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ABSTRACT

Data obtained from a specialy-ins.trmented U-2 a;" :=ft have bean

used to relate clear-air tubulence with mountain wave structure, obsered

during two research flights in the stratosphere over the Sierra Nevada Mountains

on 13 and 14 ivay, 1964. The several cases of severe turbulence encountered

took place in regions immediately downstream of wave troughs, in areas of

decreased static stability and slower wind speeds associated with the prevailing

upwind tilt of the waves. An expression for the Richardson number is obtained

which incorporates modifications imposed upon flow through stationo.y disturbances

such as mountain waves.



1. INTRODUC7ION

Aweness of high-altitude clear-air turbulence (HICAT) and a corresponding

interest in the ohenomena has been increasing in recent years as man extends his

aerial activities throughwut the upper troposphere and ihe stratosphere. Since mountain

waves have been detected at stratospheric altitudes, investigation of their role in the

production of HICAT is warranted.

Some of the high-altitude meteorologicai research flights made in spring 1964

for the Air Force Cambridge Laboratories (AFCRL) involved encounters with HICAT in

the vicinity of mountainous terrain. The data was obtained by a specially instrumented

U-2 aircraft operated by Electronic Systems Division of the U.S. Air Force Systems

Command. The aircraft was based at Edwards Air Force Base in the Mojave Desert

about 100 miles north of Los Angeles, California, and flown predominately in the

upper troposphere and lower stratosphere, on various routes over the western United

States. The data from these flights comprised part of that made available to UCLA,

originally for study of diverse mesometeorological phenomena, but later narrowed

specifically to investigation of HICAr.

Flight data from spring 1964 was surveyed in order to select interesting

HICAT cases, since it was at this time that recording of an objective turbulence

indicator became possible with addition of a vertical accelerometer to the U-2

instrumentation system. Of this series of f!ights, the two on the afternoons of 13

and 14 May, 1964 (designated ML-21 and ML-22, respectively) were found to be

by far the best suited for analysis, due to the concurrence of three factors:
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1) encounters with moderaite to severe stratospheric CAT; ? indications of mountain

waves; and 3) well laid-out flight plans which would enable reconstruction of

important aspects of the moun'ain wave structure.

II. FLIGHTS ML-21 and ML-22

I. Flight Plans

Appruximate flight tracks for ML-21 and ML-22 are shown in Figure I.

Times ore given in GCT. The flights originated at Edwards Air Force Base (EDW)

shortly after noon and returned there the some afternoon local time, ML-21 on

13 may (2008 to 0145 GCT 13-14 May), and ML-22 on 14 May (2010 to 0040 GCT

14-15 May), 1964. Both included traverses over the Sierra Nevada Mountains at

several levels in the stratosohere, as indicated schematically in Figure 2, between

the VOR beacons near Friant (FRA), California on the west, and Tonopah (TPH),

Nevada, on the east. The traverses have been numbered in the order flown. The

traverse route lies along a line oriented approximately 245 -065o relative to true

north, and crosses the Owens Valley a few miles north of Bishop (BIH), California,

quite close to the general locale of the Sierra Wave Project operations conducted

circa 1951-1955. This route is approximately perpendicular to the Sierra crest in

this area, which is aligned at about 1650 -345. ML-21 had repeat traverses at

the three lowest levels. Only one pass per level was flown for ML-22, but on this

fligrit extensive horizontal areas were covered at 60,000 feet MSL north and south

of the traverse line.
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2. U-2 Data

The U-2 data ued in this investigation were obtained from data books

assembled by the univef.ity of Dayton, which reduces oscillograph records for

AFCRL from the fast responseU-2 instrumentation system. Flight ML-22 was

investigated first. As initially made available to us, it had been reduced for

mostly 5-second intervals, althoigh portions were for 15 seconds. The plotting

and smoothing w.is performed manually, which was tedious but led to detection

and correct;on of some errorm which might have otherwise gone unnoticed. Flight

ML-21 was originally available as a mixture of 5-second and 32-second data.

This flight was re-reduced at the University of Dayton according to our specifications,

which were determined cn the basis of our experience with ML-22. The final

version provided a basic sampling interval of 10--seconds for the entire flight,

,,ith interesting portions of the traverse, and all soundings, read to 5-seconds.

In addition, 2-second readings were made for the first and last several hundred

feet of t6.e soundings where they were most critical because of proximity to the

traverse levels. Also, 60-second averages were obtained for certain data, and

a set of supplementa y coordinates with X-axis olong the traverse route computed

for that portion of the flight.

The parameters which we have utilized include: Z,o(pressure-altitude

in feet MSL), T (temperature in degrees C), 0 (potential temperature in

*Absolute heights above the terrain were available from an electronic altimeter.

A study of this data was conducted for ML-21 in order to see if mesoscale variations
in D-voalue could be detected. Detailed plots of pressure-altitude, undei lying terrain

altitude, radar-altitude, and derived D-values were made for portions of the ML-21
traverses over the Sierra crest. Although aircraft position over the lerroa ,vas deter-
mined carefully from the tracker camera photos and small scale topographic charts, the

results were inconclusive b-,,.uuse of scatter due to difficulty in properly matching radar

altitudes with surface altitudes over the predominately rugged terrain.
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ck.rees K),0E (ozone in p mb), WS (wind speed in knots), WD(wind direction),

and aircraft positions. Photographs looking downward and sideways were available

from a 70 mm tracker camera which took 70-mm frames automatically throughout

each flight at a rate of about two per minute. Vertical acceleration was measured

by an accelerameter and md to indicate magnitude and duration of turbulence.

