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PREFACE

The investigations of the air flow across the Sierra Nevada were
sterted at UCLA in the late sumer of 1950. Prelininary experimental
fleld investigations with sail planes were made in tne Owens Valley during
the winter of 1950-51, and a more fully developed field program was car-
ried out during the folloving season, 1951-52., This work was undertaken
Jointly by a number of cooperating agencies. The technicol aspects of
tie vork have been described in ecrlier technical reports. A surmary is
given in the final report of the Sierra Wave Project, Contrazt No. AF
19(122)-263 which was issued in July 1954, This report also discussed
the ~valnation and reduction of the observational data as far as it had

been completed at lhe Luic.

The further analysis of the observations and the synoptic ansuiyas.:
of the cross-mountain flow patterns vere continued under the present con-
tract and the results are discussed in this final report. Also included
(Chapter 6) is a discussion of the observations from a later field in-
vestigation in the spring of 1955, which was vndertaken under a seperate
project, Contract No. 19(GOk)-1308. The aralysis wes carried out Jointly
by Harold Klieforth and Eirar Hovind. The major part of the report which
describes and discusses tihe data reduction and the analysed flow patterns
has been viitten by Klicforth. The observed turbuience and the flight
hazards of mountain waves are discussed by Kuettner in Chapters 10 and
11, A reviewv of the linear theory of statlonary cross-mountein flow, in-
cluding comparison ol lie theoretical models with the observed flow

patterns is given in Chapter 12 by Holmboe.,
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1. TE GBSERVATIOHAL DATA

Introduction.

In this chapter is precented a review of the observations made on the
three field expeditions of the Mountaln ¥ave Project from 1951 to 1955, in-
clusive, All of the explorotions were conducted over and in the vicinity of
the southern or Righ Sierra in eastern California, The variocus equipment and
observational techniques, particulerly the use of sailplenes, have been dis-
cussed in detall in previous reports of The Southern Californis Soaring Associ-
ation (S.C.S.A.) in 1952 and the Meteorology Department of the University of
Califvruia at Los Angslos (U o Y. A ) in 105K and 1855. In the following soc-
tions are surmaries of the date with mention of where they are treated in
later chapters. A brief description of the study reglon is given first,

Physiography of the Southern Sierra and Owens Valley reglon.

. The Sierra Nevads is a single, uncoken mountain range with a length of
about 10O miles and a width varying from 30 to 80 miles (Fig. l.1l). Although
tle renge extends roughly northwest-southeast between latitudes 359 and kOO
Korth, the moin crest of the High Sierra which borders on Ovens Valley is only
about 14° from s north-south orientation. In this socuthern portion of the
ranze the crest is the highest, generally about 12,000 feet, and with mmarous
peaks rising over 14,000 feet. There the eastern scarp is most abrupt, it is
remarkably straight, and the Ovens Valley, to the east at an average elevation
of ebout 4,000 feet, is of nearly uniform width (Fig. 1.2).

In form, the southern Sierra profile 1s strongly asymmetric; its ap-
pearance has been likened to that of a huge ocean wave rolling in from the
vest. The western slope rises gradually in roliing foothills from the San
Josquin Valley to the Jagged peaks vhich form the crest of the reange. The
eastern front, one of the greatest escarpments in the world, towers high above
the Owens Valley. The San Joaquin, Kings, the Kern, and other rivers have cut
deep cenyons or the western slope while on the eastern siope there are shorter,
steeper canyors. The high country has been sculptured by glaciation and in
mary of the eestern valleys glacial moraines reach nearly to the Valley floor.
Volcanic activity has formed a slight constriction of lave flows and cinder
cones in the centrel poriion of the Owens Vallev.

The east wall of Owens Valley is the large fault-block range knowvn as
the Inyo Mountains to ihe south of and the White Mountains to the north of
7,000 foot Westgard Pass. The Inyo Mountains have an averege elevation of
9,000 to 11,000 feet, wvhile the White Mountains, rivaling the Sierra in height,
culininate in 1h,25% foot Vhite Mountain Peak just northeast of Bishop. The
wvestern slope of these desert mountains is a fault scarp at the base of which
the Valley reaches its lowest elevation. The floor of the ecastern side of the
Valley is falrly level but on the wvestern side it rises in a broad alluvial
apron to about 6,000 feet vhere it mects the steep flanks of the Sierra (Fig. 1.3).

Neor Bishop tnere 15 3 jog in the Sierrva crest; the highest peaks arc
much farther west and the Valley wildens considerably. In this, the northern
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Fig. 1.3 - A eerial view of the Hagh Seer.  from the esst. M. Whitaey 15 10 the ceater.
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end of Owens Valley, the Sicrra crest is about 25 miles west and the White
Mountains about 10 miles east of “he center of the Valley. In the centrel
portion of the Valley near Independence - the region in vhich the aerial ex-
plorotions of the Project vere made - the width of the Valley is about 10
milcs and the distance from the crest of the Sierra to the crest of the Inyo
Mountaius is about 18 miles (Pig. 1.2). In the latter region the relative
uniformity and simplicity of the topographic profile make it nearly ideal
for the investigation of lee wave phenomena., For an east-west canyon along
which to measure lee side pressures and down-slope winds, the topography wvas
less favorable; the valleys which drain the east side of the Sierra are nar-
row, steep, curving, and quite"unlike the broad. straight glacial valleys of
the Alps vhere toe classical fohn observations were made. The valley of
Independence Creek, west of Independence and east of Kearsarge Pass, was
chosen,

Sailplane measurements,

The principal tool of research on all of the field projects of this
investigation has been the instrumented sailplane. The greatest assets of
the sailplane for this work are its relatively slo flying speed, its in-
dependence of power, and its consequent ability to measure to a satisfactory
Jdegree of accuracy the vartical and horizontal components of the wind
velocity. It was the science and spert of soaring flight that first explored
and made known the gross structure of the Sierra Vave and whose observations
instigated the initial Sierra Wave Project. The use of the sallplanes in
project operations, their instrumentation, and the data obtained from these
flights have been discussed in Qdetall in earlier reports given as references
at the end of this chapter. Only a summary of that information is given here.

In the fall and winter of 1951-2 sailplancs were tracked i. fMipghts
in the lee flow of the Sierra by a netwvork of 3 photo-theodolites, a radar
set, and a Raydist system, Upwind, downwind, crosswind, and hovering runs
and combinations of thesc were chosen to traverse the various parts of the
lee wave flov according to their practicability under different wind and
veather conditions, The locations of the tracking devices and the region
over which the flights wvere made are shown in Fig. 1.,2. The Pratt-Read
sailplanes used (Pig. 1.4) were two-place, had &« wingspread of 50 feet, and
a gross weight of about 1,400 pounds. The principal instruments dborne bty
the sailplane were a clock, altimeter, rate of climd indicator, outside air
thermometer, airspeed indicator, direction indicator, and accelerometer
(Fig. 1.5). The dial of these instruments in the panel of the sailplane vere
photographed at intervals of one or iwo seconds by 16 mm cameras mounted
behind and to one side of the heads of the two-man crew (Pig. 1.6). Basic
equipment of the sailplanes included a pressure oxygen treathing system,
instrument-flight equipment, radio commmunication, barograph, ~nd, for the
crev, warm flying suits, paraciutes, and oxygen masks. The &~ . tracking
measurements of the 3 theodolites and the radar set were recor: &, gyn=
chronous photographs at 5-seccnd intervals of the corresponding ti » and
instrument dial readings. The Raydist tracking data were recorded as brush
recordings of the Raydist system's electronic sigpals. From 26 November,
1951 to 30 March, 1952 there were 24 tracking operations and of these about
S50 per cent of the cases have ylelded useful data for analysis. A complete
description of these data and their reduction are given in Chapter 2, and
the meteorological aralyses in Chapter 3.

N




Fig. 1., - Coban of Pratt-Reed i sh
gless canopy, sad control suck.“' plaae showing snstrument panel. plems-

Fig. 1.6 - Meer of sarlplane cabin showing twve 14 mm camerss, barogrophs,
betlery boxes, seat backs and showlider streps.
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The very bricf i.ela .easo. f.am 22 Marci to € April, 195% accomplished
two important results vhich laid the groundwork - or, more sppropriately,
"sirwork” - for the 1955 investigation. First, a cambined vave exploration
by & B~29 and s sallplane on 29 lMarch proved the feasibiliyy of a nev measur-
i.: techr.que, Secondly, a s&liplane flight on & April to 35,000 feet
altitude over the Ovens Valley and the subsequent cross-country fligat to
Las Vegas established the existence and movement of "jetlets” or travelling
vind spesd maxima. The decisions to use povered aircraft in a more extersive
rield program and to investigate the relationsihip of the mountain veve to
wind velocity maxima formad the basis of the plan for the newv project.

In the spring of 1955 sailplanes were again employed for lee vave
observations, some of which werc made in conjunction vith traverses by the
instrumented powered aircraft. The ui.n.pllne flights, vhich were not tracked,
obtained vertical velocity measurexents to be combined wvith the measurements
of temperaturs, air speed, pressure, and vind obtained by the powered planes,
There were three such combined operations and seversl other days on which lee
wvaves vere explored by sallplanes alone and for vhich soundings and cdbserva-
tions were tlus obtained. The majority of these flights reached altitudes
bigher than 4C,0C feet. L al the Uiights of all z:aous the sallplane
data consist of films of the inctrument Panel and the rerourts and ovservations
of the crew.

Povered aircraft data,

During the last two months of the 1952 season power plane flights vith
an attached meteorograph were asade in the lee of the Sierra. The P13 tow-
plane vas used, taking off before a )lanned railplane tracking flight, to
serve the dusl purpose of ascertaliing the surength of the dsveloping up-
drafts and collecting data in soundings and croas sections of the roll cloud
region. The standard alrcraft instrumesnts were included in the cbsexver's
cockpit panel. Other equipment installed wer: an oxygen bLreathing system,
radio cammunication, an intervalometer for recording time marks on the mete-
orogram, and a special theraistor-typs tharmameter with sensing element
mounted in the leading edge of one wing. Although it was attempted to treck
these flights with radar, t. e method proved impracticable and knowledge of
space poeitions was almost entirely dependent on the notes of the cbserver.
Tuere were 22 such flights made from mid-Pebruary to the end of March 1952
and of these about § provide data from lee vave and roll cloud developments.
The basic data are the neteorograms witn supplementary notes by the ocbservexr
giving synoptic records of time, altitude, temperature, air speed, rate of
clisd, compass heading, positions over the terrein, and infuimstion as to
vhen time marks were rade, the positions of clouds, and photographic data.
These cbservations are treated in Chapter 4.

In 1955 meteorograph flights were also used, but the prircipal con-
tributions of powered aircraft to vave exploration wvere the technigues
employed by the B-29 and B-4; of Prclect Jet Stream. These instrumented
veather aircraft, eariier used for burricane reconnaissance and jet stream
exploration, made coordinated flights with the sailplanes in strong lee waves
on three days in April, 1955. The traverses of these aircraft through the
mountain flov at sltitules from 20,000 to 40,000 Teet have provided the most
complete nsarly-synoptic cross sections of the mountain wvave including
important and hithertc missing data omn the structure of the flov upwind of the

7 obn i - it s NI I v e 7 ¢ 0 o g "
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mountain rangs, in the ro.l loud region, and in toe stratosphere. Botdh air-
craft vere squipped vith the nev automatic navigation equipment vhich gives
continuous readings and recordings of the true vind, The rav data are in the
form of aerogrens, filx; of the instriment panels, vind measurements, and
nunes of e co~pliots. Th.se .ave been made svaillable to the Project for
integration vith the sailplane messwrsments snd the large-scale surface and
upper air cbservations of the region. Chapters § and § are devoted to the
metearolagical results of the 1955 field vork.

gloud photography .

A valuable supplement to the aerial messurements and synoptic ob-
servations is the file of motion pictures and still photographs of cloud forma~
tions and developmemts, JMost of the motion pictures weras taken by time-lapse
camaras in vhich {-ames were exposed at one or two second intervals thus arti-
ficlslly spe-3ing up the projected rate of cloud movement by 16 or 32 times.
Btudies of these films of wave ana ruil cicud devsiopueahe Llive eech irsight
into the time variations of the air flov. Also, the best sequences of thase
films have beel combined into docuxsntary films vhich have veen showm to thou-
sands of military and civilian pilois and thus have provided an educational
ssrvice of inestimadble vrlue, The still photographs - both black and vhite and
color transparencies - have bean used us an integral part of tlhe camplete
synthesis of the availadle meteorological data for all thy cases studied,

Since these photographs vere cupplamented by pertinent notes and are applicadle
to elamentary technigues of photogresmetry, thay pruvids information that is
also of guantitative valus, Illustrations of cloud phenomena appear in Chap-
ters 3, b, and 6,

Othey met-oyologionl cbservations.

Seversl types of observations and measurements other than aircrafrt
flights and cloud photography were mads in the 8ierra Nevada and Owens Valley .
region for the purposes of the Mountain Wave Project. Observations vhich were
of great importance to the synoptic studies vere availadble from the network of
Weacher Bureau and military weather stations in the surrounding region, Thesa
various types of data are listed and briefly discussed delow,

lot balloon s « One of the many valuadble contridbutions of
ihe Uatw%m.)oc! was the progrem of double-theodolite pilot
balloon wind measurements at the Bishop Alrport. These soundings were begun
in 1951, were taken twice datily gut 0700 and 1200 POT) during the 1951-2
season, and once daily (1200 FOT) in the spring of 1955. The data Lave bLeen
used for the synoptic study of the air flow over the Sierra, the change of the
vertica) wind profile in the nountain flow, snd as exhibit "A" of the errors
inherent In single-theodolite caxiputetions in regloms of large vartical air
cwrrents, The latter subject hac beeu treated Uy Ds Ver Colson (1952) of the
Weather Bureau, using some of the Bishop cbsaxvations. Several Biahop vind
soundings are reproduced in Chey .er 3 and an axasple of the effect of the lee
vave on the dalloo 's _uth is soowvm in Chapter k.

e T
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‘Radiosonde zscents from Sequois. Measuroments of the upper air temper-
ature, pressure, and rclative humidity over the vindward slope of the Sierra
vere mads st 1000 local time (PST) on 70 days of the pericd 5 Decsmber, 1951
to 30 Merch, 1952. The balloons vere rel-ssed from a station at Lodgepole
at an elevation of 6,750 feet in Sequois Netional Park by s teem of two
Weather Buresu obsexvers. During the latter half of the pericd vind measure-
menty vere made on days vhen the observer could follow the radiocsonde dal-
loon with a theodolite. Several of the ascents vere made near the time of
tracked sailplane flights and have been treated in the study of the disturbed
flov rather than as being representative of "upwvind,” i.,e., "undfisturbed,"
conditions. All of the 70 scundings have been studied carefully and analyzed
with other obsexrvations from surrounding stations since they provide rarely
obiainable dats from a high elevation for a gensral investigation of mountain
flow and in particular the flow over ths 8ierra. lodgepole soundings are
shown and discussed in Chapters 3 and b and the cbservations are plotted on
the synoptic charts of Chapter 5.

Burface messurements from racording inctrmentr. Surfrce Drevs.res
wiiw acksured in lybi-2 by seven barographs placed in various cabins in a
cross section of the floor of Ovens Valley ard the eastern Sierra slope in
the sailpiane tracking area. These provide continuous barograms for the
period 18 Kovamber, 1951 to 1 April, 1952, vith the exception of = few lapses
in the records of the highest stations wvhen these vere inaccessible because
of severe snow storms. Other data from recording instrunents of the 1951-2
Season are ansmograms f{rom Manzanar near the center of Owens ““alley and, for
the last six weeks of the season only, thermograms from Manzanar. It sy
also be added here that barograms and tharmograms were available from the
Weather Bureau station at the Bishop Airport and have been used for every
sesson of field operations. Surface msasurements for selected cases ars
analyzed in Chapter 4.

During the Mountai.. lave-Jet Stream FProject of 1955, no special baro-
graphs vere employed because of the unavailability of the instruments and the
lack of additional personnel to tend them. However, for the period 2k April
to 24 May, 1955 a special network of five sensitive pressure variographs wvas
placed in the foom of a large cross with the center at the Bishop Afrport.
Two of the other stations were on the esastern Sierra slope, one west of
Bishop, the other west of Big Pine, another vas in the Chalfant Valley north
of Bishop just west of Hhite Mountain Peak, and the fifth was east of Bishop
at Deep Springs in the lee of the White Mountains. These instruments re-
carded changes of pressure at a frequency of the arder of 10 to 20 minutes,
filtering out becth local gusts and pressure changes associated with the move-
ment of large-scale synoptic systems. While these variograms which are the
property of Project Jet Stream have not been analyzed yet, they may later
provide scme interesting information on travelling waves sssoclated vith
strong vind velocities aloft and, perhaps, on nuh-steady comditions of lee
vaves and the interaction of travelling and statiocary waves.

Surface measurements {rom mobile observations. For the same period in
the spring of 1952 during vhich the meteorgraph flights were insugurated and
the nurber of barographs vere increased, special observations at half mile
intervals vere made across Owens Valley to about 7,000 feet altitude on the
Siarra slope. These cbtervations vere made by Ix. Joseph Knox on 11 days of
February and March, 19352, and, since they were selective vith respect to the




10

synoptic situation, all of the cases provide veluable data to de used in com-

Junction wit aerial measurements and/or other meteorological observatioas.

