as possible on gust 
loads to be expected with specific types of aircraft 
under design.    From these data he will be able to 
compute stresses as well as aerodynamic behavior 
under average and extreme atmospheric conditions. 

(2) Of no little concern to airlines is the "pas- 
senger comfort" .   It can be considered a function 

inversely related to frequency and amplitude of accel- 
erations, and to length of time exposed to turbulent 
conditions.   Crew-performance is also decreasing 
with similar correlations.    This factor,  however,  may 
be of more concern in missile operations than In re- 
gular aircraft flights (Clark 1952). 

(3)   A particular phase of turbulence research is 
devoted to missile operations.   While aircraft are 
following a quasi-horizontal track,  missiles are tra- 
versing the atmosphere along a quasi-vertical trajec- 
tory.    The atmospheric conditions, which might set 
off vibrations In the traveling vehicle will therefore 
be quite different in the two Instances, and they 
will have to be considered separately. 

OBSERVATIONAL EVIDENCE OF CAT 

I 

Quite to the contrary of earlier assumptions,  ex- 
perience from aviation and research shows that the 
stratosphere is not nearly as " stratified" as its name 
might lead us to believe.   Although some statistical 
evidence gained from U-2 data indicates that the 
frequency of severe gust encounter decreases as we 
go beyond the tropopause (Rhyne and Stelner,  19 62) 
we can by no means be certain of the absence of tur- 
bulence at flight levels of supersonic transport air- 
craft . 

Fig. 1 contains a summary of turbulence frequen- 
cies obtained from various sources.    The solid line 
indicates measurements mainly collected by NASA 
from VGH instruments, which were carried along on 
commercial transport operations and on research mis- 
sions (Press and Stelner,  1958; Tolefson,  195 6a; 
Binckley and Funk,  1949).    These data cover the al- 
titude range up to about 50, 000 ft.   An extension 
into higher altitude ranges was possible with the aid 
of U-2 data from some 315,000 flight miles over the 
Northern Hemisphere (Coleman and Stelner,  1960). 
These have been entered by circles. 

According to these statistical findings a frequen- 
cy maximum of CAT occurrence will have to be ex- 
pected near tropopause level.    This agrees well with 

ALT, FT   40 

0 5      10     15      20 
PERCENT OF TURBULENCE 

Fig. 1   Turbulence occurrence from U-2 data (circle^ 
Coleman and Stelner 1960), and from data 
presented by Press and Stelner (1958) (solid 
line),  and by Coleman and Stickle (1961) 
(dashed line).    (Rhyne and Stelner 1962). 

• 



Table I.   Characteristics 

1 2 3 4 
Source 

1      Rannrm   MQ^IA    hi 

Altitude 
Range 

Alt.  Range of 
Frequency Max. 

Intensity of 
Turbulence 

2.  Blndon (1951) 24000 ft. 
3.  Clem (1957) 25000 to 

45000 ft. 
40000 to 44000 ft. 
Secondary max. at 
34000 over NE USA 

light CAT 
moderate 
severe 

4. Clodman (1953) 18000 to 
40000 ft. 

No significant 
altitude dependency 
over So. Canada betw. 
18000 and 38000 ft. 

all intensities 
moderate and severe 
severe 

5.  Cunningham (1958) 

6.  Estoque (1958) 150 mb 
200 mb 
250 mb 
300 mb 
350 mb 

250 mb (Europe, 
Turkey,  USA,  Japan) 

10   5   2 ft/sec 
10   5   2 ft/sec 
10   5   2 ft/sec 
10   5   2 ft/sec 
10   5   2 ft/sec 

7.  Heath-Smith 
(1955) 

Decreasing to 
25000 ft. above 
increasing again 

8.  Hislop (1951) 25000 ft. 

35000 ft. 

4 ft/sec 
8 ft/sec 

12 ft/sec 

9.  Hyde (1954) to 49000 ft. 
to 36000 ft. 
22000 to 
28000 ft. 

light or moderate 
severe 
extremely severe 

10.  Kuettner (1952a) 40000 ft. 

11.    Murray (1953) 400 to 200 mb > 0.1 g 
> 0.2 g 
> 0.3 g 

12.  Plnus (1957) Decrease to middle 
troposph., above 
increase by 
15 to 20% to 
tropopause 

13. Press et al. 
(1953) 

I 

I 
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of Various CAT Observations 

5 6 7 8 9 10 

Frequency of 
Occurrence 

Extreme 
Intensity 

Extent of Turbulent Region 
Horizontal Vertical 

Mean Extreme Mean Extreme 
0.7 g 

3       q 

19% of all flights 
12% 
2% 

15 to 60 km, 
longer than 
wide 

500 to 
2000 ft. 

1:    35 km 
1:    85 km 
1:   440 km 

~90 km                | >   450 km                  3000 ft. 

Areas with strong turbulence usually 
larger and thicker 

100 to 
15000 ft. 

are 

50%       30 km 6.9 to 328 km ~  1500 ft. 500 to 3000 ft. 

0.02   0.16     2.0% 
0.09   0.75     9.0 
0.15    1 .2      15 
0.11    0.88   11 
0.08   0.72      9.0 
of km flown 

0.8 g 
or 20 ft/ 
sec 

1 gust per   13 km 
1 gust per   97 km 
1 gust per 650 km 

1.5 g  ~ 
35 ft/sec 

75 to 
100 km 

900 m 

28% of all flights 
7 % of all flights 
1 % of all flights 

2.5 to 4 g 
(estimated) 

-2.5 g 
(sail plane) 
(21 m/sec) 

37.4% of all flights 
4.9% of all flights 
0.2% of all flights 

0.4 g 

50% 
<   80 km 

Areas with s 

>    800 km 

trong GAT usually 

50% 
<   2000 ft. 

are larger and tt 

100 to 
10000 ft. 

Icker 



Fig. 2   Estimated overall gust 
distributions for opera- 
tions at various alti- 
tudes (Rhyne and Steiner 
1962). 
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earlier findings as shown In Table 1 (Relter 1960a, 
1961a).   In the stratosphere the U-2 data indicate a 
pronounced decrease in turbulence frequencies.   The 
same holds for gust Intensities.    It will have to be 
borne in mind, however, that the U-2 does not ac- 
quire supersonic speeds.   It reacts to a different 
portion of the spectrum of disturbances which might 
exist at these altitudes, than does a supersonic 
transport.    We therefore will have to apply some 
caution in generalizing the findings presented in Fig. 
1 to other aircraft types.   This point will be discuss- 
ed In more detail in Chapter 3 of this report. 

From the observational evidence contained in 
Fig. 1, the diagram shown in Fig. 2 has been obtain- 
ed.   In constructing this diagram it has been assum- 
ed, that storm turbulence would not be encountered 
above 60,000 ft., which stands to reason.   Earlier 
computations by Hislop (1951) fit the curve for the 
30-40,000 ft. layer very well.   According to his com- 
putations a fleet of 20 "Comets" with about 3000 
flying hours or 44 x 10s km flown during one year 
should expect one CAT report of 1.5 g (equivalent to 
a gust velocity of about 36 ft/sec =10.5 m/sec) 

every two weeks, and a report of 2.0 g (50 ft/sec = 
15.2 m/sec) once every 4 years.   Statistics presented 
in this form, of course,  do not reveal too much.   As 
we will see later, CAT occurrence is strongly corre- 
lated with orographic features.   It will have to be 
expected,  therefore, that some air traffic routes will 
experience more turbulence,  some less, than indica- 
ted by the statistical average. 