The acceleration values were not tabulated; rather, the oscillograph was inspected

at Dayton and apparently turbu'ent periods of flight and maximum acceleration

noted. The winds and aircraft positions were derived from Doppler radar, and VOR

check points. At times winds were not available when manuevers in turns and

ascents/descents, or during turbulence, disrupted proper operation of the Doppler

trzicking system.

Because posttion inaccuracies sufficientiy large to affec interpretation of

the data were discovered during early stages of analysis, extensive usage was made

of the tracker camera photos to obtain accurate position "fixes". For ML-21, these

fixes were supplied to the University of Dayton for use in recomputation of aircraft

positions, which have been used in this study. ML-22 position corrections were done

by hand.

3. Weather Situation

Although a cold front passed through the region of interest during 13-14

May according to Weather Bureau analyses, it was weak and apparently produced

little or no precipitation, An elongated surface low pressure area was present east

of the Sierras, more pronounced on the first day. Winds aloft remained southwesterly



I

5

both days as shown by Figure 3. Isotachs and streamlines at three levels are drawn

for 0000 GCT 14 and 15May. On both jays the flow is split into two major jets

north and south of the Sierras at the highest levels, while at 700 mb several speed

maxima appear, one downwind of the Sierras. A region of minimum speeds lies

along the travene route at 300 and 700 mb the first day, and on the second has

moved somewhat south.

Figures 4 and 5 are vertical cross-sections of potential temperature

(dog K), wind speed (knots), and direction, along the Pacific Coast at 0000 GCT

on the two days. No major frontal zones are evident. Several jets appear near

the upper tropopause. The tropospheric speed mininum over California has moved

farther to the south on the second day.

The cross-sections were used to synthesize temperature and wind profiles

upstream of i;he Sierras, as located by the vertical !ine between Oakland (OAK)

and Point Arguello (PGU) marking the extension of the vertical traverse plane

onto the cross-section. These orofiles are given in Figure 6, as well as pibal wind

prof.lles for Fresno (FRE), which lies a few miles southwest of the Friant VOR beacon

and western terminus of the traverses. Profiles of the wind component normal to the

Sierras appear in Figure 7, for locations near the traverse line. (The BIH profile,

obtained from single theodolite pibal, is of course subject to error due to mountain

wave effects.)

A double tropopause structure is evident both days, but not so clearly on

the second as the atmosphere has become less stable in the transition zone and more
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stable in the troposphere. Upwind of the Sierras wind directions are generally

240° to 2600 from crest levels to 60,000 feet. Although the flow at lower levels

is stronger the first day some distance upwind and downwind of the Sierras, little

difference is noted at FRA or BIH at crest level.

The Scorer parameter was evaluated from the OAK-PGU interpolated

temperature/wind profile. Mountain waves are favored where this parameter

decreases with height, and s%;rface flow is across the mountains. It is defined at

where a z=  wind com tnormal to mountains

and the other symbols have their usual meanings.

The Scorer parameter and the two terms on the right are shown versus height in

Figure 8, for ML-2i and ML-22. The 2' curves are basically similar for the

two days, with a general decrease up to about 33,000 feet, a slight increase

up to ,bout 53,000 feet, and a large increase above.

Plots of U-2 wind directions, wind speeds, and temperatures versus

heights for ML-21 and ML-22 appear in Figures 9, 10, and 11, as measured

during ascents/descents between traverses, roughly over FRA and TPH. Only

one tropopouse is evident from the soundings, near 38,000 feet for ML-21 and

42,000 feet for ML-22. The strongest winds on both days occurred near 44,000

feet (which was a traverse level both flights), reaching about 65 knots the first,

and 75 knots the second. Directions are nearly all between 220° to 2800,
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within about 30° either side of the normal to the Sierra crest. There is a tendency

for veering with height. On both days the lowest traverse levels (which determined

the baseof the soundings) were apparently slightly higher than the lower tropopause

shown in Figure 6.

Photographs taken from the U-2 revealed considerable cumulus activity

over the Sierras and portions of Nevad.- during ML-21. The cumuli over the

Sierras were generally smail and ragged in appearance, but a few larmer cloud

masses were present over the vicinity of the higher peaks. The traversa passed

over just such an crea on the Sierra crest west of Bishop, where cmulu; tops to

about 18,000 feet and bases near 13,000 feet were estimated from the U-2

photographic data. A very long and dense band of cirrus and altocumulus was

oriented WSW-ENE over EDW, with its northern edge about 40 miles north of

EDW. Undulations in this cloud band where it passed over the mountains, and

spectacular (as seen from the U-2) lenticular sheets with hard, cobblestone tops

indicated wave motions in the southwesterly flow over and to the lee of the

mountains north and west of EDW. Some rather flat, but lenticular mid or high

clouds were visible far to the north of the traverse route.