The data consist of readings of altireter, aneroid barometer, thermometer,

ar cnometer, and notes and photographs of the cloud phenomena. The value of

1aese measurements has increased since the re-survey of the area and the recemt
lication by the U. 8. Geological Survey of detailed topographic maps vith
foot contour interval and a scale of 1:62,500. .nalyses of these observe-

tions are included in Chapter &,

Weather logs. Daily records of lacal meteorological observations
vere kept by meteorologist in each of the three field seasons. These rec-
ords contain notes on cloud developmeant, special phencmens, and information of
the overall synoptic events. On the days of project flights these notes were
expanded and formalized into wveather reports with sections on the upper air and
surface synoptic situation and development derived from analyzed maps, and sig-
nificant local observatious. They also include lists of photographs or time-
lapse motion pictures taken, and the number and tines of flights, thus providing
both a brief deascription of the weather phencmens and the data available for
stidy. Since thess nhgevvations extend over longsr periods than those of the
actual field work - the wvhole year of 19%5 1s tous ceovesed -~ Lhs loge provide
additional records of the frequency and seasonal distridution of storms, lee
wave occurrences, and other westher phenocusna.

tic data. The project had access to the daily observations
made at the Bishop rt and retained for special days the circuit "A" tele-
type records received at Bishop. The teletype datas giving hourly and 3-hourly
surface observations from California and Neveda stations were used for snalyses
of synoptic maps and cross sections. Many of these data vere also retained in
the form of plotted and analyzed surface paps prepared daily by the project and/
or Weather Bureau meteorologists at the Bishop Alrport. Other analyzed maps,
such as the facsimile charts reccived at the Bishop Alrport Auring the 1951-2
and 1955 field operations and the Daily Weather Maps, vere ssved for knowvledge
of the large-scale situations and their evolution. BSome climatological data
have been used for dstailed case histories of particular storss, particularly
the precipitation records for studies of crographic rain and ancwfall. An
exsmple of the latter is givon in Chapter 5 in a section entitled "M Rffect
of the Sierra Navada on a Pacific Storm."

Some valuable cbservations at non-synoptic times were provided by the
Navy. At the two White Mountain Research laboratories of the Navy and the
University of California at 10,500 and 12,40 feet, respectively, abdout 10
miles northeust of Bishop, dally records of pressure, temperature, mmidity,
vind, and weather at N800 PST were recorded. At the FNaval Ordnance Test Sta-
tion near Inyokern, about 130 miles south-southeast of Bishop, once or twice
daily rediosonde and pibal soundings vere mads. Those data, taken at 03500 por
and sometimes also at 1000 FOT, wers used vith those fyom 1000 FOT at White
Mountain on the sppropriate 0700 POT (1500 GCT) iscdaric upper air charts of
Chapters 5 and 6 as aides in synthesizing the contour field in the area of high
mountains. .

The primary source of data for the large-scale synoptic studies vere
the Upper Air Bulletins and telatype records of randts wnd revins rece’ved and
f1led at U.C.L.A. The region of iutarest for periods chosen for careful amal-
ysis vas the whole vestern United States vith emphasis on the area enclosed dy

L Y o oew . - \ f
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the Weather Bureau upper air sounding stations at Medford, Oskland, Santa
Maris, Las Vegas, and Ely (Fig. 1.7). These upper air data fcr the 1951-2
analyses are fram 1500 GCT (0700 PST) and 0300 GCT (1900 PST), and the more
nearly synoptic of these w'th respect to the time of the flight usually pre-
ceded or followed the flights by three to six hours. From 1 Decswber, 1951
to 1 March, 1952 6-hourly radiosonde and ravin soundings from Castle Air

Yorce Base at Merced provided extremely important neasurements of the air flow
over the Creat Valle; immediately west of the Sierra Mevada.

Hovever, the nost camplete overall synoptic upper air coversge wvas
that of the spring of 1955 vhen the flight operations fortuitcusly coincided
with the series of atomic bomb experiments at the Nevada Test Site of the
Atomic Energy Commission (A.E.C.). During the period from mid-Yebruary to
mid-Hay, 1955, the five Veather Bureau stations mentioned above took observa-
tions thrice daily at 1500, 2100, and 0300 GCT as did the additional stations
in the A.B.C. network - Stead Air Force Base at Reno, Tonopah, Fresnc, and
Camp Mercury., The netwvork wvas further augmented by other radicsconde stations
such a3 Yuma and Edvards Alr PForce Base and six special A.E.C. pilot bal-
loon statious st Purnace Cr.ek, leedles, Round Mountain, Bestty, Caliente,
and St. George. (See mep, Fi3e 1.7.) In addition to the greater density of
the network and the more frequent observations in cooparison with the relative-
ly sparse upper alr coverage of 195.-2, the far greater number of wind data
as & result of improved equipme..t is strikiug:y ¢vident, Thus the most
completa data for the synthesis of the large-scal: patterns of air flow over
the Sierra Nevada are those from the 1955 season.
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ze DALA RSDATION PROCEIURE

I trciuction.

This chapter deals primarily wvith the reduction of the flight and track
irg date from the 1951-2 season although the discussion of sailplare data re-
duction is equally spnlicable to taat of the later field seasons. The first
part of the story dealing witk the tracking data from phototheodolites, radar,
anA Raydist has been placed in an Appendix at the end of this repart. Pro-
cedures and sources of error are liscussed there with sone detail as the
experiencer gained with this kind of neteorovlogical high altitude trackirg
of erratic targets may be of spe-ial value to future r-osearch programs.

Below are treated the sailplane measurements and the . .tegration and synthesis
of c¢racking and airborne data irto rrimary meteorological fields. The rel-
atively simple and straightfor-rard reduction and correctior of other data

such as that from the meteo.og-urns, barograns, and soundings will be discussed
briefly in later chapters :lerc pertinent.

Airborne measuremencs.

Instruments 2nd data, A pactograph of the sailplane instrument panel
is shown in Fig. 1.5 and in Fig. 2.1 is shown 8 sarple frane from the film
exposed during one of the fligh.s. The instrunentation and flight procedures
of the sailplanes have been discussed at lexgth in previous reports; as a
resumé of the meteorologically signiZicant instruments, their indicated read-
ings, and the degree of accuracy to vhich it wvas possible to record the
readings from the film, the following table is preseanted:

Instrument Indicatel reading Units Read to nearest
air speed indicatur air speed knots, mph 2 1.0 knot
clock time hr, min, tec t 0.9 s
altimeter altitude feet $20.0 rt

rate of climb (or rate of climd feet min~1 $50.C ft min~1
sink) indicator {or sink)

direction indicator magnetic heaiing degrees t 1.0 Adeg
thermometer air temperature ¢ ¢ 0.5 °¢

All of the sailrlane Jilms for shich there were corresponding track-
ing data were read anc recorded. The total flight tine of the sailplane vas
limited by the oxygen suppl, of 1& hours and the time during tracking
operations by the 1} bour film supply in the two cameras. These li .itations
were allowed for in planning the operation 50 that vhere there exist
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tracking data wvithout sailplane data the loss of the latter can be ascribed to
failur=s in the photography of the instrument panel; either the film failed to
trangport or it was unreadable entirely or in part because of poor lighting or
because of interference by parts of the clothing of the crev., To each of the
above six instrument readings except the time, vhich was adopted as the stand-
ard for the flight, a series of corrections was applied to obtain the quan-
tities needed for integration with the trajectory data.

Symbols and notation. The following symbols and notation apply to the
airborne measurements:

t time, indicated and "true" in hours, minutes, and seconds.
Vi indicated air speed.

21 indicated altitude,

(dz/at)y indicated rate of climb,

ay indicated compass heading ir degrees.

Ty indicated free air temperature,

zp pressure altitude in the U, S. Standard Atmosphere.

3

texpersture.
G geograrhical heading in degrees (true north = 360°).
Va true speed of the sailplane with respect to the air,

v sinking speed of the sailplane with respect to the air,

vy "indicated” sinking speed of the sailplane corresponding to Vi.
A altimeter setting ir inches of mercury.
c) altimeter correction for instrument error snd hysteresis, a function

of altitude and direction of vertical motion.

cA altimeter correction for static errors, dependent upon altitude and air
speed.

p density.

Po density at sea level corresponding to STP: 760 mm, OCC.

Time. While the reading of the instrument panel clock gave the official
time to which all the other instrument readings were referenced, correlation
with the S-second pulses of the tracking netvork deperded on the time of the
blackouts. The latter, given usually every two minutea, were indicated on
the instrument pansl by a small light which wvas turned on by the observer on
the count down from the tracking control operator, Since the cameras took
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photographs at either one or two second intervals, there vas the possidbility
of & maximum sbsolute error of one or two seconds, depending on vhich csmera
vus used, in correlating th~ saiiplane measurements vith those of the the-
odolites.

Pressure altitude. Determination of pressure altitude frox indicated
altitude required knovledge of the altimeter setting used, the instrumemt
calibration curves--two, according to vhetber the altitude was increasing
or decreasing--and the corrections for static pressure effects vhich wvere
related to the air speed. Accordingly, the formula used vas:

zp-zzocl¢c2+%(29.%-k)

The altimeters were calibrated zt U.C.L.A, immediately after the field work.
Static pressure corrections were determined in calibration flights Yy the
Southern California Soaring Association (S.C.S.A.) and by laboratory tests of
the calibration equipment. Altimeter settings were recorded by tlLs cbserver
and/or could be read from the altimeter dial on the film, There were them
three calibration curves for thLe altimeter, two for ¢y, and ome for cy; the

correction for altimeter setting was constant for the entire flight. 1In order
of magnitude, cj, which vas as large as ¥300 feet at 40,000 feet, vas general-
ly larger than cp vhich varied from O to 230 feet. The difference in hys-
teresis correction between ascent and descent was of the order of 250 feet

st high sltitudes. The correction for altimeter setting was sometimes of the
order of 300 feet. Accuracy of the final result could not be definitely
known out & careful estimate of possidle random errors and the resding ac-
curacy suggest that the largest absolute error would be $ho feet at sea level
and increasing to ¥100 feet at 40,000 feet. Relative errors from point to
point were negligible except vhere the sailplane charged fiva asceat to
descent or vice versa, and tuese discontimuities vere largely aliminated by

smoothing.

%ﬂu‘ « One of the deficiencies of the sailplane imstrumenta-
tion vas the of a very accurate and precise thermometer. Those used in
the project flights wvere of the thermocouple type consisting of a copper-
constant.n sensing element placed on the fuselage vhere dynamic beating

wvas negligidble, a thermos ice-in-water dath, and an indicator Aial which
could be read to the nearest 0.5°C. There were three such uniis used, all
of vhich were calibrated vhile removed from the aircraft during and after
the fiight sesson. Oome uncertainty, of course, exists adout the effects
of airspeed, rediat.on, and lov temperatures of the indicating mechanism,
During the first few flights of the season a MO-pound thermistor-type unit
vas used before iis weight caused it to be removed from the sailplane. It
vas considered accurate to 1C.2°C and on coe flight vas used together with
the most frequently used thermocouplc 'mit. Taese data provided a further
check and flight calibration of the latter. Considering the oversll ac-
curacy, it is estimated that the corrected temperatwie is known to $1.5°C
absolute error; it is possible that in extreme cases tle absolute accuracy
ves less than this, say $3.0°C, but the internal consistency of the readings
vas better than this--probably $1.0°C--and the relative rccurscy #0,5°C.
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Healing. The magnetic direction indicators used in the sailplanes were
calibrated at the Bishop A'rport by swinging the sailplane on an accurately
.arzed mognevic compass rose., Several calibrations were made for the dif’erent
instrument panel ensembles used for various periods of the season. Since the
compass was affected by banking or turning in flight it could not give relisble
readings of the direction of the aircraft except in «traight flight. The cor-
rection curves combined corrections for effects of the metal parts in the vi-
c¢inity of the compass with corrections for magnetic variation ard declination
(17° B of N at Bishop). Theoretically, the absolute accurucy of the corrected
readings should be about 32 degrees or perhaps 13 degrees. It ¢nould be point-
ed out that if there was any yawing in the flight the error would be augmented
by the angle of yav since the direction of travel relative to the air would be
different from the direction of aligmment of the fuselsage. Howvever, in
straight flight the pilots attempted to eliminate this effect.

True air speed and velocity. A calibration curve for the air speed
indicators oambinad corrections for instrument errors and errors in the static
and dynamic pressure sources, True air speed is a function of density,p, and
thus of zp and T, or:

b W |
Vo Yy (o/c) = Vq rgzp,r)

The total velocity of the sa. lplane with respect to the air vas de-
scribed by combining the speed V, vith the geographic heading, a@. The accuracy
of the velocity coamputations was priarily dependent on the acouracy of the '
compass readings. As a further reduction, Va wus also interpreted as being
practically equal to its horizontal component since the glide angle was small;
the glida ratio vhich is constant with altitude vas never smaller than 10:1,

Sink s « Two effects contribute to the effective glide angle of
s sailplane in flight: the first and greater is the natural sinking speed in
still air at a given air speed and the second is a dynamic rise wvhich may ac-
compeny any dynamic soaring maneuver. The latter effect is absent in a steady
glide and could not be corrected for in the turns. A third effect, a dynamic
inertia reaction, could be expected to octur vhere there were large accelera-
tions; this could not be measured well enough to apply corrections dbut vas im-
portant to note in those rather brief periods vhen turbulence wvas =xperienced.
The principal dependeuce 1s on air speed, and these calibrations vere performed
in relatively still air over the Pacific Ocean near Santa Monica. A conserv-
ative estimaie of the maximm effect of some varying vertical motion in the
air--probably genersl subsidence rather than coavection--is 0.3 feet per
second, Calidration curves vere prepared for the determination of the "indi-
cated" sinking speed corresponding to a given indicated air speed. Then the
true sinking speed of the sailplane vith respect to the air wvas determined in
the same manner as the true air speed given wy, zp, and T:

1/2
vy vy (po/p) - r(z"r)
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+ 'The corrected quantities derived frum the airborne messure-

ments ir estimated accurscies are:

Corrected flight data Symbol Petimated accuracy

time t 10,5 second

pressure altitude 2 440 ft msl to 100 rt at 40,000 £t
P (relative accuracy $20 1t )

true air speed A 13 1t -1

heading a 13 degrees

sinking speed va 0.3 rt s-1

tenperature T $1,59 . (relative accurscy *0.5°C)

Comparing these accuracies, teperature neasurement appears to be the
wveakest link of the airbornc data.

Smthesis of tracking and airborne data.

. General considerations. Given the basic data one had to decide upon
the manner in vhich to treat them ir order to derive the most meaningful pat-
terns of the pertinent meteoarological fields--those of motion, temperature,
and pressure--in the ‘eeward flov. The choice was influenced first of all
by the limitations and coverage of the data: a thread of measuremants taken
Juring a finite period of time through a volume of the atmosphere. Secondly,
for comparison vith theory, hydrodynamical models, and other lee wave ob-
servations, it vas important to obtain a synoptic picture of the air flow
in the vertical plane perpendicular to the mountain rsnge. %o satisfy both
of these considerations, it wvas decided to analyze the field of motiom in
the form of stresmlines in the plane perpendicular to the Sierra crest ia
the Independence-Manzanar tracking area. The other importart meteorologiocal
variadles, temperature and pressure, vere analyzed as isotherms, isolines
of potential temperature, and D values in the same cross sectionm.

In order that these results can be considered as representing
“synoptic” conditions, two assumptions are implied: 1) There was a steady
state or 3/2% = C; 2) the flow was two-dimensional, i.e., 9/3y' = O vhere
yY' is the coordinate parallel to the Sierra crest. Ve thus are forced t.
consider as negligible actual changes in the varisdles in time and "latitude”
(y') but commit the essumptions to mind in order that they may later bde
exsmined for their effect cn the representativensss of the results.
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Symbols and notations.

VA

T
P(x,y,z)
z

i

vl

time,

pressure altit e,

horizontal velocity )f the sailplane with respect to the air.

norizontal speed of the sailplane with respect to the air. V, = lYA |

geographic heading >f the sailplane.

true sinking spesed cf the sailplane with respect to the air,

corrected free aixr temperature,

position of sailp ane determined by tracking system.

gecmetric altitud : above mean sea leval.

velocity of sall] lane with respect to the ground.

speed Of the sai plane with respect to the ground, V, = [d(x,y)/at]s
. ((dx/d 2+ (dg'/dt)i)lla

horizontal comp nent of t.e wind velocity. sy l’:-‘{‘,.

horizontal win¢ speed. Vg = ’XH!'

angle between .H and the x' axis.

coordinates ot reference system rotated and translated to origin O'
on Sierra cre:st; x' along 70°, y' along 3k0°.

borizontal wind speed component along x',U= Vg cos P,
vertical speecd o the sailplane with respect to the ground.
v" - \dZ/dt)-.v
¢ )

distance measwred along path of sailpiane; as a subscript it refers
to quantities meesured along the flight path.

vertical wiad speed., v = Vg=Va-

slope of a streaxl.nc in the (x',z)-plane. ¢ = arctan v/U.

slope of streamline in cxaggerated cross sectisn. t' = arctan 3v/U.
total wind speed :owponent in (x',z)-plsne. V = (Ua + vz)l/a

total wind speed :omponent in exaggerated cross section.
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density. p = p/RyT.

gv

thickness of streamline channel oo plotted cross section,

<]

pressure.

) 4 mass flux,

by’ vidth of stresmlire channgl,

c constant,

Ry @as constant tor dry air. Ry = 267 kJ per tom per %K.
“ Poisson constant. %4 = Rg/cpq = 2/7.

] potantial temperature in %K, ¢« T(l&)/p)‘d- ,

D "altimeter carrectiorn.” D= C-Zp.

The basic c.arts, The primary quantities were the corrected airborne
data, ¢, "P’ Var 8, v, end T; the space positions from the theodolites,
Kx,y,s,t); and the positions from Raydist, P(x,y,t). The other meteorolog-
ical variables vere obtained as derivatives and combinations of these basic
quantities by the procedurcs outlined below.

On centimetar graph paper the flight path was plotted in the (x,y)-
and (x,3)- planes with every tenth point identified by its freme mumber.
The scals in the horizontal vas 1 cantimeter = 1000 feet and in the vertical
3 centimeters = 1000 feet., Plotting accuracy was to the nearest 50 feet
in the horiszocntal and tc the nearest 20 feet in the vertical.

AthouctionoerdzpmwMon;contimmnrouor
graph paper. The scale wvas 1 ca' = 5 or 10 seconds in the horizontal and
l ca = 100 or 200 feet in the vertical., The time vas labeled in freme
mmbers at the top and in hours, minutes, and secoads at the bottom. Dif-
farent symbols vere used for the points of both curves snd in analyzing
them the data was smoothed to reduce random errars in the tracking dats aud
to ninimize small discontinuities in the I.’ curve vhen the sailplane changed
from ascent to descent or vice versa.

The third basic chart wms the tephigrem on vhich soundings of T,v
vers plotted to obiain an s-erage lapse rate and an average dsnsity-height
curve for use in depicting the field of motion as described delow.