From the foregoing and from Table 1 it may be 
seen, that   cases of extremely severe turbulence 
may occur, albeit not very frequently.   Accelerations 
of 0.25 g will be considered uncomfortable when 
lasting over some length of time.    0.5 g already con- 
stitutes heavy turbulence.    Cases with 2  to 3 g have 
been reported,  usually in connection with mountain 
waves when observed in clear air.    Turbulence ob- 
served in thunder storms may be of the same magni- 
tude.    Needless to say that such heavy turbulence 
may cause the loss of control over the aircraft and 
may even result in structural damages.    Bindon 
(1951) reports on accelerations of 3 g measured over 
Canada, causing partial destruction of galvanome- 
ters carried on board.    Jones (1954,  1955) describes 
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I a CAT case on 14 April 1954 near Edlnbourgh In the 
course of which a "Canberra" aircraft flipped over on 
its back.   Another case history,  leading to the loss 
of a B-52 aircraft over northwestern New Mexico on 
January 19, 1961, has been analyzed by the author 
(Reiter 1962a).   All these severe cases mentioned oc- 
curred under conditions favorable for the formation of 

standing waves to the lee of mountain or hill ranges. 

According to statistical evidence most turbulent 
regions show a rather small horizontal and vertical 
extent  (see Table I).    Cunningham (1958) presents 
the following frequency distribution after classes of 
extent: 

Table II:   Horizontal Extent of Turbulence Regions 

I 
Extent (miles) 10 10-19.9 20-29.9 30-39.9 40-49.9 
Per Cent Occurrence 31.5 21.4 9.5 10.1 6.5 

Extent (miles) 50-59.9 60-69.9 70-79.9 80.89.9 90-99.9 
Per Cent Occurrence 4.8 2.4 2.4 0.6 1.2 

Extent (miles) 100-149.9 150-199.9 200 
Per Cent Occurrence 6.5 2.4 0.6 

These data are made up by a total of 168 turbulence 
regions observed during "Project Jet Stream" Flights 
(Fetner 195 6),  and obtained over the Continental 
United States. 

In contrast to these results,  a study by Clodman 
et al.  (1961) shows, that over the    oceans    the 
frequency of CAT occurrence is at least one order of 

magnitude less than over the continents, being ap- 
proximately 0.2 per cent of the miles flown (compare 
with frequencies given by Estoque in Table I).    On 
the other hand, however, the   average    horizontal 
extent of turbulence regions of about 100 km observed 
over oceans exceeds by far what has been reported in 
Table II.   An explanation for this will be attempted in 
the following chapter. 

NATURE OF CLEAR-AIR TURBULENCE 

t 

In searching for mechanisms that might cause 
bumpiness In flight, we will have to be aware of the 
fact, that the aerodynamic and elastic properties of 
the traveling vehicle in Itself may — under certain 
circumstances — set off vibrations which may ap - 
pear as CAT, although the ambient atmosphere may be 
only partly responsible for the observed effects.   We 
will return to this problem of aircraft response far- 
ther below.   Presently we will concern ourselves 
only with possible   atmospheric    causes of turb- 
ulence.    These may be classified into two categor- 
ies: 

(1) Convective motions in an   unstable  atmos- 
phere. 

(2) Perturbation motions in a   stable   atmos- 
phere . 

3.1   Turbulence in an Unstable Atmosphere:  This 
type of turbulence will have to be expected. 

(a) Within the friction layer of the atmos- 
phere near the ground. 

(b) Underneath, in or near convective cloud 
systems. 

Although this type of turbulence may occur in 
clear air,  it usually is excluded from clear-air turbu- 
lence considerations, mainly because its occurrence 
is to be expected by the experienced pilot.   While 
the most violent forms of convective turbulence, 
which occur in or near thunderstorm clouds, may eas- 
ily be avoided by high-flying aircraft, the turbulence 
within the friction layer may be of some concern.   It 
will affect any type of aircraft during take-off and 
landing operations, and therefore will have to be 
taken into account in structural design and manoeu- 
verability of the vehicle.    The problems associated 
with this type of turbulence are anticipated to be 
fewer,  however, with supersonic aircraft, than with 
our present subsonic jets (Koch 1961) because of 
their lower aspect ratio and their relatively small 
lateral area. 

Another turbulent region in the atmosphere ex- 
tends above the "mesopeak"  between a height of 50 
and 80 km.   It is associated with temperatures 
strongly decreasing with height.    Turbulence in this 
region has been measured from meteor trails  ( for 
literature see Murgatroyd 1957) and sodium vapor 
trails (Manrlng 1961, et al. 1961a, 1961b, 1962).   In 
view of the low densities in this altitude range,  any 
atmospheric turbulence will have but a negligible 
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Fig. 3 Mean distribution of 
turbulent flying time 
(CAT) in per cent of 
total flying time for 
nine Project Jet 
Stream flights 1955- 
1957.    (Sasaki 1958). 

13 APRIL 1962, 00 Z \ 

250 mb 

Fig. 4   250-mb isotachs (areas > 100 knots shaded) and isotherms (°C), 
13 April 1962,  0000 GCT,  and moderate and severe cases of CAT 
observed within +6 hours of map time. 
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Fig. 5     Schematic cross-section through the jet 
stream (J):   potential temperatures (thin 
lines),  and isotachs (semi-heavy lines). 
The boundaries of the stable baroclinic 
frontal zone are marked by heavy dashed 
lines, the tropopause by heavy solid lines. 
The shaded area within the "isentrope 
trough"  indicates the region in which the 
occurrence of moderate to severe CAT   (A) 
is most likely.    The dotted line represents 
the northern boundary of extensive cirrus- 
cloud sheets. 

I 

effect on vehicles. 

3.2    Turbulence in a Stable Atmosphere:   It is 
believed, that this type of turbulence is responsible 
for most CAT cases observed in the upper troposphere 
and in the stratosphere (Reiter 19 52b,  1962c,    Reiter 
and Hayman 19 62). 

Fig. 3 shows the distribution of turbulent flying 
time in per cent of total flying time around the jet 
stream for nine research flights of Project Jet Stream 
(Sasaki 1958).    From this diagram it may be seen, 
that most of the turbulence is observed below  and 
above and — in looking down-stream — to the left 
of the jet stream core within stable and baroclinic 
zones (Reiter 1960b, 1962d).   This is also evident 
from Fig. 4, which contains a typical turbulence 
distribution around a jet stream as reported over tele- 
type by commercial and military aircraft:   Most of 
the cases of moderate and severe turbulence occur 
elther in a region of strong horizontal temperature 
gradients at the 250-mb level (the larger part of the 
turbulence cases stem from the vicinity of this level) 
— indicating the intersection of a sloping stable 
zone with this pressure surface — or they occur over 
mountainous terrain. 