The following day, conditions were apparently somewhat drier and more

stable since cumulus were very sparse and suppressed. However, during flight

ML-22 on that day, the U-2 did fly over extensive sheets of thin high clouds

downwind of the Sierra crest, as it proceeded southward from Reno, as far as

Mono Lake (40 miles north of the traverse line near Bishop). These clouds wcre

lenticular as seen edge-on from the south, and obviously were associated with
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mountainI waves.

II FLIGHT ANALYSES

1. ML-21

1.1 Cross-secionis

The analyses which will be presented here for ML-21 cover the nulti-

level traverse portion of that flight mode over- te Sierr, and utiliza the

1-minute mean data calculated at the University of Dayton. The traverses, eight

in all, were carried out within a few miles of each other along a line between

FRA 'ind TPH (generally within 1 mile but ais far as --; 3.5 miles fromn the line),

and were spaced vertically at five nominally constant levels between about

34,000 feet and 60,000 feet, so that it was possible to perform analyses in a

vertical plane across the Sierras. In addition, the lost three traverses were

repeat runs at the lowest three levels, so that some-thing could be ascertained

about time changes in the atmospheric structure.

A well-known technique for diaignosing mnountain wave structure from

data on a cross-section more or less perpendicular to the mountains is based on

assumption of conservation of potential temperature, and steady-state flow non-

divergent in the direction normal to the cross-section (parallel to the mountains).

In such a situation str--amlines of flow in the cross-section and isentropes will

coincide. The stratosphere is an excellent place for detection of waves from

poten!ial temperature analysis because the very great static stability there assures

that vertical displacem.ents, of the air are accompanied by relatively strong and

unambiguous anomalies in potential temperature. Instead of attempting to draw
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the isentropes directly from an Z-3 plot of the data, it is adv jntageous to first

determine the local depariures of the field of isentropes from their altitudes at an

up4rean reference soundirg, in order to isolate the mountain wave perturbations

from the large vertical gradients of potential temperature on which they ore super-

imposed. The analysis of the height departures can then be graphically recombined

with the reference values in order to draw the isentropes.

This method was used to obtain an isentrope analysis for the first five

ML-21 traverses, illustrated in Figure 12. The upstream sounding was constructed

by hand-smoothing plots of U-2 potential temperatures vs height over FRA. The

soundings for the TPH end of the traverses were consulted in an effort to eliminate

spurious features and fill in missing data. The spacing is nearly constant with "

because the reference sounding was assumed to be representative of the entire

cross-section. In actuality we would not expect this to be so for the small vertical

scale used, because of advection of laminae of various lapse rates and dimensions

through the cross-section, and modifications by the mountain waves, but the

positions and amplitudes of the waves are nevertheless believed substantially

correct. Some movement of the waes took place during the period the cross-

section traverses were being flown, as will be discussed later.

The field of isentrope height-departures, from which the above analysis

was derived, is shown in Figure 13.

where 2'O" height (pressure-altitude) of a
particular polential temperature
value measured by the U-2
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and Z,= height at which the potential
temperature value is found on the
reference sounding.

The determination of tilt of the waves was vital to a realistic analysis,

since rational interpolation of the analysis between flight levels could not other-

wise be carried out. Fortunately, continuous wind information was obtained for

nearly the entire flight, so that we coulce make use of the close relationship

between air flow and thermal structure in a mountain wave. If the waves are

tilted upstream, the strongest winds should be located downstream of the wave

crests, since it is there that streamline (isentrope) packing is greatest; the

reverse holds for downstream tilt. An inspection of Figures 17 to 21, in which

are graphed the 1-minute means of WS ,AZ e , and other parameters from

ML-21, reveals that the faster winds are found preponderantly downstream of

maxima in isentrope displacennent. Thus, for ML-21, the waves in the region

sampled generally tilt upstream. This information was considered in the preparation

of Figures 12 and 13.

The wind data 'was also utilized quantitatively in confirming the analysis

prepared from the potential temperature data. It woulo have been possible to

reconstruct the streamline field usinig only the wind data, as an independent

verification of the isentrope analysis. Since graphical methods were employed,

it was instead simpler to compare the wind field with the analysis of a quantity

derived from the isentrope field as explained below.



Consider a vertcal plane X- e+Se Zrb

which is perpendiular to the mountains. e Zr U

In steady state conditions, the flow in this

plane associated with the waves will be

nondivergent (neglecting compressibility). a X

For an isentropic channel of varying height S2 (but ilin enough so any curvature

of the velocity profile is negligible), conservation of mass requires that the

component of flow U. normal to , be inversely proportional to the channel

height.

That is, U Sz = LL' Szr

We define & = Z b -Z&

let 4 = 7b Zrb

so Zb= zb -A iZb

Zr,. 4-L Z.

then Sz ZoA O- (Z4. -A4L)

- (z6-4) - (A7 Z)

- ~ -(67-b-A-Za)

now write z Az. - Az

then SZr - (,Az,)
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and -~

but U

bZ

The wind and isentrope-departure fields can be compared quantitatively

if put down in the above form, since the traverse cross-section was nearly normal

to the mountains. The left hand side is the ratio of the x -component of the wind

to that at the same potential temperature and the same reference location used to

evaluate AZI . Because of difficulties in determining U. as a function of e

at the upwind reference sounding, it was approximated by setting

where 1L. is the mean X-component of the wind for a particular traverse.* An

analysis of the speed ratios U/LLr is given in Figure 14. The right hand side of

the equation was evaluated graphically (for a Sz of 2000 feet). It is shown in

Figure 15. In order to facilitate comparison of the two fields, regions where UYUr

and were less than unity are shown superimposed in Figure 16, using

horizontal hatching for the former and vertical for the latter.