The horizontal vind. On the (x,y) chart of the flight path Y5 ves
neasured graphically for overlapping 50-second (10-frame) intervals. It
vas thought thut this time iaterval would eliminate the effact of exrors in
the S5-second theodolite fixes and, especially, increase the probability of
measuring the quasi-stesdy wind rather than short period gusts. These S
values vare nessured only iz essentially straight sections of the fligit
path. The graphical velocities vere determined to 11 foot per second and
21 degree. The values wvere considered to apply at the midpoint of the time
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intervel. (It would have oeen possihle to compute Vg = [d(x,y)/at]g

2
. [(ax/dt)g + (dy/dt)g]l/ on SWAC" but it vas desired to use smoothed and

;. .cted tral: ctory data.)

On the sailplane computation sheets Y, vas determined for the same 50-
second intervals as V;. This was done by averaging V, and & separately for the
interval, By inspection an estimate wac made of the average value, the coluun
of recorded values at one or two second intervals wus scanaed, residuals vere
added algebraically, and the estimated value was correcteld by ths appropriate
amount. Cince these calculations were mads over essentially straignt portions
of the flight path during vhich V, and @ vere nearly constant, the differeuce in
the result betwveen averaging by vectorial addition and division and that by de-
termining separately the average mugnitude and direction was negligidla,

Usirg an accurate protiac’or aid a metric ruler Yy, vas subtracted graph-
ically frum Ve, to obtain Vg = V, - ¥,

A preliminary inspection ¢f the v field of the first flight revealed the
anticipated fact that the crestc ard troughs of tle cir flov lay roughly paral-
lel to the direction of the Siercsa crest upwind of the rliht. Thus, for the
reasons stated above, ihe coordinate system'® was rotatad counter-clockvise 20°
and translated 50,000 feet along its new -x' aris to a center 0' approximately
at University Peak on the S.crra crest., The y' axis tuen lay along the mean
line of the Sierra urest betveen Mt. Keith and Dii.ond Peak, a distance of ap-
proxirately 10 miles, All datz for analysis in the vertical plane were then
re-referenced to their new positions with respect to the x' axis. The horison-
tal wind component peipendicular to the Sierra crest in the tracking srea vas
obtained from Yy by the formiia U = Vy cos B,

Vertical motion. On the time section (4Z/dt)g = w; was computed graph-
ically from the slope of the Z,t curve, Where Raydist data ware used or vhere
the residuals in the computation of Z were large, (d._/at) “vc vas computed
graphically. JFor all practical purposes (t!Z/t!t)s = ( di) The curve of
ve,t vas plotted on the same time section on a scale of 1 cm = 2 ft ¢=1, (See

8. 2.2.)

From the sailplane carputation sheets the values of v, were plotted on
the time section and added graphically (subtracted algebraically) from v to
obtain v = Vg - ¥, and a curve of w,t. (Mg. 2.2)

A continuous record of v,t then was had for all periods of contisuous
airboine measurements; and computations of U,t vere listed for periods of es-
ser.cially straight flight for vhick both airborne and tracking data axisted.

#SWAC (Standards Wesiern Automatic Computer) was used to compute the space
positions (x,y,z) from the tracking data. See Appendix A.

*A rectangular coordinate system with the arigin at a pcint in Independence,
x east, y east, and 3z vartical. See p. of Arjendix A.
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In selecting the critical points to be represented in a vertical cross se.tion,
the w,t curve vas examined and the maxima, minima, and zero values of v vere
listed wvith the corresponding frame numbers; these values represented the
irflection points (maximum up- and down-drafts) and the crests and troughs

(w = 0) of the fluv pattern in the vertical plane. Other intermediate

valies vere added as required by the analysis.

Streamlines. The slope of the streamlines*, +/U, was ccmputed =s
the angle ¢ =~ arctan w/U. In the cross section the veriical scale vas ex-
aggerated over the horizontal by 3:1 so that the exaggerated slope vas
computed as the angle ¢' = arctan 3u/U. Comsistent units vere employed;
both v and U vere converted to meters per second for this and later cumput-
ations,

In order that the streanmlines should represent the specd as well as
the directicn of the wind in the (x',z)-plane, it vas decided ibat the

speed should be indicated graphically by means of varying the distance
betveen adjacent streamlines rzther than by isotachs (iscvels), vectors, _
or other methods. To do 30 cne invokes the concept of "channels of flov"

and assumnes:
1) 3/at =0 (steady state).

¢) 3/3y' = 0 (no variation parallel to the Sierra
crest).

Then the equation of continuity:
3p/ 3t = - [Apu),dx'+3(pV)/3y' + 3(pv)/32)

reduces to 3(pV)/3S = O which states that the mass transport through any
streaxline channel is constant.

Consider nov the following schematic draving and the geometric re-
lationships:

s
-

4
The mass flux F = oVAy'dz cos ¢ (or F = pV'Ay'Az cos ¢'). Since
U=Vecos e(or J=V' cos ¢'), F = pAy'dz. From the reduced equation of

-

#It is to be no ed that these are streamlines of V, the wind component
an the vertical pl:ne perpendicular to the Sierra crest.

IR N e i - . g A v o awase P wal® e W ee commn > ecdtmbee

T
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Oati ity swo e: pW . = S, . =< - . coastast of dimeusions [M L‘l T""]*.
The thick?eu ir the channel at any point is Az = C/pU in meters where C is
in ton m Since in the cross section 3 cm represents 1,000 ft, 1l em
in the certice.l scale of the cross section_= 101.6 m in,the e.tnosphere,

s~ Az = €'101.6(oU)cm v.erc P is in ton m3,

The constant C chosen depended on the average speed of the wind for each
lee vave, but, of course, vas kept constant for each flight. The values used
vere 7.5, 5, and 2. Thus, for a given flight cross section, if p 1z exgressed
in kg m 3, Az in cm vas approximately 75 /pU, 50/pU, or 20/pu, depending on
wvhether the average wind U was relatively strong, moderate, or weax, While
this technique sacrifices the opportunity to compare vind speeds from one
flight to the next - except where C is the same for both - it satisfies the
more important requirement of having each lee vave represented by a sufficient
and convenient number of streamlines to ‘iescr<be the flow pattern, and it al-
lows comparison of relative speeds within each cross section.

In the vertical {x’',z) :ross section were plotted the values of ¢' as
slopes and the corresponding values of Az as numbers for all critical values
of v along the flight path and at a sufficient number of intermediate points
to ensure as coaplete a coverage as practicable., The streamline analysis wes
then performed as an objective atter gt to best satisfy the regquirements of
the data,

Qther variables. From Zp, p vas obtained directly from Bellamy's

{1945) tadbles, and from p and the corresponding T were computed density p and
potential temperature 6 by the formulas:

P = p/RqT
and o = (100/5)*e

in practice, both of these quantities were obtained by referring to the Smith-
sopian Meteorclogical Tedles (1951). Por the comgputation of Az it was suf-
ficient to plot all values of p,T on the adiabatic chart, thus obtaining an
averege sounding for the rlight and an average curve .f p, Z'P or p, Z. These

values were Quite accurates enough for the determineation of 4z, the prodbable
errcer in p being less than that of U.

The computation of & was somevhat more seasitive to errors and space
differences, however, and it was desired to use the Tables based on the ac-
curate formula rather than the graphical deterzination on the adiadbatic chart,
which method introduces further errors of chart construction and of reeding.
It 1s obvious that the accuracy of € is that of T compounded, perhaps, by a
somevhat smaller error in p. The overall absolute accuracy of 6 is prodadly
$2.0°K while the internal consistency is probubly 1.0°K and the maximm
relative error 20.5 °K.

On the time section the values of D = Z-Z, were obtained graphically
from the smoothed curves of Z and Z.p The fieid of D was analyzed from the

Were M refer; to mass, L to length, end T to time,
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Fevtled velu2s ..ong i pree:t d Jlighy peten in the (X',7)-place Topelecs
vith those fram the surface barograms rererenced 10 tke same plane.

Tre tields of T and 0 verc similarly plotted a:.d anrlyzed. T was
v .en gr..u.ed on tne t.me sections on wnich it Liely _.idiated lnversions
encountered along the flight path.

Concluding remarks. Tre accuracy of thae rec.ts as devendent orly on
the errcrs of the irstrumencetion and of the reduction procedure, as distinct
from tnose resulting fram the irperfect fulfiliment of the assumptions, can
be estimated. Some of the errors depend on the megnitude of the quantity
end 50 are more adequately exuressed es percentages. In summary these are
as follows:

Quantities Estiaated accuracy
U, v t 5%
Az t 5
e’ ‘ z X zavimis
0 : . X (20.5° relative)
o t 1.5 °C (2:2.5° relative)
i z‘l:\:r:z:zzocn(uocrt

saximm relative)

Considering the mesaing of the results represented by the analyzed
data, it must be remembered toat £ ani V refer to that component of the
wind perpendicular to the Slerra crest. ‘p of tae path of an air parcel
and Vg of the total wind would be related toO the quantities in the cross
sections in the following marner: &, €t Vg2 Us The greater is g,
the angle betvesn Yp and the x' axis taXen noriml to the mountain crest,
the less the streaalines approxirmate the paths of air parcels and the greater
discrepancy one should expect ir ti2 fi2lds of 6, D, and T 1s analyzed un
the (x',z) cross section. It is reas:za:le to assuz2 adiabatic flov so
that the temperature pattern al.ng the sireamlines will be a result of
differential vertical motion with ::322:1 temPeratires ir the crests and
Jarmest temperatures in “he trougz: 2% iy level, Since the principal

component of the hori:ontal ~emparitire sradient, that of the overall
synoptic situstion, is direcied tc tue left of ¥y, only if the flight has
been made essentially along the streanline of .he true wvind can one expect
to measure the temperature field d.e to ithe wave perturbation. Similarly,
the field of € in the vertical should rosemecle that of the true streamlines
vhere the vertical plane i: taken along the wind; and there each isoline
of @ shouid anearly exactly rapresext a true path. Also, there is aldvectio:
of temperature to be ronsidered: IT.dt g O, The effects of *hi: w._.. be
greatar the loanger the flight. Finally, the greater ... .orti-south range
of the flight path, the less well defined al. of the fields should be as &
consequance of thre condition /3y « U. The errors resulting from the
variations ir the thi.3 l.mension Jerive less from the normal gradients of
the variable: tuwan from variation of the Sierra crest from the y' axis,

- » . N
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3. VERT.CAL CROSS SECTIONS AND SOUNDINGS

Graphical presentation of results.

After all of the 1951-2 airborme and tracking date nad been analyzed,
results from 11 flights or © separate days were consideied to have sufficient
coverage to be worthy of publication in the forx of verticil cross sectious.®
The 9 lee wvave exarples are treated belov in chronological arder. BEack case
is presented according to the folloving order of subject headings:

i. Clouds and veather. Significant observations of cloud and weather
phencmena at the tixe of the f_ight are briefly described. Wwhen applicable,
one or two photographs illustrating the cloud phencmena are showm,

i1. t & « A plan viev of the path of the flight is shown
in relation to aphy and the tracking network. Specific sccomplish-
mepnts of the flight and partict lar limitations of the tracking runs are
noted,

111, Streamlines, 1The field of motion is presented in the form of
streaalines constructed according to the manner descrided in Chapter 2. A
projection of the flight path on the vertical plane--the threed along which
data vere msasured--is irawvn on the cross section. Pertinent measurements
such as vave length, vertical displacement, maxirum horizontal and vertical
welocities, turbulence, etc., are included on the cross sections. A brief
discussion of these results is given.

iv., Other fields. The fields of temperstire, potential tesperature,
and pressure (D values ,, vhile not of sufficient coverage for cross section
analysis, are discussed vith respect to the stresmline pattern and the mean

f1light sounding.

v. Soundings and v._.ocity profiles., With each flight cross section are
presented a= uIvind tesperature sounding and vind velocity profile., The lat-
ter s that of the U (250 degree) comporent of the true wind. The data used
for the period ef 1 December 1951 to 29 February 1952 were from Castle Air
Force Base, Merced, Californis, JFor the months of Jiovember, 1951 and Maxrch,
1952, the data used vere from Oskland or from interpolated values betvesn
Osaklerd and Santa Naria depending on the direction of the upper air flow.

For several of the cases upper air data from Lodgepole in Sequoia Natiomal
Park are included., Together with the sailplane flight soundings are showm
the U casponents of the Bishop cdouble-theodolite pidal vind sounding rep-
resenting a synoptic vertical profile in the leevard flov.

In Chapter 5 the surface and upper air synoptic charts corresponding
t0 these vertical sections are shown and discussed.

Additional symbols and notations. Besides the symbols definsd
earlier, some others are in for abbreviated notatioa on the

*ata from tvo additional flights were used for special roll cloud studies,
the results of which are presented in Chapter 4.
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charts and in the text. These arc:
L wvave length of the perturbation in the (x',z)-plane.

[1 displacement of & streamline from its mean height; amplitude
of the wavce flow in the vertical plane,

 2)max  the maximm total height variation of sny streamline in the
vertical plane,

BIH Bishop Weather Bureau station. 4,110 rt,

BP Ball Park, Independence. Theodolite. 3,904 ft.

cc County Cabin, Independence Creek. Barograph. 7,886 ft.

e E.kert's Corin, Trdependence Creek. Barograph. 6,166 ft,

I Independence. Barograph. 32,934 ft.

K Kearsarge Station. Barograph. 3,760 ft,

LP lo. ‘epole, Sequoia National Park. Radiosonde and bdbarograph.
6,7 ft.

M Manzanar Barograph and theodolite. 3,831 ft.

SH 8ki Hut, Oz lon Valley., Barograph. 9,201 ft,

¥4 Seven Pines Theodolite. Theodolite and barograpk. .2 ft,

1500 Z Here Z refers to fGreenvich Civil Time (GCT).

0700 P P refers to local tin: 1.e., Pr..ific Standard Tiw. o
or 120th meridian civ .. time

1. Flights 2002 and 2003, 27 November 1951: a moderate lee vave

Clouds and wveather, There vere a fewv cirrus and altostratus ¢ »ds
visidle, none of wvhich showed wave form. Visibility vas unlimited.

Fiight summary. In Fig. 3.1 are shown the flight paths over the

d and in Fig. 3.2 are shown the projections of the peths on the
:x',z)-phne. On Flight 2002 the air was found to be swmooth up to 11,500
ft* on the tov; turbulence vus experienced at 1k4,500 ft over TP; and re-
lease wvas made at 15,500 ft, A maximume altitude of 22,000 7t was at-
tained. Tho long downvind run (Flight 2003) encountered three wvaves across
the Owens Valley and a fourth over the south rim of Saline Valley in the
lee of the Inyo Mountains, The subsequent upwvind run, vhich wvas not

#A11 altitudes refer to mean sea level.
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tracked, sncountered turbulence over 7P at an altitude of 10,000 It but
insufficient lift there to regain altitude. No roll clouds appeared dut mod-
arate turbulence vas encountered in those sones vhere they normally formed.

Stresmlines. The air flov in the vertical plane is showm in Pig.

3.2. It sbould be mentioned here that in this draving and in all subsequent
sections, the upvind velocity profils has deen used as a guide in draving the
streamlines above the crest of the 8ierra at altitudes vhere no flight data
exist, The constant® used in determining the thickness of the channels ws
C» 7.5 The vave length varies somevhat depending om vhere it is measured
but the average valus is 29,000 £t or 8.0 km. The sverage altitude variation
of a stresmline is 2,100 ft o= GhO m. There is indication of a slight upwvind
tilt vith height,

A predcainanily northvest vind is evident in the flight path., Tha
aversge vector vind msasured on Flignt 2002 was 231 deg, M0 knots and that
on Flight 2003 was 291 deg, 47 knots. The maximm U compooent messured was
91 £t s~! (54 knots). Vertical velocities vere moderate: +13 and -16 £t s=3
were aximm sustained velues., A shorter period (10 second) measurement of
+35 £t 5"l vas mede in the firs’ wave updraft near mountain top level.

Other fields. A flight sounding is plotted in Fig. 3.3. 7The maximm
4eviaticn of the plotted points from the curve shown is #1°C. An inversion
was passed through at 8,200 ft on tov. A 4°C temperature inversion existed
betwsen 590 and 550 mb (1,000 to 16,000 ft). It vas in this sooe that
turbulence and the maximm vertical velocities were found. The omly other
significant temperature change along the flight path was a 1°C drop at the
same level between the first lee trough and the followving crest.

Fotential temperature varies from 07° to 322° X. The field of @
in the cross section agrees vith that of the streamlines but the data are not

dense encugh to allov an independent snalysis.

The D values are al) positive and large. The mean surface values for
the flight period are: M = 290 ft, BC = 300 £, and OC =« 380 ft. There is
a general increase Wward since the sounding is varser than that of the U, 8.
Standard Atmosphere. The values vary fram +320 ft to + 720 ft. Thcee de-
tormined from the "sounding and the darograms agree rsther well with those
derived m-z-zp on the time sectiom.

oK SEIART soinding and revin (Fig. 3.b). The sounding 16 seen 1o be.
1500 and ravin (Fig. 3.4). The sounding is seen to de
quite stable belov 540 mb, Above 20,000 ft thare is a decruase in U as the
uppexr vinds shift to slightly porth of vest. The Bishop U profile at 1200

P8P (2000 GCT) 1s showvn in Pig. 3.3.

2. Right 200k, 26 November 1951: a moderste lee vave.

ciouds and weather's Cirrus clouds wre observed in all guadrants vith

“See Chapter 2.
et B S AR RIG - S o =
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altocwalis leat cularis to the northeect over the vhite Mountains., This wvas
known as u "dry" wave with ceiling and visibility unlimited. In Onion Valley,
belov Kearsarge Pass, wvave form wvas cbserved in cirrus clouds, snov banners
were seen bloving from the peaks, and s warm fohn vind vas felt. Towvard
evaning the sky cleared.

Flight sumary. Slizht turbuleace was =ncountersd from 10,000 to 12,000
ft and the release vas made at 12,500 ft, The flighr path is shown in Pig.
3.5. The air was coacidered smooth up to 10,000 ft. Tae maximum altitude at-
tained vas 25,500 ft. A downwind run and the subseyuent upvind run were null-
ified by failures of the sailplane camera. What remains is a long run paral-
lel to the Sierra crest in the updraft region of the first wave. 0o the down-
vind run three waves vere penetrated; the downdraft of the second wave was above
the slope of the Inyo Mountains and the third crest was east of that range.