This leads to the theoretical jet-stream model 
shown In Fig. 5 (Reiter 1961b, 1962d): Moderate and 
severe cases of CAT seem to be concentrated in sta- 
ble regions near the jet stream, which are located in 
or near a depression in the isentropic surfaces, the 
so-called " isentrope trough" . It is marked by shad- 
ing In Fig. 5 . 

With this evidence In mind we will have to look 
now for a physical process which may result In 
bumpiness in flight.    This can be found easily in 
gravity-wave type disturbances on Interfaces.    Cloud 
studies by Conover (1960) as well as aircraft mea- 
surements (Reiter 1960a) reveal the existence of hel- 
ical vortices in air particle trajectories as they travel 
through such disturbances.   As we shall see in Chap- 
ter 4, these wave motions may be visible at times in 
a rather spectacular way in cirrus-cloud patterns.  In 
Chapter 5 it will be shown, that gravity waves in a 
shearing current do possess the correct wave-length, 
to which an aircraft of present design would respond 
with typical CAT accelerations . 

Fig. 6  contains a schematic plot of the condi- 
tions that would be encountered by an aircraft traver- 
sing such a gravity-wave train.    Some evidence 
which points toward a certain anisotropy of    CAT 
(Clodman et al. 1961) can be explained by the fact, 
that the accelerations experienced by an aircraft will 
not only depend on the absolute accelerations pres- 
ent in the ambient atmosphere, but also on the angle 
at which a wave train is intercepted.    Thus, a 
change in course often changes the intensity of CAT 
measured by the aircraft. 

This is an interesting aspect from the point of 
view of the statistical theory of turbulence,   because 
there small-scale turbulence usually is assumed to 
be Isotroplc.   On the other hand, a gravity-wave 
motion from a hydrodynamlc point of view could be 
considered " laminar" as long as the waves do not 
show dynamic Instability which would result in an 
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Fig. 6      Schematic cross-section through a re- 
gion with CAT,  (corresponding to the 
location of the black square in Fig. 5). 
There is only a slight temperature dif- 
ference between cold air and warm air, 
the latter flowing somewhat faster than 
the former {indicated by the length of 
arrows 1 and 2}.   The wave crests inter- 
sect the wind direction at an angle    a , 
which may be as large as 90°.   The 
air-particle trajectories (white arrow 3) 
follow a wave-like pattern with small 
upward components in the crests and 
downward components in the valleys 
(small arrows 4).  If an aircraft (5) in- 
tersects the wave pattern at suitable 
intervals it will experience CAT.   Hard- 
ly any turbulence should be experienced 
when flying parallel to the wave pattern. 

I 

Increase in amplitude, 
flow pattern. 

and in a break down of the 

From the foregoing it appears,   that we will have 
to keep a watchful eye on stable regions in the 
atmosphere which, at the same time,   show a vertical 
wind shear.   (This is equivalent to their being "baro- 
clinic").   We know of three processes which tend to 
stabilize an atmospheric layer (see Appendix I). 

(a) differential sinking motion; 

(b) differential temperature advection; 

(c) decrease of absolute vortloity. 

Referring again to Fig. 4 we find, that the stream- 
line and isotherm configuration suggests strong sink- 
ing motion in the confluent region between the two 
"jet fingers"   over northern Texas and Oklahoma. 
Off hand, this would qualify mechanism (a) to be 
effective.   Young and Corwin (1962) report on the oc- 
currence of CAT in a weakly rising current off the 
U. S.  Northeast Coast,  near the inflection point up- 
stream from a high-pressure ridge.   Since in these 
cases the vorticity of the current seemed to be de- 
creasing, mechanism (c) might have been prevalent. 
More detailed research will be needed however,   to 
make any definite statements on this point. 

If stable and baroclinic zones, due to their sus- 
ceptibility to gravity wave formation, were respons- 
ible for a major portion of CAT reports, the statisti- 
cal results on horizontal temperature gradients and 

"! 
I 
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Fig. 7 

JJoOOO&SooS---- 

TEMPERATURE  GRADIENT  (0C/MILE) 

Correlation between CAT frequency and 
horizontal temperature gradient (after 
Cunningham 1958). 

CAT occurrence obtained by Cunningham (1958) would 
seem contradictory (Fig. 7).    He finds that most 
cases of CAT occur when there is hardly any temper- 
ature gradient along the turbulent flight leg.   We 
may however argue in the following way:   An aircraft 
traversing a stable, baroclinic layer in a direction 
normal to the layer will measure a perceptible 
change in the ambient temperature; it will however 
be in the close vicinity of this layer for such a short 
time, that the chances for Its experiencing CAT are 
slim.    An aircraft, traveling parallel to such a layer 
will measure only small temperature gradients,   it 
will however be exposed to wave disturbances in 
this layer for a longer time. 

I 
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Fig.   8  Surface topography near Wright-Patterson 
AFB,  Ohio.    Elevations 1000-2000 ft. Indicat- 
ed by shading.  (Clodman et al. 1961). 

There Is quite a bit of evidence which supports 
the hypothesis of CAT being to a large extent a grav- 
ity-wave phenomenon.   Some of it will be pointed 
out in the discussion of cloud photogrammetry (Chap- 
ter 3).   The   perturbation    theory     gives 
mathematical support to the occurrence of wave dis- 
turbances on stable interfaces (Haurwitz 1941, 
Clodman et al. 1961).   In the simplest form of this 
theory perturbations usually are assumed to be small, 
and we try to arrive at conditions of atmospheric den- 
sity stratification and vertical wind shear, which 
would indicate an amplification of these disturbances. 

In reality however we will find regions, which 
provide an appreciable input of perturbation  energy 
into the atmosphere.    Such regions may be  mount- 
ain    or   hill  ranges, even coast lines, under fav- 
orable low-level wind conditions, and areas of 
convective activity.   Thus we might devlde   CAT- 
cases into two categories: 

(1) CAT with large perturbation-energy input 
(over hills,  etc.). 

(2) CAT with small perturbation-energy input 
(over oceans). 

Apparently, whenever the perturbation-energy in- 
put is large, the atmosphere does not require as 
much dynamic instability to produce "CAT"-waves, 
than with small disturbances.   Let us assume, that 
the general statistical characteristics of atmospheric 

B6.00 8«0 

Fig. 9    Percentage occurrence of turbulence near 
Patterson AFB.  (Clodman et al. 1961). 

stratification and wind shear in the upper tropo- 
sphere and stratosphere are the same over oceans 
and continents.   In this case mountainous regions 
would experience CAT waves more frequently than 
ocean areas.   Many of these oases would consti- 
tute   dissipating     disturbances in a dynamical- 
ly stable atmosphere.   This would explain the 
observed fact, that on the average CAT is more 
patchy and of smaller extent — however by far more 
frequent — over continents than over oceans. 