The 'UL.-values are:

level altitude level altitude U,
(feet) (knots) (feet) (knots)

1 33,500 30.6 6 34,000 25.3
2 38,000 36.4 7 38,000 35.2
3 44,000 53. 4 8 44,000 55.3
4 52,000 36.6
5 60,000 20.1
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The two fields are distributed in a similar fashion over most of the region,

corroborating the mostly uopstream tilt of the waves. If the waves are assumed to

extend through several flight levels, there is a very lImited rwer of possibilities

for connecting crest ot troughs from level to level, half of which are eliminated I

since nearly all must slope upstream. Of course, the Wial - analysis

was taken into account when deciding on the connection between different levels

in the %i/r analysis since the two had to be consistent with each other. The j
solution chosen produced fairly good quantitative agreement between the two I

fields. Other solutions involve greater slopes away fom the vertical, henre would

cause an appreciably greater range in the l-" values and lessen their correlation

with, %r

The maximum upwind slope of the waves on the cross-sections is about

Z:X = 1: 15, but is closer to 1:5 on the average. (The vertical to horizontal scale

ratio of the charts is 1: 15). As we shall see in the next section, these slopes may

differ somewhat from conditions for any given instant, since there was some move-

ment of the waves during the flight. Wavelength is approximately 17 n. niles.

The greatest wave amplitudes AZ. occur directly over the crest of the Sierras,

ranging from +2300 feet to -1600 feet. Over the entire cross-section maximum

amplitudes occur near 38,000 feet cnd 52,000 feet.

1.2 Traverse data

Graphs of wind speed, wind direction, ozone, potential temperature,

pressure-altitude, and isentrope displacement are displayed 'n Figures 17 to 21
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for each of the e;ght traverse runs of ML-21. All parameters represent 60-second

averages, except ozone, which is plotted at its rnte of sampling, about three per

minute. Turbulent periods are marked by shading. Since the three lowest levels

were repeated, a double set of curves appear on these graphs, with the iaior runs

shown as dashed lines, Arrows on the Zp trace indicate direction of flight.

Some interesting interrelationships can be pointed out between the various

parameters. If the perturbations in e are nearly stationary, they are indicative

of mountain waves, with rising motions upwind of the crests and sinking downward.

Considering that the pilot or autopilot will be attempting to keep the aircraft near

the nominal flight level, there are definite indications thcit the aircraft is responding

to these alternating up and down winds. Aircraft altitude variations due to the waves

should be in-phase with AZO for flight with the flow (left to right in the diagram),

1800 out-of-phase against the flow. The greater oscillations in altitude tend to

nccur during upwind flight since a longer time is spent flying upwind through the

waves. As has been earlier mentioned, wind speeds were usually stronger downwind

of crests, indicating that the waves slope upward upstream. Ozone becomes more

variable with distance as its concentration increases upwards. It is well correlated

with potential temperature but not aircraft altitude along the upper flight levels,

which constitutes additional evidence that the air has been displaced upwards and

downwards in the waves. It is difficult to relate vlriations in wind direction to

the waves. When the directicn of the flow entering the wave region is at an

appreciable angle to the normal to the waves (presumed 25e-0750) some of the
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acceleration experienced by the air as it passes through the waves should be manifest

as a turning towards the downstream normal direction with increasing speed, away

for decreasing. Put another way, the velocity component parallel to the waves should

remain constant if the waves are laterally uniform, and the normal component will

oscillate. A polar scatter diagram of the vector wind was plotted (not shown) for the

traverse winds, Lut there was only fair tendency for alignment of the end points along

a line perpendicular to the waves.

Movement and modification of the mountain wave structure can be seen in

the AZ@ -curves at the repeated three lowest levels. During the 2-3 hour period

between the first and second set of traverses the first major crest has shifted to (or

reformed at) up to 7-8 miles upstream of its earlier position. It is hard to soy what

happened to most of the downstream waves because of uncertainty as to identity.

If this displacement occurred at all levels, the waves at 60,000 feet shown in

the cross-sections would have Leen about 5 miles further dowriwind relative to

the positions a 34,000 feet, so that tFe waves would in general slope more towards

the vertical than analyzed. Slopes of those portions of waves closest to vertical

would be affected most; 1:15 would go to 1:14, 1:5 to 1:4, 1:1 to vertical, and

those originally analyzed between 1: 1 and vertical would slope downwind. The

lines of equal isentrope displacement, AZ* would be rotated clockwise in the diagrams.

Since the field of I- would thus be altered, the discrepancies between it

and "Ur might be alleviated if it were possible to correct the analyses to a standard

time. This was not attempted here because of the uncertainty in identifying
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corresponding features between the two sets of traverses, and the lack of repeat

runs at the higher levels.