Streamlires. In Fig. 3.6 the constant uied for channel thickness was
5. The average values of U and v were 68 ft s°* (40 .\not-) and +8 £t s°1,
respectively. Maximum values of U and v vere 79 ft 51 (47 knots) and

413 £t s~1, respectively. Since the streenlines shov only the updraft section
of the vave, the vave length cannot be measured. Hovever, the half-vave length
appears to be 26,000 ft, ind!cating a complete wave leugth of 52,000 £t (16 km).

2(.“ is spproxhntely 3,500 ft.

Other fields. The flight sowiding is much warmer 1In the Standard
Atosphere as shovn in Fig. 3.7. It is rather stable vith a strong inversion
belov 730 mb (about 9,000 ft) and a near-isothermal layer between 615 and
550 mb (14,000 and 16,000 ft). That the lover inversion disappeared by midday
is indicated by the t-ct that three stations in Owens Valley--Bishop,
Inlependance, and Eaivee--all had a maximm temperature of S8°F (1k. 5°C) and
by the measurement of 53.9°F (12,2°C) at EC at 1125 PST.

D values vere in agreement with the temperature sounding. Surface
moasurements were: N = 4275 ft, EC = +320 ft, CC = +355 ft, anc SK = +285
ft. In the flight section the values increased to +840 ft at 25,500 ft, the
maximm altitude reached,

Soun 3 and wind profiles. A mean 1500 GCT sounding for Oakland and
Santa Maria (Fig. 3.8) wa: used for a represantative sample of the vest-
southvest flowv over the Sierra., The dashed line in the wind profile indicates
vhere geostrophic values were used, The 1200 PST Bishop U profile is shown in
rg. 3.7.

3. Jlights 2006 and 2007, 18 December 1951: a strong lee vave,

Clouds and veather. At dawn the lee vave was fully developed; a large,
dark roll cloud had formed to the south over the center of the Valley sur-
mounted by one, and later two, decks of high vave clouds (Fig. 3.9). low
clouds «nd blowing snov trailed in a "cloudfall" far down the Sierra slope in
the downdraft area wnile another wvave creist wos marked by stationary cumuloform
clouds over the Inyo Mountairs, By afternoon a long, ragged roll cloud wvas

- \ w e
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visible axtending from the Mono Lake ares in the north to Inyokern far to the
south. In the Bishop srea the fohnwvall hung over the Sisrra and the roll
cloud hovered over the western slope of the Valley vith clear sky immediately
overl.ead. These phenomena nersisted with some change throughout the day.

Over the traciing ares south of Bishop the roll cloud,
over Big Pine, Independence, and Lone Pine, covered about 20 per cent of the
width of the Valley. Its base and top vere st about 15,
ft respectively. Smaller roll clouds
Inyo Mountains., A solid cloud deck at about 16,000 ft covered tbs Sierrs
and the San Joaquin Valley. As seen from the sailplanc on Flight 2006, "the
downvash of the cap cloud in the lee of the and
velocity resembling wvater overflowing ¢ dmm.” Thare vere two lenticular
cloud arches sbove the roll cloud; the highest wave iu
area vas passed at 35,-36,000 ft. 70 the north e higher deck could be seen
at Mt ”,‘“,w n.

!
i
¢
|
18y
:
5
:

Surface vinds ranCed from calm in some areas to gusts of 50 ar 60 knots

elsevhere. Strong wvicds noith of Bishop blev a bus off the road and blev

shov fYoe previcus storms into deep drifts vhich covered the highway 8 feet

deep in places. Dense clouds of dust filled the air high over Owens (&ry)

Lake vhile north o2 Ione Pine sand wvas propelled at GO kncts in northwesterly
an

M..

sumries, On Flight 2000 the sailplane took off tov Irom
Bishop at 0 PS5T, beaded sortheast, and erncouncered the second wave updraft
over the wvestern slope of the Inyo Hountains. Turring soutbwest it flew
under the roll cloud and rel eased fiom tow at 18,500 ft just upwind of the
T0ll cloud and lower Sierra slope and southwest of Big Pine. Over the track-
ing area the sailplane encountered severe turbulence st 39,000 ft, rose to a
maximm indicated altitude of 32,000 ft, then coumtinued rortimsard in the
11ift z0ne landing at Bishop at 1200 POT. There wvas no theodolite tracking
of the flight becmuse of pulse failures in the ground equipmemt. The flight
notes of the observer, the notes recorded in the control vam, and about 3
minutes of film shoving tbe instrument panel readings between 35,000 and
N2,000 ft provide data for analysis.

Flight 2007 reached a maximm altitude of 39,000 ft and was tracked dy
tw theodolites from 1538 to 1650 PST in the altitude range of 32,000 to
38,000 ft. The path, shown in Fig. 3.10, is one of large range, particularly
in the regiom west of the Sierrs crest. Unfortunately, the spperent mal-
functioning of the direction indicator and the fact that the thermometer Adial
vas off scale for most of the flight, placed severe lixitatioms on the
analysis of the data. :

Stresmlines. As Flight 2006 wvas not tracked, a conventional streem-
line unmds was {rmpcssible. However, dy invoking the assumption of
adisbatic flow, it vas possible to construct a potential temperature cross
section vhich may be regarded as an aprroximate regresentation of the field
of motion in the (x',z)~plane. Fig. 3.11 showvs the cross section constructed
from the 1000 PST radiosonde ascent from Lodgepole and the "sounding” from
Flight 2006; since the flight data usad vere Leasured in the period 0930 to
1045 PIY, these were nearly synoptic. The Lodgepole sounding was plotted

B e e
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Fig. 3.9 - 1200 PST, 1§ Docenbar 1951. Thatesed fr
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Fig. 3.9 - 1200 PST, \d December 1951. Sesthward frem Nﬂ Airpect.
Upper wsve cloud amaiter vitd short, trensiest vaves near ireiling odge

Fig. 3.9d - 1350 PST, 18 Decamber 1951. Seethward frem Bishep Airpect.
“50 and roll clowd damse mnd camtinuens nerthward ever Rishap.
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Fi& 3.90 - 1443 PST, 18 Mecember 1951. Toward SSW from 14,000 f¢ alti-
tude, under rotor clowd base. Cloud-fall pours over Sierrs.

Fig. 3.91 - 1447 PST, 18 Dacember 1951. Seuthesstwird frem 15,000 ft.
Seilplene ia 4000 ft¢ win"1 wpdraft et lesdiag edge of roter clowd.
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according to its calculated downwind drift wvith height and the sailplane meas-
urements were plotted according to the path of the flight as reconltructed from
tr.e observer's noctes., Fron photographs a.d observational notes the tohnwull
cl.udfall, roll cloud, and lenticular deck were sketched. It wvas assumed that
the imersion of the r.»hnva.!.l was the sane as that of thes roll cloud and that
the air flow was isentropic except within the clouds. It was further assumad
that the st.ceumlines could be approximated by the isentropes except within the
cloudfull and the roll cloud where the actual streamlines would have gteeper
slopes. A rough calculation of the slope of the streamlines was made from the
ratio ol the vertical wind speed v (-d..p/dt-vA) to the horizontal wind speed
(equal to V, in the hovering flight). "The wave length of the flow can be
seen to vary from 46,000 to 59,000 t‘t (14 to 18 Xm or 9 to 11 miles). Since
the analysis for thc vhole section wvas mude from data taken along two threads
in space, such a drawing should be regarded only as an sttempt to create an
approximate picture of the flow pattern.*

In the course of the ascent a maxirum U of 85 knots m found at 24,000
ft. Maxima of w occurred in the roll cloud layer #70 ft s~1) and at about
32,000 ft (*40 £t s~1). Severe turbulence wvas encountered near the roll cloud
and again at about 31,000 ft tc 37,000 ft. Of interest in the draving is the
suggestion of a much longer wave length in the stratosphere and the upwind
tilt vith height of the region of maximun updraft., Drifting eastward at 38,000
ft, the sailplane lJost altitude above the region in which updrafts were en-
countered in lower levels, and it vas necessary to head vestward with sltitude
in order to remain in the lift area. On the return flight the wind speeds hald
increased by about 15 knots at 24,000 ft, and reacled an estimated maximm of
120 knots near 32,000 ft.

The path of Flight 2007 in the (x',z)-plane is plotted in Fig. 3.12,
together with some significant measurements and observations. No streemlines
have been constructed because of serious doubts of the reliability of horizon-
tal wind measurements. These indicate vind velocities vith large northerly
components which appear unlikely even though the synoptic charts (Figs. 5.7 and
516) showv the upper flov to be vest-northvest. The most daxning evidence for
this contention is the comparison of correcte:d heading and flight path; the
angle varies from 45° to 90° for much of the run. The field of vertical
motion wvas determined, however, and is irdicated in Fg. 3.12.

Other fields. A souading curve for Flight 2006 is drawn in Pig. 3.13.
Some isolated temperature observations fram Flight 2007 indicate cooling aloft
during the day. The potential temperature field bas been discussed above in
relation to streamlines. The texperatures are varm vith respect to the
Standard Atmosphere and D vaiies are large and positive, However, none couid
te determined on Flight 200€ for lack of Z values and those from Flight 2007
involve too large maximm errors in Z to permit listing of absolute values,

*It 1s to be noted that this was the only case for which the airbhorne data
lent itself to this form of analysis. The reason for this wvas that it fortu-
itously satisfied the requirements: 1) that the flight be nearly synoptic
vith the radiosonde ascent; 2) that it be made approximately downwind of thre
radiosonde ascent; and 3j) that dates be obtained through a great depth of the
atmosphere.

"
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Soun s and wind files. Fig. 3.14 shovs the sounding and U profile
fram Merced E I% OCT. E sounding indicates s lowver inversico at about
3,000 ft--the typical winter subsidence inversion of the Great Valley--and a
higher inversion at about 13,200 £t (615 mb). The greatest vertical sheer
in the wind profile occurs at about 14,000 ft, just above the top of the
inversion. At 1500 GCT and 2100 GCT the Merced vitu prof‘?or indicated
maximm speeds at about 20,000 ft aud 25,000 ft, respectivel.; this luct wes
confirmed by Bishop pibal measmurements (Fig. 3.13) and by the fiights, al-
though the latter suggest thot even stronger speeds occurred near the
‘ropopaise in the lee wave. Tue lodgepole sounding is presented in Fig. 3.13.
The inversion associated with the cap cloud can be identified with that over
Merced and wvas apperently intensified by the flov over the Sierra.

Flight 2015, 29 January 1952: a wveak lee vave,

Clouds and veather, In the morning much of the sky was covered by
cirrus and altostratus becoming altocumulus. In the afternoon there vere
petches of altocumulus and considerable cirrus. Fron the air it was clesr in
the north and east, High ciouds were visible in the south stretching over
Los Angeles and Las Vegas., Tie San Joaquin Valley was covered by stratus.

Some tm'bul!nce wvas encountered just prior to release
atln oc oloocrtnin" at 13,400 ft, The flight (fig. 3.15) vas
confined %o the rather narrov region of 1ift betwveen Independence Peak

(11,773 £t) and Mt. Bradley (13,200 ft). The flight path vas a general
descent from the maximm aititude of 15,000 ft.

Stresmlines. A single, primary crest is evident in Fig. 3.16. The
vind vas wveek; vu'y little vind vas found belov 12,000 ££, and in the small
zone of lift it was possidle to fly cross wind and to spiral without arift-
ing downvind repidly. The constant used was 2; channel thicknesses are
therefore not camparable vith those of other flights. 7The wave length is
sbout 1,000 ft or b.b dm, 2t .. is 900 ft. A possidble explanation for the
confinement of the wvave notion to that particular region of the crest is
that the vind vas channeled along the canyon of the South Fark of the Kings
River and reached somevhat stronger spreds there. mmgm 37!‘?.:‘1
(22 knots); -:1-1 vertical velocities vere +11 and -7.5 ft s Brief gusts
of about 120 £t s~* vere experienced bdetweer 13,000 and 1h,M0 fr, Az
interesting aspect of the streamline patter. is the tilt of the lee trough
upstresm vith altitude.

Other fields. The temperature sounding (Fig. 3.17) ir much warmer
than that of the Btandard Atmospbere. A 2°C inversion existed below 750
ab (8,000 ft), and above 670 mb the lapse rate wvas nearly adiabatic, The
temperature field is fairly consistent in the (x'-z)-plane, probably because
much of the flight >eth wvas nesrly in the same vertical plane. The potential
taperature field would not indicate a lee wave if analyzed independently.
@ varies fram 308° to 31M° X in the tracked portion of the flight. On the
return flight to Bishop, the temperatures aloft vere cooler by 1° ar 2°C.

The D values for the surface were BIH = +320, M = 4300, EC = +330,

— - At - = e -
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and SH = +360 ft, The values increased aloft in agreement with the varm sound-
ing. lovever, there i: a rather systematic discrepancy of about 100 ft
between D values computed from the sounding and the barograms and those from
7-.. D7 the latter peing the smaller. It seems likely that thic difference can

be reasonably attributed to ebsolute errors in T, Z, and Zp.

Soundings and wind prefiles., The undisturbed flow characteristics are
represented in Fig. 3.13. The pronounced low inversion at Merced is related
to the stratus layer in the San Joaquin Valley belov 4,200 ft. The lodgepole
sounding and wind profile (Fig. 3.19) is similar to that of Merced--a pronouncad
surtace inversion, no high inversion, tropopause near 2L0 mdb, and a rather weak
flow at crest level. The Bishop Gouble-theodolite pibal measurements are shown

in Fig. 3.17.

5. Flight 2016, 30 January 1952: a moderate lee vave,

Clouds and weather. In the morning there were dbands of altocumulus and
eirrus overhead and altocumulus lenticularis arches wvith clear-cut leading edges
vest of Bishop. Over the Sierra was a mass of cumulus, The San Joaquin Valley
was under low strato-cumulus to about 6,000 ft. The lenticular cloud vhich lay
along the Owens Valley i~ the afternocon (Fig. 3.20) drifted eastwvard three
times during the course of the flight,

Flight summary. Relcase was made at 17,000 ft, the sailplane reached
26,000 ft, and tracking was begun at 25,000 ft. The flight path (Fig. 3.21)
performed in the west-northwest flow included a crisscross run, a long down-
wind run through three complete wave lengths, and an upvind run prior to descent
over Manzanar,

Streamlines. The flow pattern shown in Fig. 3.22 is that of a moderate
wave in which three waves formed over the Owens Valley with an average wave
le.gth of 25,000 £t (8 km), The values of 2lmax vary from 1500 ft to 2500 ft.
The constant used in 2eteminins channel thickness vas 5. The maximum U
measured was 85 ft s"* (50 knots), Maximum vertical velocities were +12 and
-21 ft s"1 at ihe locations indicated on the cross section. In the lowest
extent of the flight path, near 7,000 ft, a light easterly flow was messured.
This suggested that below the wave creats between 7,000 and 9,000 ft were light
rotor-like circulations which, however, are not to be confused wiih the so-
called rotors of stronger waves that form at higher altitudes and are usually
marked by roll (rotor) clouds, In thisz case there vas neither moisturc nor guf-
ficient amplitude of the flow to induce the formation of clouds at the crests of
the waves., Only at a higher level, perhaps 30,000 ft, was there a cloud vhich
formed in the principal wave crest.

Other fields., Temperatures measured on this flight vere warner than
Standard Atmosphere to 425 mb and cooler above as shown in Fig. 3.23. An inver-
sion appears below 7,000 ft (800 mb) and an isothermal layer between €15 and
5680 mb (13,000-15,000 ). Throughout the remainder of the "sounding" the lapse
rate was nearly adiabatic, Deviations of temperatures measured from those of
the curve are vithin $1°C. The @ field, not unexpectedly, appears somevhat
chaotic when analyzed separately and is not indicative of a lee vave. The D
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field similarly does not lend itseif to a reasonable analysis. The values from
the counding are given in Pig. 3.23.

and wind files. Merced, Lodgepole, and Bishop upper air
data are shown o 3428, 3.25; and 3.23, respectively.

€. Plight 2018, 16 February 1952: a strong lee wave.

Clouds and we=ather. 7The wave cloud phenomena of this day were the
best developed and most extensive since those of 18 December 1951. ERarly in
the morning a fohpwvall appeared over the Sierca west of Biskop and during the
day extended itself along the crest. Fracto-cumilus pstches resolved them-
selves into roll clouds in the south (Pig. 3.26a) and over ths Inyo Mauntains.
By noon the f8hnwall had developed to sbout & miles south of Mt. Williamson
(14,384 ft) and strato-cumulus clouds were ohserved moving from west to east
over Onion Valley. By 1330 PST the féhnwvall axtended along the entire crest
and the cloud fall corered Onion Valley. A high altostratus vall vas seen to
the vest sbove and upvind of the fohnwall; from the sailplane its height wan
estimated to be sbout 30,000 ft. High cirrus bands formed parallel to the
wind in the east, and to the southeast slight wvave form was visidble in cirrus.

No single, dominant stationary arch cloud formed, only small bands and
patches. However, during the time of the flight the roll cloud was well de-
veloped (Pig. 3.26b) and extended in a s0lid chain over the Owens Valley

Xcept, as is usual, in the Bishop area vhere there was a break. The base of
the roll cloud was observed to be at about 14,500 ft. The second wave crest
was vell marked by a smaller but coatinuous cumulus cloud band over the crest
of the Inyo Mountains and continuing upwind of the White Mountains.

At dusk the cap cloud (ribovall) svept far dowvn the eastern Sierra
slope dbut the fohngap never clouded over. No precipitation fell in the
Owvens Valley.

Flight surmary. The data from this flight are the most complete of all
the flights and are of especial interest for the study of a strong lee wave.
The tracking began at 1217 PST (Pig. 3.27) vith an upwind run on tov. Release
vas made in the strong updraft at 14,200 ft above TP. About that time the
sailplane wvas lost to viev by the theodolites because of the intervening roll
cloud but its k5-minute ascent to a maximm altitude of 33,000 fi was followed
by the Raydist system. A dovnwind and an upwind run wvere performed between
1344 and 1400 PST after the sailplane had again been sighted by the theodolites,
later a crisscross run wvas tracked except for a gap &uring which the sai’piane
wvas abcve the roll cloud. The final run vas made downwind under the roll
cloud. The flight time from beginning to end of tracking data vas 3§ hours.