A study by Clodman et al.  (1961) clearly shows 
the Influence of relatively small terrain features up- 
on the occurrence of CAT.   The dark areas in Fig.8 
Indicate terrain in the vicinity of Wright Patterson 
AFB, rising 1000 to 2000 ft. above MSL, while the 
unshaded regions are 0 to 1000 ft. above   MSL. 
The per cent occurrence of CAT for the same area 
is shown in Fig. 9.   A frequency maximum is well 
established over the range of hills east of Colum- 
bus, Ohio.   Specifically, this turbulence seems to 
occur, when the low-level (850 mb) winds blow 
normal to the central ridge of these hills (Figs. 10 
and 11).   The turbulence pattern also depends on 
low level wind speeds and on the turning of wind 
with height.   If the former are large {>  18 kts) and 
the latter is small (less than 30° between 850 and 
500 mb) conditions for gravity-wave formation im- 
prove . 

Clodman's findings indicate, that   standing 
gravity waves are one of the main reasons for CAT 
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Fig. 10 Percentage of turbulence occurrence in the 
Patterson area with 850 mb wind direction 
normal (+_ 30°) to the central ridge shown 
in Fig. 8.    (Clodman et al. 1961). 

occurrence over mountains.    Over level terrain,  as 
well as over oceans,    traveling    wave disturb- 
ances might be the dominating feature.     In this 
connection it is interesting to note the average dis- 
tribution of CAT-cases over the oceans as computed 
by Clodman et al. (Fig. 12), and to compare it with 
the pattern in Fig. 3, which characterizes continen- 
tal conditions.   In the latter case most of the turb- 
ulence occurs in or near the jet stream fronts above 
and below — and to the left of — the jet core, i.e. 
in regions of rather deep inversions and therefore 
of high stability,  and with strong wind shears (see 
Table III).    Over the oceans the anticyclonic side 
of jet streams seems to prevail in turbulence re- 
ports.   In this region one usually finds very shal- 
low stable layers with only small temperature 
discontinuities, and therefore with rather low val- 
ues of stability.   It seems that these layers are 
more susceptible to CAT formations when only 
small   Initial   values    of perturbation energy 
are available, than the deep stable layers of the 
jet core. 

3 .3   Turbulence Problems In Supersonic Trans- 
port Operations:   The information contained In Figs. 
1 and 2 for supersonic transport flight levels has 
mainly been obtained from U-2 aircraft.    Since this 
is a subsonic airplane. It will react to a different 
portion of the perturbation spectrum than a vehicle 
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Fig. 11   Percentage turbulence occurrence in the 

Patterson area with the 850-mb wind direct- 
ion more than 30° from the direction normal 
to the central ridge shown in Fig. 8 (Clod- 
man et al. 19 61). 

TRQPOPAUSE 

-4-20246 
HORIZONTAL   DISTANCE   FROM JET AXIS   (DEG. LAT.l 

Fig. 12    Per cent occurrence of high-level turbu- 
lence about the jet stream over the North 
Atlantic Ocean in vertical "boxes" of 40 
mb x 120 n. ml. (after Clodman et al. 1961). 

traveling at supersonic speeds.   In order to esti- 
mate the impact of atmospheric gusts upon vehicles 
which are still in the planning stage, we would 
have to know more about the atmospheric structure 
on a horizontal scale of 200 to 2000 m.   None of 
our present aircraft-instrument packages provide 
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I 
Fig. 13     Wind speed profiles 

over Wallops Island, 
30-sec averaged 
winds measured by 
the smoke trail 
photographic tech- 
nique.    (Scoggins 
1962a). 
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adequate Information In this range of resolution. 

A further problem arises from the fact that temp- 
erature discontinuities affect the speed of sound and 
thereby the Mach number at which an aircraft is fly- 
ing.    Some of this detailed structure of the upper 
atmosphere is slowly emerging from acoustic  and 
other research (see Webb,  1952), but we are still far 
from being able to estimate all effects which this 
structure might have,  and from understanding the pro- 
cesses which lead to the formation of this micro- 
structure. 

3 .4   Turbulence Problems in Missile Operations: 
To arrive at an estimate of the response of missiles 
to atmospheric conditions,   so-called "design-wind 
profiles"   have been constructed from upper-level 
wind statistics (Van Der Maas,  1962; Sissenwlne 
1954,  1958; Tolefson 1956; Williams and Bergst,  1958), 
These profiles — as for instance the "one per cent 
profile"   — give the maximum wind speed, and max- 
imum shears above and below the maximum   wind 
level, which are likely to be exceeded in only 1 per 
cent of all cases. 

This statistical approach provides the missile 
designer with valuable information on specifications 
which are made necessary by atmospheric condi- 
tions:   It does not allow a prediction of missile be- 
havior in specific launchings,  however.   It might 
be pointed out here that most of the data which 
went Into the above-mentioned statistics were ex- 
tracted from routine upper-wind observations   from 
the standard AN/GMD-1 and AN/GMD-2 rawinson- 
de systems.   We are presently learning a good deal 
more about vertical wind shears in the atmosphere 
measured with more sophisticated instrumentation 
which provides a much higher resolution than was 
available before.    Data obtained with the    FPS-16 
radar/sperlcal balloon technique,  and especially 
wind profiles obtained from smoke-trail photography 
(Fig. 13) reveal details which have not been known 
before (Scoggins 1962a,  b;   Tolefson 1962). 

It would lead us too far afield if we attempted 
here to deal with problems of general missile re- 
sponse.    Let us only consider atmospheric parame- 
ters, which might cause "turbulence"   in flight, 
experienced as vibrations of the missile. 

• 
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Fig. 14     Hypothetical profiles of wind speed (light 
lines,  lower scale),  and of momentum 
(heavy lines* upper scale) using standard- 
atmosphere densities. 

Naturally, the atmospheric motions which are 
mainly horizontal, will act differently upon a verti- 
cally rising vehicle than on an aircraft which "floats" 
horizontally.   While in the latter case the wind 
speed usually suffices to describe the influence of 
the atmosphere,  in the former case the   vertical 
momentum   profile gives a more adequate picture 
of atmospheric input.   The design-characteristics of 
certain re-entry vehicles may show a different re- 
sponse to different wind-directions.    It might be ad- 
visable,  therefore to consider the   pu  and    pv 
mementum components, rather than the total atmos- 
pheric momentum   p V. 

Fig. 14 shows three hypothetical vertical wind 
profiles together with the momentum profiles ob- 
tained from the standard atmosphere densities. It is 
evident that the vertical momentum shear de- 
cays rapidly with altitude. Let us assume as an ap- 
proximation, that the torque exerted by the atmos- 
phere upon a vertically rising missile is proportional 

to the momentum shear,  defined as pAu/Az .   where 
p     is the mean density of the shearing layer.    Fig. 
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Fig. 15     Effective momentum shear of 10 mps/100 m 
vertical wind shear. 

15 shows the effective momentum     shear   of a 
10 mps/100 m vertical wind shear:   According to 
this a wind shear of 10 mps/ 100 m at an altitude of 
20 km is equivalent to a shear of only 0.9 mps/IOOm 
at sea level.   Again this curve holds for standard 
atmosphere densities,  from which appreciable de- 
viations may occur under specific weather patterns. 