1.3 Turbulence

The episodes of turbulence indicated by the accelerometer records are

shown as short zigzag symbols on the cross-sections, and by shading on the traverse

data graphs. Turbulence was observed at the 44,000-foot (maximum vertical

acceleration 0.21g), 52,000-foot (0.35g), and 60,000-foot levels (0.65g and

0.35g). The pilot reported that turbulence at the highest level was the most

impressive he had ever experienced. Some turbulence described as "light" was

observed by the pilot over the western slope of the Sierras, but was not included

with that detected by the accelerometer. It will be noted that the three strongest

turbulent occurrences all took place just downstream of wave troughs. This fact

will be examined in more detail later.

2. ML-22

2.1 Cross-section

A cross-section of AZO for ML-22 is shown in Figure 22. These

values are based on an upstream reference sounding constructed from U-2 ascent/

descent data in the same manner as for ML-21, but in this case were obtained for

5-second intervals, along the traverses, and then smoothed by hand. D'!tection

of the phase of wind speed fluctuations relative to.Z in order to verify the

direction of wave slope proved rather uncertain and ambiguous in this case.
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An analysis of % r was not attempted. Nevertheless the waves were a-alyzed

tilting upstream as on the previous day. The slopes were roughly the same as

before. The uppermost traverse (67,000 feet) was not included because we could

not establish the analysis in that region with any confidence. This is probably

in part due to the fact that that level was flown last, much later than the one

below it, as can be seen from Figure 2. The wave amplitudes are considerably

less than the previous day. The greatest amplitudes are found in the vicinity of

38,000 feet, and 52,000 feet, and over and downwind of the White Mountains.

Maximum displacements are +1200 and -1400 feet. The predominant wave-

length remains at about 17 n. miles. On the whole the ML-22 cross-section

seems less organized than the similar one for ML-21 ; this appearance stems partly

from imperfect filtering of the shorter perturbations in the hand-smoothing procesi

employed. The diminished convective activity on the 14th could also be a factor,

since it suggests less disturbance of the tropospheric cross-mountain flow than on

the previous day.

2.2 Horizontal temperature analysis

During flight ML-22 several legs were flown near 60,500 feet, suggesting

an attempt to reconstruct the wave pattern at that level. Since only in the vicinity

of the traverses were soundings available from which the details of the vertical

potential temperature distribution could be determined, we did not think it worth-

while to attempt to compute AZ@. However, in a gross sense, the temperature

lapse rate in the stratosphere was isothermal, which meant that variations 'n
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temperature along the 60,500-foot flight track would hopefully tend to reflect

actual horizontal temperature changes, and not so much changes in altitude of

the U-2 as it deviated somewhat above and below the nominal flight altitude.

(Actually, temperature and A2. compared quite well during the traverse at

60,500 feet; see Figure 29.)

An analysis of the horizontal temperature distribution appears in

Figure 23. The data was smoothed subjectively to remove small-sca!e fluctuations.

Unfortunately, the solution has to be regarded as somewhat speculative, at least

between the traverse line and Reno, since the temperature data alone would allow

giving the features other orientations. The version given, however, is consistent

with the existence of mountain waves, for which there was con3iderable evidence.

The axes of the colder areas are presumed to mark wave crests, where the air has

been displaced upwards and hence cooled adiabatically; the warm axes likewise

mark troughs.

The wind from the surface through flight level was southwesterly, so the

features shown are roughly perpendicular to the flow, and parallel to the Sierras.

The wavelength indicated is about 17 n. miles near Bishop, to 40 n. miles near Reno.

2.3 Turbulence

All of the turbulence noted for ML-22 occurred at the 60,500-foot level,

at the locations shown by the large dots in Figure 23, and one of the locations by

the zigzag symbol in Figure 22. Maximum accelerations between 0.30g to 0.64g

were measured, comparable with the previous day, but there was only one
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accelerometer report of turbulence during the traverses, at about 2210 GCT over

the White Mountains. A pilot report of "turbulence over valley" at 2208 GCT

was made, however there is some doubt a separate incident was involved because

the pilot's clock may have been as much as two minutes behind that used in the

instrumentation package. Again, the correspondence between strong turbulence

occurrences and wave troughs is pointed out.

IV. WAVE STRUCTURE AND TURBULENCE

1. Observations

An association between the turbulence ind wave troughs has been indicated.

In order to look further into this, pertinent portions of ML-21 and ML-22 were examined,

using unsmoothed 5-second data.

Figures 24 to 26 are graphs for ML-21 of various flight parameters versus

distance along the FRA-TPH coordinate, similar to Figures 17 to 21 shown earlier

except for the smaller time scale depicted. In the 52,000-foot episode, Figure 24,

the turbulence was confined to mid-trough and a region slightly downwind (according

to AZ* ), beginning just after a rapid decrease in wind speed and ceasing approximately

in the region where speeds began to rise again. Remember;ng that at this level the

U-2 was flying upwind, from right to left on the graph, note the rapid increase in

altitude as the aircraft entered the area upwind of rhe wave crest. It is teripting

to relate the subsequent drop to the turbulent zone, and the abrupt change in AZO

at 2240 GCT, but it may well have merely reflected the pilot's attempt to bring
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the aircraft bock to the non inal flight altitude. The possibility hat thm pressure-

altitude ws merely responding :o strong horizontal variations in pressure is not

borne out by the behavior of the wind speeds.