Streamlines. The air flow pattern of the strong lee wave is shown in
Mg, 3.28. As the flight was both long in time and extended rather far north
of the tracking network, the data provide the mcst noteworthy examples of the
four-dimensional character of the lee wave. The two-dimensional streamline
cross section wms constructed after data from portions of two of the runs had
been deleted. First, the data from the northernmost region of the flight
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Fig. 3.26a - 1020 PST, 16 Febeuary 1953, Jeuthwsrd frem 12,000 fe. Mes.
'ifhn-n amd ‘n.uy on right, Develeping vave - rell clemds,

Fig. 3.26b . 1330 PST, 16 Pebeuary usz. s-.anni ru- Biskep Air-
port. PRoll cloud and clowd-fal] vel bnlg ¢h, tenweus arch
cloud, Photo by C. Pattersoa, U.8 Weather nu.



53

TASOOSE PASS
",6%0

BT WILLIANSON
14,384

FLIGHT 2018 o LONE Pueg
FEBRUARY 18, 1982
n
tdendencdendedemd el dannd® ***
St Rt hd 7 ST ]
Fag. 3.7
15 PRl b . gl RR . BCET SR ST VY R » A e daedh




O
Fh

®'t




5




56

showed the wave crest to be about 10,000 feet east of the crest position in-
aicated by the southern portion of the flight, Examination of Fig. 3.27
Teveals that this is undoubtedly a result of the eastward jog in the Sierra
.7 '3t Jor.) of Diamond Peak (13,175 ft). Since the upper flow was roughiy
from 260 deg, the roll cloud line downwind was similarly displaced.

A second adjustment had to be made for the development which toox place
during the 3} hours between the two flights under the roll cloud arnd the fact
tuat the firet, upwind flight wvas made on tow. With due allowance for probable
errors of airborne measurements wade while on tow, it was evident 1hat the
downdraft belov the roll cloud had increased considerably in speed. Consequent-
ly, in order that the complete streamline pattern be consisient and quasi-
synoptic, che lata from only the first run under the roll cloud were used as
guides in the analysis of the lower streamlines, The chaanel constant wvas 7.5.

The roll cloud sketched in the cross section wvas carefully constructed
by photogramietry and frow the observer's notes. The turbulence below the
leading and trailing edges of the roll cloud was rather severe., A narrov zone
of comparatively smooth flov existed under the roll cloul over the center of
the Vlll.y.

The vave length of the flow appears to increase with height; measured
from trough to trough it varies from 60,000 £t (18 kn) at Z = 7,000 ft to
70,000 £ (21 km) at Z = 30,000 ft. An average value is 67,000 £t (2C km)
vhich is wlso that at Z = 15,00" ft. 20, = 7,000 £t (2,150 m) at the mear
altitude of 13,500 ft. slaxiunm verti:al velocities measured along the flight
path vere +41 and -31 ft s-1; the locations of these are shown in the cross
sections. U was 115 ft s=1 (68 knots) cear 24,000 ft at the point indicat-
ed. Measuring ¢’ and Az slong a vertical at x' = 32,500 £t through the in-
flection point of the flow, and computing U and v fram the formulas U = C/pha
and v = U/3 tan t', some interesting results ace obtained: mir of U at
the inflection points occur at Z = 15,720 ft vhere U = 100 £t =% (59 knots)
nndstZ-?I,SmrtvhereU-% £t 5™+ (57 knots), snd a single maximm of
v = 28 1% s~4 occurs at Z = 15,250 ft.

Of greater interest are the synoptic variations of wind speeds between
troughs and crests at different levels as measured along the path of Flight
2018 in rig. 3.28. In the levels above the roll cloud zone the vind speed is
least in the trough and greatest in the crest of the flow, Near 300 mb the
speed varied from 21 ms™' at the first lee trough to 3" ms-l ut the crest to
21 ms~1 at the second trough. Year 400 md a similar difference is found; the
speed varies from 24 ms-l at the trough to 34 ms-l at the crest. In the levels
below the roll cloud the wind speed is greater in the troughs than in the
crests 8s can be seen by comparing the shannel width at the troughs and the
crests in those levels. The horizontal wind speeds and values of the other
synoptic fields measured at critical points in the vertical plane of tae strong
lee vave with rotor cloud are listed in Tadble 3,1 and discussed further
belovw.,

Other fields. The mean "sounding" of the flight (Fig. 3.29) straddles
that of the Standard Atmosphere. The various temperatures measured along the
flight path are also shown. As a first spproximation it appears that two
nearly adiabatic layers are separated by a rather thick stable layer between
540 and 450 mb' (16,000 to 21,000 ft). A smaller stable layer appears between
LOO and 385 mb. The twvo layers of steep lapse rate appear to have potential
tesperatures of 301° and 3170 K respectively. Tie O field fits the field of
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LER WUAVE NERASUREMENTS

Table 3.1 FLIGHT 2018, 16 FRBRUARY 1952
Time Z x' P T 9 v U D*
gy Position £t T »m °C X ms-l msl 1t

- 1345 1lst trough 29,790 20,200 30k -k6.5 319 ) § 0
1348 vave crest 30,400 54,500 20 -51.0 316 0 31 -120
1350 2nd trough 28,800 86,800 319 -kk.5 3n7.5 0 2a +8&

1521 1lst trough (23,450) 18,000 42 -32.0 313.5 c -
1525 vave crest (23,%00) 55,000 k03 -23.0 312 0 P eee-
1217 Jdovndraft 12,1&20 2,20C 632 - T.0 30k -5 9 =55
1220 wave crest 10,330 7,100 ST - k.5 302 o] b 0
1223 updraft 11,070 32,000 605 - 5,0 302 +7 12 .1l10

1587 wvave crest  .b,270 45,500 589 -15.0 300.5 0O 13 <100
1549 dowmdraft 11,000  €5,k00 663 -~ 5.5 300.5 -10 15 <~ &0

#At scme points D is indeterrinate because .o independent value of Z vas
computed, the positior in those cases having teen determined by Raydist or
by one theodolite,

L m‘.-‘%“‘\nmﬂ"‘“—w_.‘.,..ﬂ Coe e s -~




$8

motion fairly vell, i,e., it does not contradict the assurprion of adisbatic
flow, but in places it ie inconsistent because of time and space differ-
encee, Vith refarence to the values of T and @ listed in Table 3.1, 1t is
tuund tuat the lovest tempceratures are found in the crests at all levels and
the iuolines of potentiel temperature spproximete the streamline pattern as
should be expscted if the temperature changes alocg a streauline are adiabatic
and the lopse vate is less than the dry adiabatic lagse vate.

The D velues at the surface changed markedly az a result of the steady
{roasurc fall during the flight. The barograa from Menzanar is shown in Fig.
.2 of Chapter & vhers special surface observations of this date are discussed.
The folloving values at various stations are givem for ths beginning and end of
the flight:

Station P SH cc E M I X BIH
1221 PST: +90 -55 <110 -110 -115% =90 110 =115 £t
1548 PET: WS -125 -205 -210 -235 -225 255 «205

It is probadble that the heights of isolaric surfaces aloft would have de-
creased by at least 100 ft and arobably 200 or 300 ft during the time of the
flight. Thus again a Quasi-synoptic cross section of the D field is rather
unclear and the coverage is incomplete vith a large gap in the Raydist-tracked
section of the flight vhere no Z values exist. In general the values increase
upward to 610 md vhere the sounding crossed that of the Standard Atmosphere
and above that level decressc,

Significant values of D measured along the flight path are givea in
Table 3.1. In the higher levels near 300 mb, D values appear to de highest
in the troughs and lowest in the crest although one shoulld terper thic con-
clusion vith the cbservation that since the points are not at the same level,
there is undoubtedly same influance by the vertical gradient of D, However,
the differences, of the ordar of 100 ft, are in close agresmant wvith the ob-
served acceleration of the vind from trough to crest at that level as will be
demonstrated in Chaptar 9. The D values msasured directly delov the roll
cloud at the crest of the flov appear t0 be somevhat greater than those in
either updraft or dowmdraft-unfortunately, 20 msasuressnts vere mads in either
trough-~but this result is also somevhat inconclusive becsuse of differences
in elevation of the points and ithe consequent effect of the vertical gradient
of D.

Scun% and vind profiles. Upwind conditions at Herced are sbown in
Prig. 3.30. sounding shovs rather moist air up to kOO md and a stadle lapse
rate vith ons inversion near 650 mb (12,000 ft) and another near MO =

(19,000 £t). The tropopavs= is at 218 sb (36,800 ft) vith a texpirature of

- « A stratospheric inversion has a maximm temperature of -A9°C. The
wind profile shows a rather strong saear to 25,000 ft, above wbich the geo-
strophic speed appears to de nearly constaut. Unfortunately, no Lodgepole
uwpper alr data vere obtained. Tue Bishop winds at 0700 and 1200 PSYT are

shown in n‘. 3.29-
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T. Fight 2020, 21 Petruary 1952: & weak lee wave.

Clouds and seather, lispy, veil-like lenticular cloids in irregular
patterns appeared over ovens Valley (Pig. 3.31), forming and disappearing
at irregular intervals, Stratocumuli lay in the valleys east of the Inyo
Mountaias v i*h tops at sbout $,000 £, Anotker band of stratocumulus at
ab>»% the sapre altituds stretched along the Sierra west of the Alsbams Hills,
A 2igh altocumilus band thickening in the northwest showed smooth wave form

along its leading edge.

W. Weak ypdrafts alloved a maximm altitude of 16,000
{t,m )ch ending dovnvind and upwind runs over the Valley vere mads
Pig. 3.32).

Stresmlines. A somevhat abnormal flov pattern resulted from the
stresmline analysis (Fig. 3.33). The downwind run passed through two vave
crests to a third vhich lay over the Inyo Mountains, Howvever, the msasure-
nants of the yWwind flight worild seen to indicate a single crest of longer
vave length in the lover leveis., Since this result is not in agresment with
either theory or cther ocbsarvations, an explanation is required, It is sug-
gested that a separate vave system was induced on the low level (8,000 to
9,000 ft) inversion by the predominantly northvest wind at and beiov that
level; that that wvave system may have oriented itself parallel to the trans-
verse ridges of the eastern Sierra escarpment; and that the sailplane's path
may have been along a band of upwvard sction. Local caonvection ar thermals
can be invoked dut appear uniikely as an explanation.

In the upvard portion of the vav: the half-wave length is about
15,000 I't, sugdesting a full wave leugil of 39,000 £t (9.2 km) and the
maximm vertical displacement about 1500 fi. ‘Gne constant used for chan-
nel thickness vas 5. The vind vas wveak; the sailplane vas abls to spiral,
fly parallel to the Sierra, and upwind with ease. The lift was somevhat
better south of the tracking network. Lift 'ras found at the leading edge
of cloud visps dut vas not continuous detween clouds., The maximm U vas -
70 £t s"1 (Ml knots) and the maximm vertical velocities vere +10 and
-7 ¢ 51, As in the stresmlinet of Flight 2015, the trough tilts pwind
vith altitude.

Other fields. The scunding wvas cocler than Standard Atmospherc
Fig. 3.3%). Stalle larors appeared between 710 ard 590 md and between
and S80 wb. The maxizum deviation of any individual poiat from the
curve vas 119C, The tempereture field in the cross section is not sig-
nificant in itself. Similarly, the O field is reasonable, i.e., it can
be analyzod to agree with thc sireamlines, but it is of insufficient cover-
age aud daccuracy to indicate the lee wave vhen analyred independentiy. D
values vere negative at the surface and decreased vith altitude, but their
horisontal variation in the vertical plane presented 2 confused and in-
significant pattern.

aud winc. files. Upper 2ir data from Merced and Lodgepole
ave nmsn:%. 5.35 and 3.38, respectively. Bishop v!ids are plotted in
Fig. 3.35.
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Fig. 3.31 - 1145 PST, 21 Februery 1952. OS50 frem Rishep Airpert.
Wsather Bureas.

Pote by C. Pattersaa, U.S
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8. Fight 2023, 19 March 1952: a sirong lee vave.

Clouds and vesther. At sunrise the fohnwall in the west swept in a white

blanket down the Sierra slope, to the south was a v.de foangap over a long
cloudfall, and a massive smooth-topped roll cloud hovered over the east side of
the Valley surmounted by a high, stationary arch cloud (Pig. 3.36). Tae vave
crest, wvith an spparent downving tilt vith height, lay exceptionally far back
from the Sierra and the clouds vere higher than usual. The top of the cloud
deck over the Sierra wvas at 17,000 ft, vhile that of the roll cloud was at
19,000 ft. The base of the roll cloud was at 14,200 ft at its leading edge over
the center of the Vallay and st 16,500 £t directly over tae Inyo Mountains.
Lenticular-form clouds were observed as high a3 43,000 ft. The vave phencmena
persisted all day but dy evening vere diminiashing.

?}W. Cn the tov, moderately turbulent air vas encounte{egl
at lov levels rates of clird and fall of the order of 12,000 ft ain"* as

lov as 7,000 ft. The sailplane wvas forced to release in strong turbulence west
of Big Pine ni 9,500 £t sltitude and continued smootl’y upward at a rate of
2,000 ft min""., In 20 minutes an altitude of 33,000 ft was reached, by vhich

t se the sailplane was over the iraciing area. The wind specd veing exception-
aily strong and the downdraft of the vave apparently east of the Inyo Mountains,
no downvind run was nade tecause of the uncertainty of being able tu retwn
upvind to the Owens Valley, 3Exploring the lift zone along the Sierrs crest
(rig. 3.37) the sailplane worked soutdward and continued to rise leeward of

Mt. Yhitney. The tropopause “I penctrated at 39,000 ft as the sailplane con-
tinued to soar at 1,000 ft min™~ into the stratosphere. A maxiual altitude of
Ms,500 £1* vas reached at 1332 PST. A deliberate descent vas made from that
$oint though the rste of climd was still +700 £t min~l. The return to Bishop
vas mads by a "cradbing” flight up the Valley in the 1i.t zone. Considerable
variations of horizontal wvind speed and updrafts were experienced as roll clouwd
fragrients furmed and disappeared rapidly in the lee of Coyote Ridge southwest
of Bishop. Moderate to heavy turbulence was eacountered at 13,500 ft east of

Coyote Ridge.

Streamlines. Due to the high altitude at vhich the tracking run vas be-
gun and its limitation to the updraft zone, the streamline pattern (Pig. 3.38)
covers a rather small area. Consequently, an exact determination of the wave
length wvas not possidble and doth the amplitude and vertical velocities are
probably less <han half the values of those at 20,000 ft. The constant used for
channel width wvas 7.5.

From the half-wave length i appears that the wave length between 30,000
and 40,000 ft aliitude was of thc crder of 90,000 £t (28 Xm). 2¢ in the
same altitude range in the cross section is sbout 4,00C ft, The wind at those
levels was near 290 deg; the average U compounent was 117 £t s~1 (68 knots) and
the maximm U was 171 £t s~1 (101 knots) mesasured near 40,000 ft. No systematic
wind gradient along the y' axis wvas detected, prodbadbly because of the a-
bility of time and space changes. V., in the cross section wvas +21 ft s~ at
36,500 ft. At 40,000 ft v exceeded +10 ft s~1, It is orcvable that vertical

*Me present world altitude record for sailplanes.
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_ velocit’es in the roll clioud region vere of the order of ¥350 £t s-1 with
e shorter period gusts of the order of %100 £t s=1. The towplane, explorirg
the lower levels of the lee wave in level flight attitude after the sail-
Plane’s release, experienced steady 3,000 ft nin-l rise rear the lesding
edge of the roll cloud and a 6,000 ft xin"+ £all in the downdraft southcast
of Bishop and vest of Black Mountain of the Inyo range.

!
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Other fields. A flight sounding is plotted in Fig. 3.39. The air
vas stable between 550 and 500 mb acd approximately dry adiabatic to tae
tropopeuse near 200 mb (39,000 ft). A minimum tempersture of -78°C was
measured there, and at 44,500 £t (154 mb) the temperature had risen to
-71°C. Comparison of the ascent and descent temperature curves indicates a
considerable cooling aloft during the time of the fiight. At 18,000 ft
the air had cooled about 10°C in 3 hours. This can be attridbuted to the
passage of the cold front at these levels as can be seen from the large-scale
synoptic charts in Chapter 5. (See Pigs. 5.45, 5.47, and 5.48.)

{

The field of potentisl temperature ves chaotic in the cross section;
values ranged from 307° to 3i7° K vith no lcgical pattern. The reascas for
this--large 3/0t and 3/9y'--are easily seen on exan.iation of the sounding
and the horizontal flight patk. Another difficulty in @ anulysis on
vertical cross sections Is the small variation of ¢ in an altitude layer
of several thousands of feet vherety actual horizontal variations are of the
sane order of megpitude as time variations and errors of measurement.

D values measured reflect the synoptic situction and perbaps alsc
the variations caused by the lee wave. The values were generally negative,
ranging in the cross section froo 4170 to -430 ft. The higher values vith
respect to the (x',z)-plane were found in the trough to the west and in

. the lover altitudas; tue iower values were found in the east at the higher
elevations near the crest of the vave flov,

Soupdings and wind files. As no radioscude data from Merced vere
availadle, and tbe upper wvas rcearly wvesterly, a mean sounding for Oalzland
and Santa Marias wvas constructed (Fig. 3.40). It is similar to the soundicg
of 18 December 1951 (Pig. 3.14), but vith a higher inversion at k80 =b
(19,000 ft) and a clear-cut tropopause at 193 b (39,000 ft). Unfortunately,
true vinds are lacking above 10,000 ft, so geostroptic vinds wese used to
construct the wind profile.

The Sequoia sounding is showr In Fiz. 3.35. i vind mcasuresents
could de rmade because of the strong flow and the presence of the cap cloud.
In Fig. 3.39 are also shown the Bishop winds aloft. The 1200 PST ascent
reached an altitude of 60,000 ft near the time that maximm altitude was at-
tained by the sailplane. Of great iaterest are the strong positive vexrtical
shear betveen 7,000 and 25,000 £t and the large negetive shear above &5,000
ftn

9. Flight 2025, 3C karci 1952: a moderate lee wave.

Clouds and weather, No lenticular clouds appeared over Owens V.lley
but wave forms were cbuerved to the north and over the Mojave Desert o the
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south.  There were o fer scattered cumili and a few transitory roll cloud lrag-
ments in the Independence area. The San Joaquin Valley vas covered with a
stratcuaules deck.