While shears acting over deeper atmospheric 
layers will have to be counteracted   by the guid- 
ance system,  shallow shearing layers may, togeth- 
er with aerodynamic properties of the vehicle,  set 
off resonance vibrations within the missile or its 
components.    In order to evaluate the atmospheric 
input into such vibrations properly we ought to con- 
sider a  momentum-time    profile rather than the 
momentum-height profiles of Figs. 14 and 15.     AN/ 
GMD-1  and AN/GMD-2 radar measurements of 
wind profiles may not meet the accuracy require- 
ments for such input computations.   In Appendix II 
it will be shown that these accuracy requirements 
become less stringent,  as the missile rises into 
the atmosphere. 
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I 4.    METHODS OF OBSERVATION OF CLEAR-AIR TURBULENCE 

4 .1   Aircraft Measurements:   Since CAT primarily 
affects aircraft it is only natural that most of   CAT 
research measurements are conducted by airplanes. 
There are,  however,  several shortcomings,   which 
shall be outlined here. 

Assuming a sharp-edged gust and a rigid air-foil, 
we have 

I 
6L p   A   dCT 

2   W    do 
uV 4.1 

where  6L   is the additional lift produced by the  gust, 
W      is the weight of the aircraft,    p    the air density, 
A     the wing area,    Cythe lift coefficient,      o   the 
angle of attack, u    the gust velocity and   V  the hor- 
izontal velocity of the aircraft (for literature  see 
Krumhaar 1958).    There are more sophisticated treat- 
ments on aircraft response available, which incorpor- 
ate various shapes of gusts and elastic properties of 
the aircraft.   The above case suffices,  however, to 
point out the following; 

The response of the aircraft depends on air den- 
sity, thus on flight altitude (accelerations decrease 
with increasing altitude);   on the weight of the air- 
craft (sensitivity to CAT increases with fuel burn-off); 

t 
Fig. 16     Illustration of Equ. 4.2 (after Houbolt and 

Kordes 1954). 

on the type of aircraft   (dC-^/da ) ,     and on the air- 
speed   V   (a reduction in airspeed should reduce the 
accelerations experienced in CAT).    It is apparent 
from Equ .4.1 that the complexity of aircraft re- 
sponse — especially when considering elastic pro- 
perties which are omitted in this equation — makes 
it difficult to estimate the atmospheric input into 
the experienced accelerations .    Furthermore,   the 
observed accelerations are characteristic for this 
particular type of aircraft.    Extrapolation to other 
vehicles is possible only,  if the whole power- 
spectrum of atmospheric gusts in the CAT range is 
known. 

The relationship between atmospheric input and 
aircraft reaction is given by 

T(u) !|>.    (U) 4.2 

where <)> i(u)   is the power spectrum of atmospheric 
input (e. g. of vertical accelerations in the sur- 
rounding air),  41 o'u'    is the resulting output power 
spectrum (e.g. the vertical accelerations of the air- 
craft) and T(u)   is the frequency response function, 
which is controlled by the physical (mostly the 
elastic)     properties of the aircraft (Houbolt  and 
Kordes 1954; see also Krumhaar 1958; Panofsky and 
Press 1952).    The effects of this equation are out- 
lined schematically in Fig.   16.    Similar considera- 
tions would apply to missile response,    the only 
difference being, that the power spectrum of verti- 
cal momentum profiles would enter the computations, 
rather than vertical acceleration spectra measured 
during horizontal flight. 

A few power spectra obtained from aircraft mea- 
surements are given in Fig. 17 (Rhyne and Steiner 
1962; see also MacCready 1962).    The data cover a 
wave-length range of about 50 to 4000 ft.    The "re- 

duced frequency" \/   is measured in radians per 
ft. and essentially removes the effect of air speed 
V . u is the gust frequency measured by the air- 
craft . 

4.2   Cloud Observations:   Power spectrum an- 
alysis of gust-loads on aircraft treats CAT as  a 
stochastic problem without explanation of its physi- 
cal causes.   It has been pointed out in Chapter 2, 
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Fig. 17 Typical power 
spectra of turbu- 
lence for three 
weather condi- 
tions (Rhyne and 
Steiner 1962). 
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that gravity waves on stably stratified interfaces 
with a vertical wind shear would offer a very plausi- 
ble explanation for many CAT observations in the up- 
per troposphere and stratosphere.    Under favorable 
conditions cirrus layers may develop along such in- 
terfaces in the upper troposphere.    Wave formation 
in these cirrus clouds then would give an indication 
of the wave length and orientation of perturbation 
motions in the field of flow at these levels.    For 
practical purposes it may be assumed that the ener- 
gy contribution towards de-stabilization from the 
latent heat of water vapor is negligibly small at 
these high altitudes,  so that cirrus waves may be 
taken as indicators of perturbations in cloud-free 

A field program has been Instituted at Colorado 
State University, which measured the wave disturb- 
ances at cirrus level in the jet-stream region by 
photogrammetric means,  (Reiter 19 62b,  Reiter and 
Hayman 1962).    Fig.  18  contains the evaluation in a 
horizontal x-y plane of two pairs of stereophoto- 
graphs,  obtained from 2 camera sites to the north- 
east of Fort Collins,  and approximately 4 1/2 miles 
apart.    The left-hand portion of the figure shows the 
outlines of a cirrus-cloud sheet on 13 April 1962, 
1443 MST.    Small wave details are indicated by 
heavy lines.    The numbers give the elevation of cer- 
tain cloud features above MSL.    The right-hand por- 
tion of the figure shows the same cloud at 1445 1/2 
MST.    The 2 1/2-minute displacement is indicated by 
the length of the  arrows. 

In this particular case the small wave disturb- 
ances have a length of about 80 to 450 m.   They are 
oriented almost normal to the general direction of 
flow.    This agrees well with the relatively weak 
wind shears observed over Denver at these levels 
(Fig.  19),   According to a theoretical investigation 
by Sekera (1948),  a strong wind shear across an 
interface will produce wave trains which are almost 
parallel to the direction of the mean current. 

Fig.  19 also contains an evaluation of the 
Scorer-Parameter 

?        fa   _ 
1    =    6   Sz 

V 
4.3 

where     6   is the potential temperature,  and   V   is 
the wind speed.    The vertical distribution of this 
parameter in the atmosphere may give some indica- 
tions as to the formation of standing lee waves,  as 
shall be pointed out in Chapter 5 .    Since usually 
short gravity waves are generated over a mountain 
ridge simultaneously with long lee waves,  condi- 
tions favorable to the formation of the latter may 
be considered instrumental in the occurrence of CAT 
over these regions. 

This opens the possibility of utilizing satel- 
lite observations in CAT research, and ultimately 
in CAT forecasting.   Although small wave patterns 
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Fig 18     Projection Into horizontal x-y plane of waves at cirrus level obtained from stereo pairs of 
photographs.    Left part of diagram:   13 April 1952,  1443 MST;  right part:   1445 1/2 MST.   Wave 
trains are indicated by lines.    The numbers give the height of the cloud field in thousands of 
feet.    The straight double lines with arrows mark the 2 1/2-minute displacement of certain 
characteristic features in the cloud pattern. 