The next encounter was the most severe (0.65g), Figure 23. It took

place at 60,000 feet were the U-2 was flying downwind, left to right on the

graph. The turbulence began 'ust before .he lowest point in the trough, and died

out in the vicinity of the next dowmtream wave crest. The rise in i-2 altiiude

during its passage from trou.* to crest suggests a strong upward flow there, implied

by the increase in isentrope altitude (from AZ* )- The spectacular dips in amplitude

of the trough to departures below -3000 feet may be partly due to an inoccurate

ID reference profile; the behavior of the "undistxJbed" upstream potential temper-

ature sounding had to be extrapolated for 19 > 456°K since the U-2 di:5 not go high

enough to measure it.

Another region of strong turbulence was 'ound 50 miles farther downwind,

at 60,000 ft., Figure 26. It began at a speed minimum, in the center of the wove

trough, and also died out necr the following wave crest.

Similar graphs have been prepared for ML-22, except that a time scale is

employed s~nce distances along the flight legs were not obtained from the computer.

However, for ease in comparison, the charts have been drawn with a horizontal :cale

roughly equivalent to that of .L-21 charts. The first two occurrences took place

when the U-2 was flying south from Reno at a small angle to the waves, heading

slightly upstream. The wave topo.aphy will have to be inferred from the temperature
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curve, since, as mentioned earlier, no U-2 sounding data was obtained in this region.

Figure 27 illustrates data during the turbulence just south of Reno. The coincidence

of wormer temperatures (temperature is plotted increasing downwards in order to be

similar to A Z ) and turbulence implies a trough turbulence relationship, as before.

tore that time is plotted from right to left in order to have the upstream direction to

the left, as in all the other illustrations. This puts the upstream edge of the turbulent

zone squarely on the wave trough, according to the temperature curve. The wind

speed minimum and U-2 altitude maximum at the trough conform to their expected

behavior in a mountain wave.

Near Mono Lake the heaviest turbulence of the flight was experienced,

Figure 28. Wind speed may not be reliable; part of the time the Doppler radar was

not tracking properly. However, temperature, turbulence, and U-2 altitude behave

in a consistent manner, as before. The separation of the turbulence, and trough

topography (temperature) into two parts is probably due to lateral variations in the

jwave seen by the aircraft because of the small angle of crossing.

Finally, in Figure 29 we show the portion of the flight at 60,000 feet

over the White Mounta;ns. Here it was possible to compute AZ. , and the

very close resemblance between it and the temperature supports our previous

Ftopographical interpretation of the latter. The turbulence, here aiso, is confined

to the region between a trough and next downstream crest.
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2. Discussion

The region between wave trough and downstream crest has been shown to

be the site of all but one of the strong accelerometer-identified espisodes of

turbulence during ML-21 and ML-22. Some possible reasons for this near-

exclusive behavior will be discussed below.

Static-stability in upwind-tilted waves is least on the downstream side

of the troughs, where the isentropes have been tilted and stretched vertically in

the decelerating flow, and at altitudes where the wave amplit-de is at a local

maximum. It is possible for the isentropes to become increasingly inclined so

that vertical mixing and turbulence take place. This instability may be carried

to the point of actual undercutting by the flow entering a trough from the speed

maximum or its upwind side, so that a disturbance resembling a hydraulic jump

develops.

An important factor which should be investigated is the distribution of

Richardson number. The mountain wave structure can 'Z shown to influence Ri.

in a very interesting manner, because of the relationship between shear and static

stability in the waves. Consider an idealized two-dimensional mountain wave

situation in vertical cross-section:

The ko;zontal component of flow U in the X -direction within an

isentropic channel of infinitesimal height can be written (neglecting compressibility)

u=bu, (1)

where (aa/ae). . zwr b(2)
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The subscript r here and following denotes parameters measured at some

reference location in the undisturbed flow upstream of the mountains, at the

potential temperature of the point of the cross-section under consideration. The

parameter b expresses the amount of vertical compression or expansion of the

isentropic channels relative to their vertical distribution at the upstream reference

location; this is a function of X , and Z or 0 , and will vary depending on

wave slope and amplitude.

I We would like to express the Richardson number in terms of the above
conditions.

We have R" = (3)

where U = U(X, (4)

e= 1 ) 9(I 6)=6~'~z)(5)

Differentiating (I wrt 9 at some X

we have b (ft) CI , (6)
~r

--but a l .lab 012 (7)

substituting, a (8)

D__b___? 
(9)
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but b = WWa)(

(11)

From (10) ) (12)
r

Substitute (11) and (12) in (3):

This expression may be used to draw some inferences about probob!e

turbulence generation sites in the waves, although it is probably not valid fo

strongly inclined flow or shear.

There are several means by which mesoscale changes in vertical gradients

of potential temperature and velocity, leading to decreasing Richardson numbers

and turbulence, may occur. One way is through differential advection. Another

is through vertical shrinking of an air column due to horizontal divergence, since

the increase in static stability is overcompensated by the effect of shear, which

appears squared in the demonimator for RL - With the wealth of small-scale

variations in shear and stability present in the atmosphere, it can be seen that

even large-scale divergence fields, if persisting for some time, could serve to

bring the Ri of some of these regions to the critical point, perhaps at many

locations over a wide area.