Flight swmery. A tvo-sailplane operation was performed but only the
daty. from the theodolite-tracked flight was reducible. The peth of this
flight is shown in Fig. 3.41. Relecase was made at 13,7290 ft efter modorate
turLbulenne (-6, +2 G's) was exvericaced on tow. It was found that the best
e, 20 QY lay between Blaclk lountain and Kearsarge Puss. The maximum
altitude reached was 27,000 ft. A sccond wave crest was not found on the ficct
dowvniwind run but an updruft zone of a sccond wave was cencountered at a lcwer
level on the second run., Rotor zores were marked by turbulence rather thar
clouds. Below 8,000 ft only turbulence and dowmdrafts vere encountered.

Streamlines. Because of space differences along the flight path in the
y' direction, it was necessary to plot and analyce threc separate vertical cross
sections. All were quite similayr; one of thea is ruproduccd in Pig. 3.42. The
principal diffcrence among the thrce cross sections was the position of the
trough and crest of the flov with respect to x'. These voried vy approxiuately
15,000 ft aleng x' as & consequcnce of the west-nortiarest flov and the varia-
tion of the Cierra crest. In dll three the wave length sppoure? 42 be adbou
25,00vu 1t and d[ atout 3,00¢ ™, C was 5. The direction of Yy ves about
300 deg; Uy vas 69 ft sl (41 knots) at 25,000 ft. Vertical veloaity maxiva

vere +20 and -8 % s'l a6 indicated on the cross section.

Other fields. A flight sounding is shown in Fig. 3.43. D values ave
positive; tney increase from west to east and generally increcase with altitude
with an apparent minimum value at 2k,000 ft,

Sounding ard wind profilc. Ayain, no Merced sounding wvas made hut einae
the flovw was west-northvest, the Oakland 1500 GCT data are used to represent

upwind conditions (Fig. 3.44). No lLodgepole upper air data vere obtained. The
Bishop pival is shown in Fig. 3.43.

Swamary of metcorolozical results,

The streamline cross sections and soundings presented in this chaptes
swarize the air flow pattern in the lec of the Sierra and ihe quasi-synoptic
upwind temporaturc and wind profiles in the verticul for 9 selected cases.
Considering the empirical results irom all the cases, the follouing conclusions

were drvavm:

1) Soue lee vaves appear ¢ have relatively no tilt with height while
in others there is ratiaer pronounced upwind tilt. The odserved wvavelergths
ranged fyom 14,000 £t (%.% km) i the week lee wave of @) January 19352 to
90,000 Tt (28 km) in the strong lee wave of 19 March 1952,

2) The flow is adiabatic; teuporatures arc coolest in the orests and
warmest in. the troughs at all levels. In general, leesverd soundings aprpear to
have stecper lapse rates thoge from windward with warzmor temperatures in
the lower tropoaphere and goalv" temperatices an the upper Wwopesphere.,

. : : vl
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3) 1In strong lee vaves without apprecisble tilt, the maximm wind
speed in the horizontal oceurs at the trough al ievels below the recll ecloud
zont and at the crest at ievels above the roll cloud zoue, At a level in
the roll cloud zone the vertical velocities appear to reach maximum valines.,

L) All of the 3 cases of strong lee waves werc associated with
cimilar upwind temperatuare soundings with pronounced inversion layers vhose
tops lay between 12,00C and 19,00C ft altitude, The otiier lee wave ceses
of 1oderate snd weak irtensity vere associated with varsing degrces of
ctability in the truposphere but generally without big inversion layer:zs near
mountain top level. '

5) In the 3 stroam lee vwave ceasec the wind profiles were similar
with large vertical shear in the lower tropospliere and ivvith speeds increasing
to maximum velues of the order cf 100 knots near 30,000 and 40,000 2t. Wind
profiles for the mccerate and weak lee wave examples shoved lesser wind
speeds at mountain crest level and lesser vertical shear in the tropospliere.

£) The principul gradicnt of D value is that in the verticel s 4o
the sounding belng warirer or colder than that ci {lic Standard Atmosphere,
Slgniricant horizontal difercices in D are detoctable only in strong vaves.
In the only strong wave case® 2llowing campariscn beiveen points at roughly
the same level, it was found tnat in the up:ler layers there was a gradient
of D rrom trough to crest of the order of 100 ft; this difference
vas in agreenent witly the ob.erved increase in wind speed of 10 m s
from trough to crest at that level,* In the lover lavew~ 22 a strong lee
wvave the gradient of D betwcen trough and crest is eitiser less than, or in
the oprosite direction tc, that in the uppexr levels., In none of the
flights were large negative D values (altimeter errors)** measured,

Conclusions concerning the problams of analysis, Streamlines de-
‘rived from the horizontal and verticalwind camponents show most clearly =
“synoptic’ picture of the lee wave while the analyses of %the {ields of
temperature, potential temperature, and pressure {D values} present more
camplicated and somewhat confused patterns because of their greater
sensitivity to instrument and data reduction errors, "streakiness" of these
variables in the atmosphere itself, and to time and space (nortu-south)
variations in the course of the flight. It appears that i a lee wave
persists for several hours during a day--and it is usually cbserved to do
that--the wind field, which depends upon the slope of pressure surfaces
vhich in turn depends upon the spatial {norizontal and vexrtical) gradien
of tempersture, can reuain vore aearly the same vhile the absolute values
of T, and, consequently, © and D, are changing morc rapidly. The D field
ves furtner limited to theodolite-tracked porticns of the fiight since no
2 values vere gotten from Reydist. Finally, analysis of the @ field was
nearly impossible throughout deep iayers vhere the lapse rate was nearly
adiabatic since in those re¢gions instrument errors, time variations
(36/3t), end north-south variations (3/3y') were all of the seme order of
megnitude as tne vertical variation (96/3z).

*Flight 2013, 16 Feoruar: .1.0.
*See Example 1, Chapier 9.
** -
This subJect is di.cusced more fuily in Chopter 9.
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Leaving the discussion of cther techniques of measureaent to & later chapter,
refinement of this (sailplane tracking) technioue of cbtaining quantitative lee
vave datas would require these lmproverwsnts:

1) ilore accurate instrmentation. In particular, it would be desirable
to have airborne thermomcters accurate to the order of ¥0.1°C,

2) The flight should be made along the vind and cover as large a section
of the vertical plane as poscible within a relatively short time period in order
to minimize effectis @ue to non-fulfillment of the steady state condition,
3/at = 0 and the two-dimensional condition, 3/3dy' = O,
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4. ROTOR FLOW STUDIES

Irtro ‘uction.

What is known as the rotor zone is the layer of the lee wave flow
centerci near or somevhat above mountain top level and ext~nding downward
to the surface and upward through a depth varying from 2,000 o 10,000 ft,
It is generally more turbulent than the lam.inar-like flowv of the upper
vave and may or may not be marked by rotor (roll) clouds. The air flow
vithin the cloud is not actually rotor-like tut gives this illusion decause
of 1he strong vertical shear through the layer. For examples see FPigs.
3.2, 3.9, 3.28, and 3.36 of Chapter 3.

Avareness of the rotor or roll cloud as an important feature of

aeny Sierra lee waves increased greatly during the latter part of the 1951-2

£i21d project, After a ptudy of the tine-lapse motion pictures of the
rotor cloud phenomena of 18 December 1551, it was pointed out by Pro-
fesepr J. Bjerknes that the flow pettern resembled that of an hydrsulic

"fressure jump and it was déc’ded that this hipothesis should be tested

by obtaining pertinent deta fiom the rotor cloud zone.

Special pmeacurcments vhich were begun in February, 1952, are de-
scribed in Chapter 1. TLey include the meteorograph flights, the place-
ment of additional barographs across Owens Valley, and the mobile surface
observations of Dr. J. {nok. These data vere treated in a jreliminary
study in 1952 by Knox, who devecloped a one-dimensional dynsmic model of
& pressure Jump and applicd this model to test the ocbservations froa the
case of 18 March 1952. The results of this investigation were encourag-
ing but further progress was frustrated by serious uncertainties in data
reduction and analysis, and the lack of certain critical measurements.
Specifically: the ground stations wvere unsurveyed at the time and an
adequate large-scale topographic map of the area did not exist: and there
vere no quantitative measurements of vind velocity at the mountain crest
level, above “he cloudfall, and over the rotor cloud.

Having lain fallov for a few years, these data have now been re-
exsnined with the object of organiring them in a coherent fashion. The
cases chosen for presentation of analyzed data are the strong waves of
15 Pebruary and 19 March, the sailplane data of vhich were treated in
Chapter 3, and two additional cases which, except for unfortunate fail-
ures in film transport and processing, would bave ha! complete sailplane
coverage as well. These luticr two cases are the moderate vave of 3
March and the strong vave of 18 March 1952. The surface and upper air
synoptic charts for all four cases treatsd here are shown and discussed

in Chapter 5.
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Treatmant of the data.

Surface observation: aud mearuwrements, T.e locatio.s and altitudec of
une burograph ztations are listed in Chapter 3 ¢:d are :hov. graph-
ically in the horizontal and vertical flight se tions of that chapter. The
barographs a“ the Ski Hut (SH) and Manzanar (M) vere set according to the cor-
rected mercurial barometer readings at those st .tions.™ At all the other
stations tiie Larographs were set by a precisior aneroid baraueter which in
turn vas corrected to a contesporary recading of the mercurial barometer at
Manzanar. The barograms vere corrected for tir.e and pressure errors by counar-
ing chart readings with notes taken st times 0 setiing and removal of charts,
Some random errors are provable due %0 variabdl : hysteresis in the aneroids and
the inabiiity to check and reset the barogramr daily or oftener as is usually
done at veather staticns; the probadle maximx absolute error of this type is

20,03 inch.

Other fixed instruments vere a thaimog ayh and an anemograph, botu lo-
cated at Minzanar, The thermogfram was corrsc ed for tine and mercurial
thamometer readings at the ve inniryg and enc of each traice. The anemogranm,
vhich indicated wind direction 1nd speed gray iically, wes corrected for chart
time errors.

The mobile surface uccourements, take. at specified points at half-mile
. intervals across Owvens Valley between Kearsa-ge (X) and Eclert's Cabin (EC),
consist of the following:

1) Pressure neasured by a Valiace a d Tiernman aneroid nariiieter to
the nearest tenth of a millibar, and correc ed to the mercurial nur>wter at
Manzanar., Correction for local gravity (mi us 1 mb) was also ap}. !

2) Temperature as measured by a ste dard sling psychrasete. - e
uearest tenth of a degree Centigrade,

3) Wind speed measured by a Friez hree-cup anemometer to the nog. T,
mile per hour.

4) Wind direction measured by a wiad vane and a pochet compass to a
sixteen point compass scale.,

5) Notes on the dovelopment and mivement of the rotor zone. These
notes are documented as well as possible sith photography.

Pressure data fiom ooth mobile ani. fixed instruments were reduced to D
values by converting pressure to pressure alt tude and subtracting the latter
from the surveyed altitude of the statior., Te ature vas reduced to poten-
tial temperature by the formula € = T (1'00/p) « Because of their relevance
to vertical cross sections of the vave f.ow arl for the reason that they gen~
erally vary more slowly with height than p and T, D and @ were used to
represent the surface pressurc and temperature fields, respectively. Since the

%Besides corrections for temperature and scule ercors, a correction of
minus 0,027 inch wvas applied for local gravity as explained in Appendix B.




]

peasurements were made during a period of several hours and since important
synoptic and diurnal changes in the fields vere occwring during that tirme,
it was found wmost counvenient and meaningful to plot 8, D, and vinds on two-
dimersional (t, x') charts, On these diagrams the tire, t, renged from
CT0C to 1900 PST and x' from the Sierra crest tc the vest slope of the
Inyo Mountains, In these analyses the D field is the most complete since
the continuous barograms from several stations could be used, vhereas ©
and vind analyses depended solely on the mobile measurenents and contimuous
data from only one station, Manzanar. As can ve seen from a horizontal
flight section and fram the map in FPig, 1.2, all of the stations except
Hanzanar (M) fall closely along x'.

r alr observations. Meteorograph flights were nade in the mora-
ing wnich, with a fewv exceptions, was before the lee vaves had reached their
maximum development. Lack of a sufficient number of flight pexrsonnel and
the limitation of the tracking systems prvented dual exploration in the after-
noon by both sailplane and powcr plane, Consequently the metsorograms could
not be used in the same cross section as tne sailplaie flight data dbut had
t0 be treated separately,

On the power plane fliguts the meteorogroph was suspended in a frame
under the left wing of tie aircraft; teaperature and pressure traces and
time marks vere made by three pens on the blackened chart attached to the
hand-wound revolving drus. The troacec were made perianent by dipping the
chart in a solutior. of shellac and alcohol after removal from the instrument
at the end of the flisht, In reducirg these dauta, lhe time marks vere
identified from the observer's rnotes and the listances from the flange of
the nontemporary pressurc and temperature traces ver: neasured by dividers.
Riom the calibration curves of the instrumept these distances were con-
verted to pressure and texpersture reedings vhich were in turn corrected
for air speed (dynamic effects) by the following form'las and table:

VI Ap

80 wph +3.2 > AT = 0.85 (VT/100)2
85 +2.8

90 +2.L  vhere Vg = ¥y (p/pg)H2
95 +2.0

190 +20

and VI = indicated airspeed
V., = true air speed

f = actual air density

Po = density of standard conditioms of p,, To

The fl.ght path was plotted beth on & (In,T) section ana on a trans-
parent overlay of the topographic map (scale 1:02,500); projected on the x'
axis; and plotted in the {x', Z)-plane. Critica. points, including the time
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marks, vere added where the values of @ cumputed as described above were nlot-
ted. This field was the only one analyied in the vertical, there beianj; no

¢« i, ¢. neasirenent wade of either wind or of D value. Cloud and teirrain photo-
cro 15 uere very useful in helpin; to reconstruct the flizht pati aud to sy
ticsize the gtructure of tie lee vave in the vertical,

Other upper air measursments uced vere lodgepole (LP) rcoundings whicha
wvere used as guidcs in the analysis of the ¢ field over the Sierra and Bishop
double-theodolite pilot balloon computations which wvere examired for effects of
vertical motion.

Case I, 16 Pebruary 1952: a strong lee wave,

A reviev of the other observations from this date presented in Chapter 3
(Cece G), uny dbe mede by tic resder. T.e strong wave showm in Fig. .2
wvas in the early ctages of development during the meteurogxaph flight as can
be seen by the cloud structurc (Fig. 3..0a) at that time. For this recson and
the fect that this was the first mcteorograph operation with concequent in-
experience of techniques, the datu coulu not be made mcaringtul and so have
not been presented here, lLovever, the surface measirencnis are shown and re-
course is had presently to the Flight 2018 cross section for pertinent rotor
20ne measurements,

In the (t, x') distribution of D in Fig. 4.1, the large pressure fzll
throughout the day at all statious is pronowiced and the temporal grzdient of
D is more ctrikingthan the spatial gradient until late after:ioon, waex a
distinct low pressure area formed west of Independence. The barogres from
Manzanar is shown in Fig. 4.2,

There was no thermogran record from Manzanar oa tais date dbut, fortun-
ately, the trip up the Sierra slope vas made near the time of maximum temper-
ature 50 that some idea of the diurnal change can be had. The ¢ analysis (Mg,
k.3) suggests that the isolines of ¢ are roughly parallel to the isolines of ¢
but there are not encugh data for certainty.

In Fig. 4.4 are shown the wind measvrements and varicus observations
of weather and roll cloud positions., The mobile neaswremcnts were made in a
region of laterelsy overlavping roll cloud lines Curing much of the dyy., Tae
sovthernmost band la, cloder to the mountnin crest tiaa the larger band ex-
tending rorthward. This elfect vas probably due in part to stronger wind veloe-
itices aloft in the noril and rather more of che upwvard Jjog in the Sierre crest in
that arca, It will be recalled that the saxe problem had to be dealt with in
the analysis of the sallplane flight data on this date. In gsneral, the
vinds across the Valley have laxrge E or SE camponents during the morning and
early afternoon, shifting to SW and then NY in the late afternoon., There is
no apparent correlation with the roll cloud positions, The most abrupt change
in the diurmal wind pattern occurs between 1515 and 1530 PST, when the shift
between southerly and northerly winds takes place. This is clearly not a
lee wave effect but appears to be of synoptic origin, jerhaps a shallow
frontal passage or simply the reversal of the y' pressure gradient in the
Ovens Valley as the leec trough becomes more intense in the lLone Pine area than
in the Bishop area. The following time section at the Bishop Weathar Bureau
station (BIH) illustrates the changes in the various surfece ficlds durirg the

day:
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Time D T Tp mspnd & Gusts
(PsT) (£e) (°r) (cr) Dir, (xpL)
0730 0 i 26 Wi 3
0830 -5 37 &7 8SE 5
0930 -3 Ly 2% SsE b
1030 - 45 L7 21 c
1130 - 80 51 21 ss¥ 8
1230 -120 Sk 23 s n
1330 -150 56 a s 8
1430 =290 56 20 ssy 6
1530 -200 3 a3 WNY 15 + 29
1630 -210 56 i7 N 15+ 3
1730 -230 53 18 N 16
1830 -225 50 19 n 12+ 20
1930 -5 48 24 x 19

In order to ascertain quantitative values of the various synoptic
fields in the vertical plane through this strong lee vave vith a well-
daveloped rotor cloud, oue can reviev the measurements at critical points
along the path of Flight 2018 on this date (Fig. 3.28), vhich data are mum-
marized in Table 3.1. As mentioned in Chapter 3, the maximm v along
a vertical through the inflectiom point upwind of the wvave crest occurred at
15,250 ft aititude near the leading edge of the roll cloud, A maximm of U
along the same vertical wvas found at 15,750 ft. The streamline of maximum
amplitude passes tLrough the ceater of the roll cloud but its asan altitude--
that at the inflecticn points of the flow--is 13,500 ft. That the stresxline
of maximum amplitude should occur at a lover mesn altitude than the altitude
otthenxin-wd:nrthuremltorthfdepandenceotthcro:monthe
saximm slope of the stresmlines; & = wU ~ pather than on v alone. A large
positive vartical shear in the U profile through the roll clouwd gives a rotor-
like character to the relat.ve circulatiaon in snd about the statiomary roll
cloud. Negative values of U are found under the roll cloud between the
ground and adout 8,000 ft--well below the base of the cloud,

Case 1I, 3 March 1952: & mo.uerate lee wave.