I 
Fig. 19     Left   side:   Denver,  Colo.,  soundings of 13 April 1962,  0000 GCT and 1200  GCT and of 14 

April,  0000 GCT,  on a USAF Skew T log p Diagram; consecutive soundings have been dis- 
placed to the right by a coordinate unit of 10° C.    Center:   Denver wind profiles for same 
dates; consecutive profiles have been displaced to the right by a coordinate unit of 25 Knots. 
Right   side:   Scorer parameter 1    for same soundings; consecutive profiles have been dis- 
placed to the right by a coordinate unit of 10"6 m"^. 
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which are responsible for CAT occurrence,  lie well 
below the resolution threshold of present satellite 
data, large-scale lee-wave phenomena which usual- 
ly have a wave-length of about 20 km may be obser- 
ved directly.    They might give a hint as to regions, 
in which an excessive perturbation energy input into 
the atmosphere could set off CAT-waves.    More re- 
search In this field is needed before an operationally 
useful CAT model can be obtained. 

4.3   Artificial Tracers:   Indications on upper- 
level turbulence may be obtained from the behavior 
of condensation trails of aircraft (Clodman 1958). 
Smoke-trails have also been used for such studies 
(Durst 1948).   As has been shown in Fig. 13,  detail- 
ed vertical wind profiles may be obtained from smoke 
trails released from rockets.    Similar methods, using 
sodium vapor,  may be employed to study the wind 
structure and diffusion regimes at heights from about 
80 to 150 km (Manring 1961, et al. 1961a, b, 1962). 

Two of the basic difficulties in the application 
of these techniques to CAT research are: 

(a) The aircraft or rocket itself disturbs the air 
flow in the atmospheric layer under consideration. 
One therefore will have to be careful in the interpre- 
tation of waves detected along contrails,  etc. 

(b) Small-scale turbulence and diffusion pro- 
cesses make the contrails or smoke trails spread out 
and dissipate.   Due to these superimposed small- 
scale effects it may sometimes become difficult to 
identify perturbation motions on a scale correspond- 
ing to CAT. 

In spite of these shortcomings a research air- 
craft, which operates in the vicinity of ground-based 
photogrammetric cameras,  and which Is equipped to 
release a smoke-trail whenever It encounters   CAT, 
might help to gain valuable Information on the physi- 
cal causes and the structure of turbulence zones. 

4 .4   Balloon Observations of Turbulence:   The 
existence of turbulent layers above the tropopause 
has already been surmised in the thirties from the 
registrations of meteorographs which were attached 
to high-flying balloons and recovered for evaluation 
(Junge 1938;   Poncelet 1935;   Mironovitch and Vlaut 
1938).   Measurements carried out with "gust-sondes" 
(radiosondes which carried an accelerometer) over 
the United States showed that turbulence tends to 
occur in rather shallow layers (Anderson 1957). 
Moreover,  in only 8.6 per cent of all cases turbu- 
lence persisted in the same 5000 ft. layer for at 
least three successive soundings (1. e. over at least 
48 hours).   This does not necessarily mean, that 
these successive soundings actually Intercepted the 

identical CAT layer.   It shows,  however, that turbu- 
lence is a rather transient phenomenon.   An excep- 
tion to this was found over Grand Junction,  Colorado, 
where 49 per cent of the soundings showed persist- 
ence of turbulence over 3 ascents in the same alti- 
tude range (most frequently between 9 and 15  km). 
Orographlcally Induced perturbations may be the rea- 
son for the persistent occurrence of turbulence over 
this station. 

These flights were carried out with regular 
sounding balloons.   It would be highly interesting to 
see similar experiments conducted with constant- 
level balloons.    In order to determine the wave- 
length of perturbations in the range up to about 2 km, 
a micro-barometer recording small pressure variations 
might render better services than an accelerometer. 
Such measurements might yield new insight into the 
actual dissipation of perturbation energy,  especially 
over mountain ranges. 

4.5 Scintillation of Stars:   Turbulence,  espec- 
ially when occurring as a wave phenomenon along in- 
terfaces with stable thermal stratification, will 
result in small inhomogeneltles along the path of 
light from stars.   This results in the well-known 
"twinkling" of stars (Boutet 1950, Glfford and Mike- 
sell 1953,  Keller 1952,  Protheroe 1955,  Royal Meteor. 
Soc.  1954).    The amplitude of the scintillation may 
be measured from photographic records.    Especially 
the high-frequency oscillations (150 ops) of star im- 
ages seem to have a significant correlation with 
wind speed and wind shear at jet-stream level. 

These small density variations not only seem to 
affect the electro-magnetic waves of visible light, 
but also short radio waves (Staras 1955,  Kaz'es and 
Steinberg 1957) and radio waves (Fleisher 1959, 
Rogers 1957). 

Actual correlations between scintillation mea- 
surements and turbulence observations from aircraft 
at jet-stream'level are not yet available.   An organ- 
ized research program along these lines combining 
the efforts of astronomers, meteorologists, and re- 
search flight facilities might be a worth-while under- 
taking. 

4.6 Micro-Pressure Variations:   Under favor- 
able conditions it might be possible to detect the 
existence as well as the rate and direction of dis- 
placement of gravity-type waves in the free atmos- 
phere from records of sensitive microphones laid 
out on the ground.    Such microphones have been used 
successfully in studies on the thermal structure and 
wind distribution in the upper atmosphere.    Their 
possible application to turbulence research near the 
tropopause level might merit some investigation. 

I 
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5.    THEORETICAL ACHIEVEMENTS 

Occurrence of CAT has frequently been correlat- 
ed with Richardson's criterion 

Ri 

36 
8z 

5.1 

I 6 is the potential temperature, z the height coor- 
dinate, and V the wind speed. Under the assump- 
tion that   AT/A     = 1    (a factor which has been 

neglected in 5.1), i.e. the exchange coefficients of 
heat    (A„)    and of momentum    (A__)    are equal to (AT) <v 
each other, the limiting   value   of Ri has been 
assumed to be 1.   Smaller values, however, are 
more likely (see Prandtl 1960).    Below this value the 
turbulence-generating forces of the vertical wind 
shear would exceed the damping forces of thermal 
stability, thus turbulent motion would result. 

Petterssen and Swinbank (1947) derived a limit- 
ing value of Ri = 0.65 for the free atmosphere over 
England.   This agrees well with earlier results given 
by Fage and Falkner (in:   Taylor 1932;   see also 
Schlichting 1960),   who found that the ratio of ex- 
change coefficients    A^/A,, = 2    for free  flow, AT/AM 
Thus, if one erroneously assumes VAM = 1 

t 

which enters as a factor on the right-hand side of 
expression 5.1,   a limiting value of Ri = 0.5 should 
result from the experiments, which lies close to the 
value found by Petterssen and Swinbank.   Applying 
A   /A     = 2,    one again arrives at   RI = 1  (Reiter 

and Hayman 19 52). 