When the divergence field producing the vertical shrinking is stationary,

the effect is the same, but much more intense. Consider diagrams a) and b).
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In this situation a simple wave, damped "

with height, is present directly over an

obstacle. Suppose, for simplicity, that

.ne shdrinking is constant with height,

and is sufficient to compress the inter-

val between isentropes and 9+SA

to one-half their former spacing at r.

Then the static stability will havr a)-o o -, - - - - 7
doubled. But wind speeds will also x

hove doubled, whereas since the spacing x 1

is halved, the shear will have quadrupled.

,he Richardson number which was I# b

characteristic of the upwind profile will i 2

have changed by a factor of 2 (twice as

stable in numerator) divided by 42 U r,

(shear squared in denominator), or a factor of 1/8. This result can be obtained

from the mountain-wave form of the Richardson number:

£

by setting 0 , since we have assumred the shrinking constant with height,

and b is a measure of that shrinkage.
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Then, t b 6OI 2

Therefore, for a non-sloping wave whose amplitude changes linearly

with height,

where is .he Richardson number at the same 1-level on the
upwind sounding.

In the g.-ra| case, the waves tilh and their amplituces vary with height.

Considering the effect of the tilt, it serves to make b periodic with height. For

given wave amplitudes, as they slope more toward the horizontal the greater the

ampliti de of b will vary. Zones of minimum Ri will tend to prevail either side

of sloping speed maxima upwind of upwind-sloping wave troughs, since it is there

that az will attain its greatest magnitude. The effect of shear in the upstream

profile will be to minimize Ri just below the sloping wave speed maxima for

positive shear, and above for negative shear. Suppose that conditions are such

that critical values of Ri are being produced by the effect of the wave structure

upon the incoming air in this manner. If the static stability downstream is only

marginally stable, smali-scale disturbances forming in these sloping zones of

minimum Ri and being advected into the trough could act to set off turbulence

there. It may be significant that the smallest Ri -values are on the trough side
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of the speed maxima, above the level of maximum wind, since all strong turbulence

in ML-21 and ML-22 was encountered in the upper levels where generally negative

shear revailed. Below the level of maximum wind Ri may have become critical

only below the wave speed-maxima; the disturbances would then have had to survive

passage through a region where Ri was relatively large before reaching the trough.

V. CONCLUDING REMARKS

Data from flights ML-21 and ML-22 have been used to construct mesoscale

analys~ef of mountain u,jves in the stratosphere, and to establish observational

evidence for an intriguing connection between turbulence distribution and wave

structure. With the hindsigh+ gained from attempting to correctly interpret and

utilize the data, some comments pertinent to flights of this type will be offered.

1. Accurate recovery of the aircraft positions is necessary, because

of the link between terrain and mountain-wave locations and need

I for correct vertical alignment of multi-level traverses. Positions

t should be determined from the tracker camera photos (assuming,

hopefully, clear skies below) and used instead of the VOR over-

flights, for reference positions at suitable intervals throughout the

flight.

{ 2. For analysis of gross wave structure, the traverse data should be

smoothed by a running mean of between 30 to 45 seconds duration

(appropriate for normal U-2 ground speeds).
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3. Emphasis should be placed on obtaining at least one complete,

uninterrupted, upwind profile of temperature, wind speed, and

direction. (If possible, one complete upwind sounding at the start

of and another at the end of the traverses.) The aircraft should

descend as low as time and clearance will permit. The upper

terminus of the sounding (s) must extend at least several hundred

feet higher than the elevation of the highest traverse level,

perferably a few thousand feet.

4. Anytime flight levels are changed, extend the ascent/descent

to overlap the beginning and ending levels by at least several

hundred feet, in order to be able to determine vertical gradients

to be used for the flight levels.

5. Most of the losses of wind data occurred during helical ascent!

descent apparently because of too steep a bank or inclination.

To obtain an uninterrupted wind sounding, it is suggested that the
I

aircraft change elevation in a series of "vertical switchbacks",

attempting to stay within the vertical plane of the traverse route.

The switchback maneuver for a descent would involve leveling out

fully (so at least one tracker camera photo readily useable for

positioning could be obtained), then a climb of a few hundred feet

(to insure overlap between the switchbacks), a sharp turn to reverse

direction, and resume descent.
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6. With the exception of the region where significant mountain waves

are being encountered, a vertical porpoising maneuver is preferable

to quasi--horizontal flight because of the valuable information gained

as to vertical distribution of atmospheric laminae and horizontal

variation of their strength and height. The more rapid and steep the

porpoising, the smaller the horizontal scale of features discernable,

however, unless some wind data can be sacrificed the ascent/descent

rate must be kept within certain limits.

7. Repeat runs should be made at all levels if possible. Multiple,

consecutive repeat runs at at least one level should be made in order

to be able to separate moving features from the more nearly stationary

mountain woves.

8. Flight to and from the traverse area should not be made direct but,

if time permits, planned in a zigzag manner (with at least occasional

porpoises) with legs over the mountains, so that the horizontal

configuration of the waves can be determined. The return flight

should be at the same level as the departing flight.