In this iee vave example ‘our distinct wave crests formed across Ovens
Valley in the morning snd, as the day progressed, the wvave length increased
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Fig. 4.5 - 1015 PST, ) March 1952. Westward fres 12,000 f¢. Magh
cloud deck over windward slope of Sierre with leading edge of wave
cloud over Oveas Valley. Mt. Witaey at ceater of crest.

ig. 4.5b - 1400 PST, 3 March 1952. Scuthwerd from Bishop Airport.
;:h :lud- and fihawall, Two wave crests are indiceted, the second
lying over the western slope of the Iayo Mowmtsine, Photo by C
Pattersom, U.S. Weather Buresu.
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until two vave crests lay over the Valley and a third over the crest of the
Inyo Mountains., At sunrise the sky was nearly clear, but soon after thet time
weve 2lovd, formed rapidly (Fig. 4.52), A cunulus wall built up over the
S.orea at 15,000 £1, at vhich level roll clouds developed over the eastern
slope. The vave phenomena reached their maximm intensity about 1100 PST,
vhen both the wave and roll clouds vere rather vell developed south of Bichop.
By early afternoon the higher cloud layers had all but disappeared and the
rotor circulation was marked by detached cloud puffs instead of a solid bani
{Fige 4.,5). The fohnwall swept down tu about 10,000 ft at noon and strong
downslope winds with blowing snow vere encountered in Onion Valley. Iater the
wir.d there abated and the cap cloud became tenuous. In the evening the sky
over the Ovens Vailey vas clear but the fohnwall--protably composed of fallirg
snow--remained for soce hours., The front passed that night and by the next
morning the sky was cloudless.

The analysis of the meteoro ram data is sihown in Fig. L.5. The
Lodgepole sounding made about one hour after the flight is sicwn in Fig. 4.7,
together with Bishop wiuds ay O70C w.d 1200 PST. These radiosonde data vere
used as guides in drawing the potential temperature fieid over %the Sierra,

Mobile observations covered »nly the latter part of tae afternoon. In
the vind field of Fis. 4.3 soul.aeris comporen.s preconinatc. Tae fc':;h.nga.p was
rather nerrow and the sccoad roll cloud line then lay over the eest side of
the Valley. The @ field was a0t of sufficient coverage Lo permit analysis. At
M the minimum value was 27(° at OTOC PST, the maximum 294° at 1hQ0O PST; a value
of 295° was recorded in the fohawall at IC near 140G PST. In the D field (Fig.
4.9) diurnal changes predoriinate; the maxima were centered near 1000 PST and
the diurnal mirima at about 1600 PST.

The thermogram from M Zor the period March 2-5, 1952 is repro-
duced ir Fi;. 4.20. Torce lee waves occurred at 13 hour :ntervals during
that period. Of particular interesc is the pronounced fotn effect neur 0200
PST on the morning of the S5tn. The CC and EC barograms shov large dips near
midnight ~f that date, similar to those of a station near a tornado passage.

Case III, 18 March 1952: a strong lee vave,

Had sailplane Fl ght 2022 of this date been successful in gathering
continuous data along its path, the coveruge wuuld have been as great as that
of Flight 2018 on February l.. Unforiunately, chere exist only airborme
measurements from the beginning of the flight and only trecking data from the
end, and either >y itself ie insulficient for the meteorclogiczl .zalysis.
However, the observations of that flight and other measurements made on this
date have provided much information on this stroug lee wave with rotor :louds,

Clouds and weather observations., The 17th of March was a calm transi-
tion period between the most severe storm of the winter and the great lee
waves of March 18 and 19. On the afternoon of the l4th it began to snow and
continued until the morning of the 15th. The Bishop Airport was isolated as
deep drifts blocked the roads and heavy avalanches occurred in the nearby
mountains. The morning of the 17th dawned calm and coupletely clear, but at
sunset two orange-colored lenticular cloud stacks lay to the north and south-
west of Bishop.

% J
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Davr: on the sorning of the 18th revealed a2 nearly mature Wave. There
vere Lruken cirrus and altocum .luc clouds, the latter coaposed mostly of
swooth, stationsry forms. To tne south vas a massive cumulus roll c.oud
vhile otaer detached rotors sere seen in the lee of the Sierrs in the norther:
end of Owens Valley as vell as over the Mono Lake basin, The Bishop barograpt
trace showed remarkadble undu'ations starting at OMOO PHI. The early met20ro-
graph flight (M-19 from 0700 to 0BAO PAT) found strong up-snd dowadrafts
of the order of 1,000 ft/min as low as 6,000 £t (2,000 ft above the valley
floor). Three passes were male across tae Valiey near Independence at
13,000, 18,000 and 9,000 ft between, over, and under ths roll clouds, en-
countering & maximum lift of 3,500 ft min~l just vest of Independence at
13,000 ft altitude. The leading edge of the roll cloud was sbout 3 miles
vest of the Independence-Manzarar line, vhils the trailing edge wvas over the
extreme castern side of the Valley above the fault line at the base of the
Inyo Mountains,.

Since the rdhnvall extended rather far eastvard it was not prudent
t¢ measure the -ult downdraft in that area. The greatest rate of fall
(-1,800 £t min~*) occurred about over Kearsarge Station. One mile sast
of the Inyo Mountain crest the aircraft rose 1,0CC ft min~1; below, strato-
cumlus clouds whirled at $,.00 ft in the lee of the crest. To the noxth,
in the latitude of 0ld Camp indepenience, wherv a ridge of the Sierra
meets the Valley and the Injyo sountains bulge fartoest vestvard, the roll
cloud svept upvard soruptly 1o form a tall, smoothly-capped tower. Above
this dark gray mass wvas 3 clear gap of blue sky on eiliher side of which
vas a vhite, stationary wave cioud; one vas over the center of the Valley,
tre other over the iee of thc Inyo Mourtains (Pig. 4s1la). On the return
Tlight it was pnoticed that the ripples on ponds on the sast side of the
Valley indicated a moderateiy strong east wind at the surfuce., Whlle attampt-
ing to land st Bishop the aircraft continued rising 600 ft min-1 zt 5,000 £t
vith the countrol ~tick thrust forward. In arder to descend it vaz necessary
to use flaps and to approsch the runvay in a sideslip.

The sailplane took off at “.Ob5 PST, released ir severe turbulence at
12,000 ft over Red Mountain, found an initial 1lift of 3,000 £t min=1 up
vhich gradually decressed as it ascended. While fiying in the gap between
the rotors and the arch c.oud, the sailplane suddenly became enveloped in a
cloud. Upon breaking into the clear once moyre it vas ceen that in the same
area where the roll cloud tower had been observed eaxlier in the morning,
there vas nov a dark pillar of cloud connecting the rotor clowd wvith the
upper vave deck.

From 31,000 ft at 12:0 PST one could se~ the flhmweal), heretofore
quite thick and obscuring the Sierra, becoming less dense; by 1280 it had
almost completely evaporated. Shortly thereafter the re¢ll cloud had slso
dissipated markedly and at 1310 toe rotors were not coatinmucus in a solid
band as before but in separate patcaes. To the wvest vas a high vhite wvall
but the anovy Sierra crest was cleerly visikle with only smell Sc patches
here and there becoring a corntinuous mass over the western slope and above
the San Joaquin Valley.

Near 1400 PST a hign wave cloud was observed over the Sierra crest, a
band 0. blue beycad it, acd, far to the vest, another stationary band, Over-
head the upper ~loud, a thick altocumuius lentic’Uaris, had reformed above
a groving, nicely arched roll cloud. At 1700 PST a solid stratocumulus dsck
covered the Sierra at about 15, Y00 ft, and at sundowvn a towering cloud deck

v og e i e ¥ a R o . Tl -
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vas seen to the northwest, That night, hovever, the sky overhead remained
clear and the strong lee wave showed no sign of diminishing.

Below is a summary of the Bishop Weather Bureau ovbservations for the

period:
Wind

Time D T D Speed

pate (PsT) (rt) (°F) (°F) Dir.  (mph)

17 1330 L6 g ) 1 10
1630 bk 30 SSE €
1930 35 29 L1 6

18 0430 a7 21 K 8
0730 -¢é5 A 23 SSE 10
1032 - 50 47 29 VS 12+ 22
1130 5 18 3 12 + 30
1230 52 2 s 6
1330 -120 52 20 N i6 + 28 VRBL & GUSTY
1430 Sk 13 N ik + 26
1530 <5 16 | 9
1630 -130 52 18 N 10
1930 -110 L 19 »~ L

19 ok30 43 b S 4

Uoper air ssundings. Althoigh there were no viid souadings at levels
above 10,000 £t from Oakxland, !lerced, or 3anta Mariia ou thls 2ate, by a fortu-
uate circumstance a veather .1ip returning to port m.de a sounding off the
Cailifornia coast, exactly Juowind of the High Sierra recion.® These radiosonde
and rawin measurements are shown in Pig. 4.12. The dakiaud sounding (not showz)
has a very stable layer betweer 640 and 440 mb and roist air to 350 mb. The
Santa Maria sounding (oot suown) is similar to thet of the weather ship with
moist air to 800 mb and, an inversion top mnear ThO rb but vitk greater moisture
betzeen 640 and 340 md; its tropopause is at 170 mb vith a temperature of
'7-— C.

In Fig. 4.13 are shown the Lodgepole (LP) scanding at 1l.C PST, the
flight soundings made over Owens Valley, ané the two Bisho}p double-theodoliite
vind soundings. In the Lougepole sounding can be ..een the pronounced inversion

*See Fig. 5.4% in Chaptier 5.
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and moisture distridution as:ociated vith the rlov over the Siexrs. RO vinds

vere measured at lodgelole vhere light saov wvas falling, The flight souw.d-
ings indicate the high inversion and also the greater lapse rate in the lee,

A rather remarkatle pilot balloom flight from the Bishop Weather
Bureau station at 1200 PST on the 18th is illustrated in Pig. 4.1k, Col-ca
(1952) has made a detailed study of the Bishop double-thendolite ascenrts
during the spring of 1951 and has found important differences in the ascension
rates of the 100 gram balioor for different months and for different alti-
tudes. In order to obtain & rough estimste of the vertical motion of the
1ir along the path of the Yalloon, the mesn (Pebruary to May 1951) ascension
1ate for each level as determined by Colsom wvas subtracted from the cbserved
sscension rate st those levels, BExact values are indeterminate decsuse tur-
bulence tends to increasc the ascension rate of the dalloon. HNowever,
betveen the Sth and 16th minutes the balloon mcmmtfredsbrmdreginnof
downdraft vith vertical speeds grea tan 10 £t 5°° and vith a saximm
sustained value of about - 30 ft s™* between the 1ith and 12th minutes., The
trough in the vertical plane was near the 1T7th minute; for the remaining
three minutes the balloow. wvas in a regica of ypdraft. Tearxination wvas Aue
to cbscuration of the ba “oon by a leaticular clo.d. This example serves
to illustrate the errors Inherent in singls-tlsodulite acasurements dased
on ar assumed ascent rate; in downdrafts the corgar ed horizontal wind speed
excecds the ectual speed ard in updrafts the cocputel horizontal speed is
less than the true tpeed., It is probable that lee wvaves are responsidble for
many sinuous wind speed curves froa single-theodoiite statioms in msourtainous
terrain,

Along vitn the pibal data, observations from the White buntain Re-
search Laboratory (WM) at 10,150 ft on the crest of the .ountains northeast
of Bislop provide some interestirg supplementary Iinformation about the
circulatior of the roll cloud zane. At 0800 PIT they rccorded = stealdy
east vind of 23 knots. It appears from photographs and the 12,000 ft
(2.z.1.) broken "Sc" reported at WM that the second wave roll cloud lay cver
the Whit: Mountains at that time. The temperature there at that time wvas
160F (-90C), but the maximm temperature for the day--unfortunately the time
vas not given--wes 3P (+19C). These values are plotied on the tephigram
in Pig. b.13. Since IM temperatures are regresentative of uyper air tea-
peratures at that level, and since the overall synoptic development led to
cooling aloft &uring - 2e day, it is probedle that the 10°C warming wvas caused
by the adisbatic heating in the iese wvave, The implied incresase in wmre
length and consequent approach of the second trough to the crest of the lLhite
Mountain is confirmed by the cloid observations from Bishop and from the air-
craft; at noon the first roll clcud line lay over Bishop and the second in
the lee of the wWhite Mountains. The pilot ballocn path in Fig. k.1h crossed
the thite M .ntain crest about 6 miles south of Whi.

A met:0rogram from 0800 PST on 13 March is repxoduced ir Fig. A.15 and
a vertical @ cross section of it~ rotor zone based on these data and sup-
plementary ot servations is shown ... Pig. %.16. The analyred fi=1d is that
of potential temperature based on data measured along the flight psth
(éasded line) and on the assumption of adiabatic flow. The clouds have been
carefully sketcheu from sz=veral photographs made during the flight (e.g.,
Pig. 4.11). The small cloud in the iee of ke Inyo lMountains appoared to
fcrm 15 a verticl eddy trere., It is interesting to note that this was the
same time at thich the strong east vind at W sas recorded. This phenomemon
does not occur in the lse o the Sierrs where the downvard speed is great and
the high clcuifall is caposed principally of falling snowv. Although the
flight preceded the Lod epo_e sounding by abouti 3 hours, the latter data have
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been used to guide the &raving of 0 lines over the Sierra creet., It is quite
possible that the generally higher altitude at which the @ lines occur over
Lodgepole are indicative of cooling during the 3 howr interval after the me-
teorogram flight., The arrovs near the surface reprcsent the x' component of
the surface wvind at 0800 PST. The indicated vave length of the flow at the
600 mb level 1s 58,000 £t (17.7 o) from trough to trough and 54,000 £t (16.5
km) from crest to crest, or an average of about 17 km,

Surface measurenents, A very active day of field work in vhich continu-
sl readings vore taken across the Valley between 0800 and 1700 PST resulted in
quite complete coverage of ground observations. The D field is shovn in Mg.
4.17. A rather flat field in the early morning gives way to rapid pressure
falls near noon after wiich a "lee /ave fisld" is manifcst. The latter reaches
its grestest development at alout 1,30 PST and is shown in vertical profile in
rig. 4.18.% The rate of castvard drift of the belt of lowest pressure coincides
wvith the rate of increase in wvave length of tie flow a. saowa by the changing
roll cloud positions in Fig. 4.1). Comparing the wird field with that of D, it
is secn that the air generally ac.clerates toward regions of lov D value and
dacelerates tovard regions of high D value. A general convergence of surface
vinds undsr the leading edge of the roll cloud is evident. In the O field,
shown in Pig. 4.20, the analysis suggests the predominance of the diurnal
change. With reference to the vertical cross section of ¢ in Pig. 4.16, it
is obvious that the observed occurrence of highest values of @ in the early
afternoon and the presumed cooling aloft during the day tend toward a decrease
of stability in the lapse rate and, from the point of view of obsarvational
techniques, Lmpose greater difficulty in detecting the structuwre of the wveve
by means of tus O field, It ie possible that the diurnal change of lapse
rate through the mechanisa of heating belww and cooiing alceft is in part re-
sponsible for the increase in wvave length of the flow.

Case IV, 19 March 1952: a strong lee wvave,

With reference to the other odservations of this dete discussed in
Chapter 3 (Case 8) and to the synoptic charts shown in Figs. 5.45 to 5.48
of Chapter 5, the surface observations made on 19 March are treated here. In
continuity vith the Bishop Veather Bureau observations for March 17 and 18,
the summary for the 19th and 20th is gilven below.

The barogrsa and thermogram frow Manianar during the period 14-20
March 1952 are shown in Plg. 4.21 and illustrate the diverse weathar events of

that wveek.

While a meteorogram fli ht was made on the 15th, thiere was oo chseryer
and the complications resulting from uncertainties in location of the aircraft
defeated attempts at anclysis. Consequently only the surface measurements are
showvn hare, In Pig. 4,22 the extremely long wave length of the vertical flow
pattern is indicated; the leading edge of the roll cloud continued to move
eastvard until it lay over the west slope of the Inyo l'ountains in the after-
noon. The wind sreeds at the surface were rather big and with large westerly
camponents over most of the Valley except the extreme east 3ide vhere there vas

“he relatively large pressurc asccudant from west to east under the leading
odte of the roll cloud forms the :fressure Jusmp" (discussed by Xnox, 1952).
This observation is in agreement with the results obtained by Pola 19§§ who
computed the relative pressure field due t0 lee vaves and found that, at the
mdb:ho lo\nt et pressure lay under the trough and the highest pressure lay
un crest,




Wind
Time D T E o) Speed
Date (PsT) (£t) (°r) (°r) Dir. (mph)
i9 0430 k3 3 S 3
073C - & bl 1k | 5
1030 - k8 9 B 1+ 23
133 -110 51 13 | 12
1630 -150 49 15 w 12
1930 -130 ko 18 = 12
20 030 29 9 It 15
T30 +130 k™ 12 X 19
1C30 +wW 35 1c X b1 3
1338 +200 33 3 ) o4 17
1630 +13C 33 > AT 15
1930 +230 32 5 | 19

ar abrupt change to southeasterly or of varying direction under the rotor
zone, The @ field (Pig. 4.23) is nearly parallel t0 the wind. The =mximm
values occur near 1300 PST. The hignert values over the eastern side of

the Valley occurred at the wind shift line under the leading edge of the
roli cloud. In the D field (Pig. b.24) the normal djurnal changes sre less
pronounced than are the charges ir horisontal gradient. An indicatsd west
to east pressure gradient in ihe morning occurs during the ussal time of
mximm pressure. It appears that the principal lowv D centar changes
position during the day; in the late afternoon it is agaim near Manzanar., The
lov pressure center probably tilts eastvard with height firom a position at
the surface of varying di. tance Ppvind of the lsading edge of the rol}l cloud.
The field of D in the vertical plare s liscvssed in Chajter 9.