Correlations between RI and CAT usually are 
rather contradicting (Brundidge 1957, 1958;  Lake 
1956;  Saucier 1956;  Colsonl962).   The reason for 
this has to be sought in the fact, that CAT is a 
small-scale phenomenon, while  Ri-values usually 
are computed over deep atmospheric layers —'not 
to speak about inaccuracies especially in the wind 
measurements.   Wind shears,  as revealed by rawin- 
sonde data may be quite erroneous at times,  espec- 
ially in the jet stream region (Reiter 1958), whereas 
temperatures usually are more reliable, although 
during the coding process they may be considerably 
smoothed, too. 

The fact, that CAT seems to occur preferably in 
or near stable layers with vertical wind shear is 

brought out better by substituting the thermal-wind 
equation into 5.1  (Reiter 19 60a,  1961a).    One arrives 
at 

Ri* 
f2e 

8 %-) s 8zlV8n'e 86- 
"TSz"        £   37,2 
Wp ' g   nflJ 

,8z, 

5.2 

f   is the Corlolis parameter;   {'^r-)n   and    (—)     are 
on 6 8n p 

the slopes of isentropic and isobaric surfaces.   The 
latter usually may be neglected in comparison with 
the former.      V = dV/dt      usually is difficult to 
measure.   If we neglect this term, too, we obtain 

Ri* 
t2e 

89   8z 2 
g8z(8n'e 

5.3 

RI*   may now be computed from temperature cross- 
sections only, without using the less accurately 
measured wind shears.    Fig. 20 shows a correlation 
between Ri* and the amplitudes of mesostructural 

I      2     4     8     16   32   64 128  256 

Fig. 20   Correlation of the amplitudes of the meso- 
structure of wind speed (ordinate) with Re- 
numbers (abscissa). 

wind-speed fluctuations with wave-lengths measur- 
ed normal to the direction of flow of about 50 n. mi. 
Although these waves are about three orders of mag- 
nitude longer than CAT-waves, there still seems to 
be some physical connection between their occur- 
rence, and atmospheric stability and vertical shear 
(equivalent to baroclinlcity). 
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Assuming gravity waves In a vertically shearing 
current to be the main cause for CAT, we may make 
use of the perturbation theory, which considers the 
conditions under which small deviations from the 
average state tend to amplify.    Helmholtz (1888, 
1889, 1890) was the' first to derive the resulting wave 
formations in a simple two-layer model of the atmos- 
phere, with a discontinuity of wind speed and temp- 
erature across the Interface.   Without going into the 
details of derivation (see Haurwitz 1941,  Reiter 1961a) 
we obtain the critical wave length   Lc   , below 
which the amplitudes of the disturbances will in- 
crease exponentially 

2TT   (U 

h    • — 0 V 
8    (Ti + To)<Tl " V 

5.4 

u   are the wind speeds,    T   the temperatures.    The 
subscripts  0 and 1 refer to the lower and upper lay- 
er, respectively.    The following table (Reiter 1960a) 
gives wind shears and temperature differences ac- 
ross the interface for different initial wave lengths, 
and for conditions near the tropopause. 

Table III:   Vertical Wind Shear   Au   (m/sec) for 
Different Temperature Discontinuities 
and Critical Wave-Lengths at an Inter- 
face 

AT L^, = 100 m 50 m 

2° 2.3 m/sec 1.6 m/sec 1.2 m/sec 
4° 3.3 2.3 1.6 
6° 4.0 2.9 2.0 
8° 4.7 3.3 2.3 
10° 5.2 3.7 2.6 

From this it will be realized, that  Helmholtz-wave 
formation requires conditions which will be met 
rather frequently in the jet-stream legion,  espec- 
ially near shallow stable and baroclinic zones, as 
they have been found during Project Jet Stream 
flights (Reiter 1962e). 

More refined treatments of wave formation,  us- 
ing three-layer models of the atmosphere with a 
transition zone Instead of a sharp discontinuity 
have been dealt with by Sekera (1948)  and Sasaki 
(1958). 

Clodman et al.  (1961),  also departing from the 
perturbation equations, considers the energy trans- 
formations in high-level turbulence.   The two main 
sources of turbulent energy are vertical and hori- 
zontal shears.   The former are taken into account 

by Richardson's criterion, while the latter in their 
normal   distribution in the free atmosphere usual- 
ly are not strong enough to constitute a major per- 
turbation energy source.    There may, however,  be 
exceptions, where the stream-line pattern Is suf- 
ficiently distorted so that vertical shear may be 
converted into horizontal shear on a meso-scale 
basis.    This may be the case in lee waves over 
hills and mountains.    Hydrodynamic instability on 
occasions may also bring about horizontal shears 
large enough to be considered as a perturbation en- 
ergy source. 

As has been shown in Chapter 3, CAT frequent- 
ly occurs over mountain and hill ranges.    In more 
severe cases of this kind it seems to be associ- 
ated with standing lee waves.   Any forecast of 
levels in the atmosphere, which produce maximum 
lee-wave amplitudes,, or maybe even "rotors", 
would help to issue CAT warnings over mountain- 
ous terrain. 

Extensive treatments of the theory of mountain 
waves have been offered by Lyra (1940, 1943), 
Queney (1941,  1947) and Scorer (1949,  1951a,  b, 
1953a, b,  1954,  1955, 1958,and Klieforth 1959). 
Without going into the details of this theory we 
might mention, that the formation of lee waves 
seems to be controlled by the Scorer-Parameter 

I 

I 

l£ .1 ^1 
V2     V  8z2 

5.5 

where  g   is the acceleration of gravity,    V  the 
1  8(9 

horizontal wind speed,      (3 = 7;-s-     the vertical d oz 
stability, and   z the vertical coordinate. 

Let us assume, that the cross-section of a 
mountain range of infinite lateral extent is given 
by the vertical elevation function 

E, = 
hb 

2        2 
b   + x 

5.6 t 
h   is the height of the range,   b   is the "half wid- 
th" , i.e. the width over which the height of the 
terrain decreases to half of the height of the range; 
x   is the horizontal coordinate measured normal to 
the mountain range. 

Corby and Walllngton (1956) arrived at the 
vertical displacement of a stream line at the level 
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Fig. 21    Formation of rotors in lee-waves with 

large amplitudes. C -profiles are entered 
along the left-hand sides of the diagrams. 
Rotors are to be expected, where t shows 
an extreme value. (Ill) indicates a so- 
called " double-yolked" rotor. (Scorer and 
Klieforth 1959). 

z   from its undisturbed state 

Cz = Mlbe-  b04.z>k.  (-gi^)    sinkx      5.7 

k is the lee-wave number,  and  i|/   satisfies the equ- 
ation 

+ (1   - k )+ = 0 5.8 
8z 

Subscripts  1  indicate conditions at the surface, 
subscripts   z   at level   z. 

From  Equ. 5.8  we may conclude that lee-wave 
amplitudes tend to be large if 

(1)   the mountains are high and narrow(large   h, 
1    . small 
kb 

(2) the surface winds   Vj   are high 

(3) the vertical wind profiles do not show too 
rapid a decrease of wind speed with height. 