9. Lateral variations in wave structure should be checked in some

smaller, selected region, by a series of at least three adjacent

(2-5 miles separation) cnd consecutive passes (20-30 miles in length),

or a crisscross pattern gradually progressing in a

direction parallel to the !-ountains. The latter pattern has the

advantage that time changes may be detected at the crossover points.
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Realizing that all of the above are probably more than any one aircraft

is capable of handling within a reasonable time period, and that some may not

be practicable at all, it is nevertheless believed that adoption of the suggestions

relating to determination of vertical structure would prove especially beneficial.



FIGURE I. Flight track, ML-21.IFIGURE 1 b. Flight track, ML-22.
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FIGURE 2a. Trvrss ML-21.



L441

IL' a
I5

tt

J 3. 409CVnO. V jIjI7



I
I

* t
J

]

FIGURE 2b. Traverses, ML-22.
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FIGUREE 3. Winds aioft during ML-21 and ML-22.

00 GCT 14 and 15 May, 1Q64.

Dashed lines are isotacks in knots.

Solid lines are streamlines.
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FIGLRE 4. Vertical cross-section along Pacific Coast

during ML-21.

00 GCT 14 May, 1964.

Heavy dashed lines are tropopause or stable layer

boundaries.

Light dashed lines are isotachs in knots.

Heavy solid lines are isentropes in deg K.

Light solid lines are isogons.
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FIG LRE 5. Vertical cross-sections along Pacific Coast

during ML-22.

00OGCT 15 May, 1964.

Lines same as for Figure 4.
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FIGURE 6. Left d'agrm: Interpolated taupemrtwe profiles

upstream of rverse route, for ML-21 and ML-22.

Right diagram lntero. Wted wind soundings upstren

of travere mute, and fran Fresno pibals, for ML-21

and ML-22.

Light lines are for 00 GCT 14 May, 1%4.

Heavy lines are for 00 GCT 'May, 1%4.

Solid lires are interpolated profiles.

Dash -dot lines are for Fresno.
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FIGURE 7. Profiles of wind component perpendicular to Sierras,

for locations near axis of raverse route.

Light lines, 00 GCT 14 May, 1964.

Hemy lines, O0 GCT 15 May, 1964.
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FIGURE 8. Center diagram: Scorer number for upstream

interpolated profiles of wind and temperature.

Left and right diagrams: Terms contributing

to Scorer number.

light lines, 00 OCT 14 May, 1964.

Heavy lines, 00 OCT 15 May, 1964.
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FIGURtE 9. U-2 wind direction soundings near FAT and TPH.

Large dots are soundings obtained during first set

of traverses.

I

Medium dots are soundings obta'ned during second

set of traverses (ML-21 only).

Small dots are for TPH descent sounding.
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FIGURE 10. U-2 wind speed souindings near FAT and TPH.-

Dots some as preceding figure.
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FIGURE I1. U-2 temperilture soundings near FAT and TPH.

Dots some as preceding figure.
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FIGLRE 13a. Isentrope height-dpartre (Aonlysis

for first five ML-21 traverses.

Turbulence recorded at locations of zigzag lines.

Errata:

Figures 13a and 13b should be interchanged. The captions will then

J refer to the proper diagram.
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FIGURE 13b. Scone as Figue '23 a, but repeae in format of

.ollowinq Figures, for comparison purposes.
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FIGURE 14. Wind-speed ratio (Nri) analysis for first

five ML-21 traverses.
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FIGURE 15, anaysi for first fiveI

ML-21 traverms.

Turbulence recorded at locatioiss of zigzag lines.
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FIGLEE 16. Superimposition of Figwus 14 and 15.

Horizontal hatching where <f

Vertical hatching wfwr. f d-
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FIGLMtE 17. Graphs of U-2 data for ML-21 traverses I (soItd)

and 6 (dashed) from 60-second mean data.
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FIGURE 18. Graphs of U-2 data for ML-21 traverses 2 (solid)

and 7 (dashed) from 60-second mean data.
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FIGURE 19. Graphs of U-2 data for ML-21 traverses 3 (solid)

and 8 (dashed) from 60-second mean data.
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FIG IRE 20. Graphs of U-2 dc!to for ML-21 traverse 4, 1
I Ifrom 60-second mean data.
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FIGURE 21. Graphs of U-2 data for ML-21 travrse 5,

from ~-second man data.
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FIG ERE 22. Isentrop heh-depwtur (Aze) 2,Iysis

for MAL-22 traverss.
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FIG RE 23. Horizontal temperature analysis at 60,000 feet

MS. for ML-22.

Turbulence recorded at locations marked by large

dots.
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FiGURE 24. Grapbs of U-2 data for a portion of ML-21 -

traverse 4, from 5-second data. *1
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FIGLiRE 25. Graphs of U-2 data for a portion of ML-21

traverse 5, from 5-second data.
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FIGURE 26. Graphs of U-2 data for a iomewhat later portion

of ML-21 traverse 5, from 5--second data.
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FIGU)RE 27. Graphs of U-2 dasta for a portion of ML-221

.Cht at 60,000 feet, near Reno, from 5-second

data.
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FIGURE 28. Grajs of U-2 data for a portion of ML-22 flight

at 60,000 feet, rear Mono Lake, from 5-second

data.
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FIGURE 29. Graphs of U-2 data for a portion of ML-22 traverse 1,

from 5-second data.
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