According to Scorer, lee waves will form, if the par- 
ameter 1    shows a decrease with height— prefer- 
ably due to a decrease in stability rather than an 
increase in wind speeds.   For practical purposes, 
levels with 1   = minimum may be identified as 
those levels which have the greatest lee-wave am- 
plitudes.    Several such levels may be present simu- 
ltaneously if the profiles of 1     show corresponding 
maxima and minima. 

In the right portion of Fig. 19 the parameter I2 

has been plotted for the three soundings shown in 
this diagram.   Conditions outlined above are met on 
13 April,  1200 Z between 30730 and 34650 ft.   A sec- 
ondary minimum probably was present between the 
latter of these two levels and 39190 ft.    These val- 
ues are in agreement with the heights of wave clouds 
plotted in Fig. 18. 

At certain levels   C,       may indicate a reversal 
z 

in sign, or a rapid change.   At levels where    t 
z 

attains extreme values rotors tend to form,  espec- 
ially if the wave amplitudes on either side of this 
level are large (Fig. 21).   Because of the increased 
vertical shears and the reduced thermal stability in 
certain parts of the rotor,  it may be associated with 
CAT. 

OUTLOOK FOR FUTURE RESEARCH 

t 
Our knowledge of the meso-  and  micro-struc- 

ture of flow patterns in the free atmosphere,  espec- 
ially above the tropopause,  still is rather poor. 
The need of well-organized and well-equipped mea- 
surement programs,  preferably at flight levels of 
supersonic transport aircraft has not yet diminished. 
U-2 flights might help substantially to bridge this 
gap.   There will, however, be some need of turbu- 
lence data from super-sonic aircraft, too, in view 
of their different flight characteristics. 

Measurement programs using other methods of 
data collection than aircraft should be pursued in 
order to obtain more information on the genuine 
micro-structure of the atmosphere,  without the 
large disturbances which a flying aircraft will create 

itself.    Balloons and smoke traces will probably be 
among the primary choices in this direction of re- 
search.   Such micro-structural details may be of 
particular importance in missile design and opera- 
tion. 

Case studies of CAT occurrence so far were 
limited to correlations of turbulence location with 
atmospheric parameters measured as close as possi- 
ble to the time    of    occurrence.    We  might 
gain some additional information on the physical 
causes of CAT, if the development   and previous 
history of flow patterns bearing CAT were studied. 

In the field of instrumentation, there is still 
need for a compact    accelerometer, which 

• 
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measures and records the three components of gust- 
Iness separately and simultaneously. 

In summarizing we may state, that turbulence 
research in the free atmosphere has come a long 
way, especially when considering the fact, that 
measurements cannot be duplicated very well in 
controlled experiments.   Our laboratory is the free 

atmosphere itself with its Infinite resources of par- 
ameter combinations.   This, however, makes the 
field interesting and challenging, and with the com- 
bined efforts of physics, aerodynamics, mathema- 
tics and meteorology we will steadily probe for more 
complete and more satisfying solutions of the pro- 
blem. 

I 

I 

t 
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Appendix I:   Stabilizing Processes In the Atmosphere 

1.   Considering adiabatlc motions     (— =  0) 
obtain 

I 
6_.Be. ) • 

3</ 
3p" ve 

dt 

8p 
1.1 

The first term on the right hand side of this equation 
contains the Influence of horizontal differential temp- 
erature advectlon due to vertical wind shears, and of 
differential sinking motions    (8u/8p).        The second 
term describes the horizontal advectlon of air masses 
of different stability, and the effect of the curvature 
of the vertical potential temperature profiles under 

82 

vertical motions   (u -). 
8p 

2.   Considering motions under conservation of poten- 

tial vorticlty [^Z-i' = 0l we obtain 

and 

dQ 
z 

"dT 8p     ^z   dt ^p' 1.2 

8t ' '8P 
1.3 

1_ 86^ 8Q 

8t + V- VQ V . 
8p 

The first term on the right-hand side of this equation 
describes stability changes due to vorticlty changes 
produced by local variations and by advectlon, the 
second term contains again the influence of the ad- 
vectlon of air masses with different stability. 

t 
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Appendix II:   Accuracy Requirements of Meteorological Measurements 

to Determine Turbulence Effects on Vertically Rising Vehicles 

Let us suppose, that a missile has a critical 
vibration frequency   u   .     (Naturally, there may be 

more than one such frequency).   A meteorological 
measuring system should be designed, which would 
allow a fair estimate of the atmospheric "turbulence" 
input in this frequency range for a vertically rising 
vehicle. 

Let the vertical acceleration of the missile be 
given by 

dw 
dF n(t)g II.1 

where   n(t)   is the acceleration as a function of time, 
given in   g-units,    g   is the numerical value of the 
acceleration of gravity.    The vertical velocity of the 
vehicle may then be written as 

w = g n(t)dt = gf(t) II.2 

where   f(t) is a function of time which may be obtain- 
ed from  (II. 1)  by numerical integration.    The height 
of the missile above ground is given by 

and 

Az = gf(t) At 

z = g f(t)dt = gF(t) 

II.3 

II.4 

From II.3  and  II.4  we may express    At     in terms of 
Az  and z 

At = G(Az, z) 
II.5 

Let us now designate   At    as the time interval 
which the missile needs to travel through a layer 
Az with (uniform) vertical momentum shear.   We may 
then write 

II. 6 
2 At     2G(Az,z) 

In order to pick up the atmospheric input at the fre- 
quency     u our meteorological measuring system 

should have at least a resolution of momentum shears 
of 

I 
Az. gf(t) II.7 

2u, 

Let us consider the following, rather simple example: 
A missile rises with constant acceleration  8 g.    Its 
vertical speed is then given by   w = 8gt   and its 

2 
height above the launching site by   z = 4gt   .     From 
this we obtain 

II. f 

and 

At 
Az II. 9 

Let us assume, that the accuracy requirements in de- 
termining the atmospheric input are 

u   + u * 1 -   1 

where   u,*     is the limit of tolerable error.   We ar- 
rive at error limits 

Az* 

t 
2'Vgz 

CO,* 

11.10 

This means, that the accuracy requirements in deter- 
mining the thickness Az of vertically shearing lay- 
ers decrease with height at a rate proportional to the 
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I square root of   z   . 

If the atmospheric Input at a critical frequency 
should be estimated to + 10 cps, we should be able 
to estimate the thickness of shearing layers to+ 62 m 
at a height of 10 km, to 89 m at height of 20 km. 

These requirements are certainly beyond the 

reach of AN/GMD-1 and AN/GMD-2  equipment. 
This problem becomes less serious, however, if we 
consider a threshold value of momentum fluctuations 
AM = pAu,    below which atmospheric "turbulence" 
input becomes irrelevant.   The accuracy requirements 
in the measurements of    Au,    therefore, become less 

stringent at a rate of approximately    i , as the mis- 
sile rises into the atmosphere. p 

I 

I 
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