Conclusions.

From the ansalyses of the data from the four cases discussed in this
chapter and additional observations treated in Chepter 3, the following
statements are made conceriing the roll cloud zone and the surface synoptic
fields associated with lee vaves:

1) The roll cloud forms in the crests of the lee wave near or
somevhat above the level of the pountain crest and often extends upward for
several thousand feet, It is associated vith a temperature inversion and a
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large vertical wind shear. It is generally turbulent® in contrast to the
laminar-1like flov at higher levels.

2) In the oest case with analszed streamlines in the roll cloud region
(16 Pebruary 1952), the mean altitude of the streaulire of maximm amplitude vas
found at approximately mountain crest level and below the roll cloud base. The
same streamline at its point of highest elevation pessed through the center of
the roll cloud, The maximum vertical speed in the erteady state streamline pat-
tern va. found at 15,250 ft altitude, opposite the leading edge of the roll
cloud,

3) A reversed flov (negative U) is not usually found in the roll cloud;
it is the pocitive verticel shear, dU/ds, through the roll cloud that gives a
rotor-like appearance to the relative movements of the particles passing
through the stationary cloud. Revurse flow frequently occurs in the lower
layers near the ground and below the base of the roll cloud.

k) large vertical vind speeds lead to unrepreseatative sirgle-theodolite
pilot balloon soundings. Vertical sicars in double-theodolite soundings may
also be mxaggerated or mininizced because cf the change in horizontal wind
speed from trough Lo crest.

5) The wave length of the flov may change as much as 30 per cent
during a 12 hour period. In strong Sierra lee vaves it is poscidle that a
resonance effect of the Inyo 'ountain range augmertis the wvave amplitude vheu
the distance between the Sierre and the Inyo Mountains is a multiple of the

vave length,

6) Temporal changes in the su-face fields of D, 9, and wind velocity
are often large during the occurrence of strong lee vaves. In the 12 hours
betveen 07C0 and 1900 local time the surface D change at a station may be of
the order of 300 ft, ¢ may change by 20°K, and the surface wind velocity may
change by 4O mph in speed and 180° in directiom. In order to stuly synoptic
lee vave fields a time sectior should be used,

7) 1In the 3 cases of strong lee wvaves studied, the largest aurface
pressure gradients occurred in the afternoor vith lov pressure under the rel-
atively varm trough and high pressure under the relatively cold crest (roll
cloud). The large pressure ascendant is analogous to a statiomary hydraulic
pressure jJump.
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*See Chapter 1C for a discussion of turbulence ohservations in the roll
c¢loud zone,




r .

5. SYROPTIC FIZLDS

Introduction. One of the tasks of the iountein Have Project vas
study the large-scale veather pstterns in which lee vaves vere observed to
occur. In the course of the investigation a detailed synoptin study wvas made
of the development of the particularly strong veve vhich formed ir the lee
of the Sierra on 18 December 1951. While the wave occwrred in a pre-frontal
current, interest in the broader aspects concerning the nature of the stora
anl the manner in vhich it crossed the Siezrs invited pursuit. Same results
of that study are preserted here.

The 195:-2 season was one Of great storms and record precipitation in
Califorais., On 1 December gale winds forced the closing of the Golden Gate
Bridge for the first time in its history. On 15 January 1952 the stream-
liner City of Ban Prancisco was stalled for many bowrs in huge snov drifts
near Donner Pass. The starm discussed here wvas axperienced between those
two dates; it crossed westarr United States in the period 17-20 December
1951. While each storm is certainly unique, this one carn be regarded as a
"typical” frontal storm of the type that approach the vest coast of the
United States from the northeast Pacific.

Data used in the analysis included Weather Burasu hourly (Airveys)
and 6-hourly surface observations and 12-hourly radiosorde and ravin soundings.
Additional upper air data were cbtained from Castle Air Force Base at Nerced;
the Naval Ordnance Test Station, Inyokeyn; the Lodgepole radiosonde station
ir Sequoia FNational Park; and the Bishop Weather Bureau station., 7Tvo sail-
plane flights on the 18th (Flights 2006 and 2007) and other cbservations
and measurements in the lee of the Sierrs provided valusble supplementary
information. The analysis is presented herevith in the form of surface
and isobaric charts and vertical sections., The period covered is approx-
imately 48 hours, fram the evening of the 17th to the evening of the 19th,

18 0030 GCT. The sea level pressure field is shown on the surface
wveather chart 1630 PST oa tke 17th in Fig. 5.1. The iscbars are drawm
at intervals of two millibars. 7The base map of the wvestern section of the
United States is one on vhich the relief is represented by degrees of
shading according to vhether the elevation exceeds 1,000, 3,000, 5,000, ar
10,000 feet. At the extreme northwest corner the storm which inspired this
study appears as an occluding frontal wave sppwoaching Vancouver and ‘he
Yashington coast. Along the northern Rockies lay a stationary Arctic oo
continental polar front. The Great Basin Anticyclone centered over central
Utah dominated the southern half of the region vhile a smeller high pressure
cell vas ceatered over the Sap Joagquin Valley.

Veathervise, big pressure falls and steady rain were reported along
the ‘/ashirgton and narthern Oregon coasts. It was partly cloudy over
California and Nevada vitk altocumilus in the north and cirrostrstus in the
south, and clear over Arisona., Altocumulus lenticularis clouds were cbserved
from videly scattered stations in mountainous terrsin--Bishop, Elko,
Pocatelio, Tucson, and Albuquerque.

18 0300 GCT. The 700 and 50C mh upper air on
the 17th, hours after the time of the preceding surface chart, are showm
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in Figs. 5.2 and 5.3. Contours of the isobaric surfaces are drawn at 100 ft
intervals, Wind directions vere plotieu by protractor to the nearest 10 de-
grees as given in the coded reports. No isotherms vere drawn. At bdboth 700
and 500 wb a portion of the Polar Front appears as a warn front east of the
northerr. Rockies where the isobaric surface intersected the :0ld dome in the
northeast quadrant of the chart, Over the Sierra was an anticyclonic flow
of varm air with temperatures near 0°C at 700 mb and -14OC at 500 mb.

18 1230 GCT. By 0430 PST (Fig. 5.4) the occluded front lay along the
Washington and Oregon coasts with steady rain exterding into northern Califor-
rnia. The Great Basin Anticyclone had diminished in size and was centered over
the west side of the Colorado Rockies. Likewigse, the high cell in California
was then located aiong the western flank of the Sierra, Tie pressure trough
in the lee of the Sierra wvas wvell developed.

18 1500 GCT. The upper air flow at 0700 PST is illustreted by the 700
and 500 mb charts in Figs. 5.5 and 5.6. The Polar Front wvas intersected in
both the northwest and the northeast corners of tue 700 mb churt., That por-
tion associated with the surface occlision appecars as a coid front over Wash-
ington end Qregon, The Sierra lee trough is well marked in tae contours at
T00 mb as, to a lesser exteut, are troughs in the flow over the Wind River
Range in Vyoming and over tae southern Rockies, A discontinuity in the con-
tours representing a rather large pressure gradient across th2 Sierra is in-
dicated where the isoburic surface intersects the mountains.*

At 500 mb the Polar Front does not appear on the chart. The lee trough
is less pronounced than at 700 mb but the perturbation of the flow is aug-
mented somevhat by an epparent trough over the San Joaquin Valley, The
evidence of the latter rests almoat solely on the data from Merced vhere it is
suggested not only by tue temperature--cuoler by 6°C than at the same level
over Oaklend--and contour height, but also by the wind direction. It is es-
pecially interesting to note that at 2100 GCT (1300 PST) the 40O mb wind at
Merced vas 260 deg, 83 knots vhile taat at Bishop was 300 deg, 67 knots--a kO
deg anticyclonic turning in a distance of 100 miles,

At this point the reader is referred to Fig. 3.14 shoving the 1500 GCT
eounding and wind profile at Merced and to the corresponding discussion of the
other observations of this date (Case 3 in Chapter 3. The high inversion
appearing in the Merced sounding and that of Lodgepole (Fig. 3.13) vas also
found in the soundings at Oakland, Santa Maria, Medford, Boise, Lly, Inyokern,
and Las Vegas and can be considered to be that of a quasi-horizontal wvarm
front., (See Pig. 1.7 for locatioas of stations.)

A large-scale cross section of potential temperature in a vertical
plane over the Sierra from Onkland to Las Vegas is shown in Fig. 5.8. Radio-
sonde data from Oakland, Merced, and Las Vegas at 1500 GCT were used, together
vith that from Lodgepole and Flight 2006 at 1800 GCT (see Fig. 3.11), From
the plotted path of the Merced balloon the approximate tilt of the radiosonde
ascent curves was determined. Because of time differences in the data used

*on this and on subsequent 700 and 850 mb charts contours ere dashed vhere
they are below the surface of the terrain,

N
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and the fact tlhat the section is not exactly along the directiom of wind rlov,
caution should “e had in interpreting the isentropic pattern as a literal sub-
stitute for the synoptic streaulines, The principal feutures, besides the
small-scale lee wave, are the high level inversion or varn front vhich can

be treced in the soundings of the three windward stations; apparent cooling
over the San Joaquin Valley in the upper troposphere, perhaps indicative of
ascending motion; and the large-scale wvarming of air through a deep layer of
the atmosphere (600 to 150 mb) over the vestern slope of the Sierra, probvably
due to descending motion,

18 1830 GCT. The surface chart at 1030 PST is shown in Pig. 5.9. The
front lay through central Washington and Oregon and into ncrtheastern Califor-
unia vith a deep low pressure center at the southern tip of Vancouver Island.
Steady rair or snow f:ll immediately ahead of the front witiic showers vere
reported behind it. In this phase of its passage, temperatures recarded
behind the front vere generally wamer than those recorded ahead of it, The
pressure gradient of the lee trough had intensified. A mmall area of high
pressure appeared on the wvestern slope of the southern (High) Sierra. The
Lodgepole sounding and Flipht 2006 can be considered to be synoptic with
this chart,

Lee wvave phenomena, FPizs, 3.9 illustrate the cloud forms ocbserved
from the air over the Ove.s Valiey between U900 and 150G PST. The fohn
"windov'--the larze gap of blue sky visible between the cap cloud and the
roli and wave clo.ds--persisted all day. It marked the downdraft ares in
vhich temperatures were considerably wvarmer than at comparable levels else-
vhere. Maximm terperatures for the month of December 1951 occurred at
Monc Lake (53°F) and Bishop (60°F) on the 18th.

Barograms of the period 17-19 Decesber are shown in Fig. 5.10. The
stations represented are lLodgepole (LP) on the vestern slope of the Sierra,
Eckert's Cabin (EC) on the eastern siope, ard Manzanar (M) in Owens Valley.
The greatest pressure falls occurred between 1030 and 1330 PST and are likely
the combined effect of the overall pre-frontali synoptic situation, the
intensification of the lee trough, and the diurnal pressure vave. The largest
borizontal pressure difference across the mountains between Lodgepole and
the Independence Creek stations was 9 mdb at 1530 PST. It is probabie that
a steeper gradient cr discontinuity existed near the crest.

Yertical structure of the storm. A time section of vertical soundings
at Oakland for the pericd 16 to 20 Decesmber 1951 is shown in Fig. 5.11. Onc
sees in it the varm front inversion present an the 18th and its relation to
tke upper varm front vhich passed over the region on the 16th. Above the
dome of cold air centered over the station at 0700 PST ca the 19th, a vamm
tropopause dips down to 400 md at -=33°C in earked contrast to the higher
(170 m), colder (-68°C) tropopause found over the station at 1900 PST on the
17th. Betwveen these times the temporal slope of the tropopsuse is indicative,
if greatly exaggerated, of the spatial slope of the tropopsuss on the 15th,
forming a stratospheric warr front over the region.

Both isotherms and isentropes are drawrn at 5° intervals on the
section. They show the nature of the baroclinic frontal zones and the rate
and degree of cooling or varming at the differert iscdaric surfaces. The
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winds are plotied according to their appearance on a level surface with north
at the top. The strong westerly flow on the 18th is evident but equally note-
vorthy are the two examples of even stronger northerly flow associated with the
wvestern boundaries of the cold dures, Such asymetry of wind speed is indice-
tive of the diffluent nature of the upper troughs.

19 0030 GCT. Tue surface chart for 1630 PST on the 18th, near the time
of maximum development of the lee wave, is shown in Fig. 5.12. By then the
northern segment of the front had moved eastward rapidly into ldaho while the
segment in California had moved eastvard much more slovly while assuming a
north-south orientation. The lee trough was strongly developed and can be
clearly traced from extreme northeastern California in the lee of the Warner
Mountains, along the lee of the Sierra and the Tehachapi liountains, in an arc
to its southernmost appendage in tie Catelina eddy off the coast of th> Los
Angeles Basin, While fohn temperatures and low dev points characterized most
of the leewvard stations, the relatisely saallow depth and cyclonic motion of
the Catalina eddy tended toward a shoreward convergence of cool, moist, mari-
time air and thus to an increasre of stratus. In such a sitwailon the stratus
often bocomes s0 thick as to obscure the approaching altocumulus in the upper
pre-frontal current. Elsewhere, diverse weather was uccurring at various sta-
tions in the region. Northwest winds, pressure rises, and showers vere ob-
served at that time behind the front in northwestern Califo:nia. Steady rain
Tell at Sacranmento and steady snow at Donner Pass. Strong southwest winds and
bloving sand swept acrose the desert in southeastern California., Lenticular
clouds were reported at Bishop, Inyolern, las Vegas, and V/inslow.

Precipitetion amounts for two 24 hour periods ending at 1630 PST on the
18th and 19th were plotted and aralyzed., All available data were used, includ-
ing those from stations reporting on the teletype circuit and the more numerous
cooperative stutiona, Siace observations at the latter sites are made at di-
verse times, orly those stations recording between the hours of 1500 and 1800
PST were used in these studics, The pattern of precipitation for the 2k hour
period ending approximately 1530 PST on the 18th (the time of the surface map
in Mg. 5.12) is presented in Fig. 5.13.

The region of no precipitation on the chart includes northwestern and
southern Nevada, southern California, the southern San Joaquin Valley, and the
southern Sierra Nevada. BEvidently no orographi: precipitation occurred cn the
vestern slope of the Sierra in the southwesterly current because of the damming
sffect of the mountain wave or, wore specifically, because of the downdraft in
the layers above the altocumulus deck. Thus there was no opportunity for the
vertical development of clouds over the Sierra so long as the mountain wave
persisted. Areas of heavy precipitation (>1 inch) were the Trinity Alps, the
Mt. lassen area, the Feather River country, and the coast and west slope of the
Coast Ranges irom Fort Bragg to lonterey. It is likely that these maxima were
caused not by orography alone but by the ascending motion of the werm, moist
air at the frontal surface as the front stalled and steepened in those areas,

19 0300 GCT. Upper air conditions at 1900 PST on the 13th are repre-
sented by the and 700 mb charts in Pigs. 5.1% and 5.15. The front™ and the

*on all upper level charts of this study the frontal intersections of iso-
baric surfaces were determined from frontal contour charts prepared from
analyses of soundings of all stations in the map region.
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lee trough are well maried in the wind and countour fields at both levels, Of
interest is the 70 knot w.nd at Sacramsnto at 9,000 ft, above the 85C mb
frontal surface there; and the relatively weak 25 k20t wind at Meaxrced at the
700 mb level directly upwind of the High Sierra, MNcte the trough forming in
the lee of the Rockies,

19 0630 GCT. At 2230 PST (Pig. 5.17) tiee lee trough vas still pronounced
in the sea level pressure field. The front maintained its northe-south orienta~
ticn through Californis vhile its northern extension moved rapidly southward
to lie nearly west-east across northern Nevada and Utah, The centar of lowest
pressure vas near S5alt lake. Rain vas then reported at Merced, Fr . 0, and
Santa Barbdars.

1212%«:1‘. Six hours later, at Ob30 PST on the morning of the 19th,
the fron passed Salt Zake City, Tonopeh, Reno, IFresno, and Santa Maris
and & to counverge on the Siar>a mutcracker-fashion from both west and
esast (Pig. 5.18). The principal lov pressure center vas then over south
central Mevada. Snov vas falling at Elko and Salt lake City and steady rain
in the cyclonic eddy over the Los Angeles Basin, Strong southwest vinds
continued to sveep across the desert,

19 1500 GCT+ The three-dimensional structure of the fromt at 0700 pa
on the 1 s shown in Fizs. 5,19, 5.20, and 5.21. At the 850 mb level the
Sierra and Rocky Mountain lee troughs are proncunced, The front lay through
two low centers, one over northeastern Colorado and the other over south-
eastern Nevada. A shallov anticyclone aypears in the narth as a result of
the high density of the arctic air mass. At 700 mb, 50 knot sinds were re-
ported in the cold air at Oskland and Marced., At 500 mb a single closed low
center appears over southern Idaho and the cold front lies in an arc over
Salt lake City, Ely, Meno, Medford, and Tatoosh. The strongest winds oc-
curred in tvo bands, one in the aorthwesterly flov over Red Bluff (100 knots)
z.gsd the ot).m in the westerly cwrent over Lobg Beach (95 knots) and Tucson

nots ).

19 1830 GCT. At 1030 PST on the 19th the front at the surface (Pig.
5.22) Just passed Bishop, Sandburg, Los Angeles, and San Diego. The
norther.a segment of the front lad moved into the low pressure center of
southern Nevada and extreme eastern Califcrnia; the lowest pressures were re-
ported at Bishop and Las Vegas, The differeace in temperature betveen the
cold air west of the {ront in California and that north of the firont in
Nevada wvas by then rather large; the former 'ms relatively mild maritime poiar
air from a more southeriy trajectory over the Pacific vhile the lattexr was
relatively cold transitional polar air of more northeriy wigin and longer
continental trajectory. As the cold froat folded back on itself sbout the
southern Sierra, it formed a swall occlusion along that portion of its length
and, for a drief time, a seclusion of the "varm" air along the crest; i.e.,
for ~ time the High Sierra appeared as an island in a gsea Of cold air. It is
interesting to note ithat coid air reached Owens Valley not from a spillover
{from the wvest dbut from the north and east. Specifically, the cold air
reached Bishop from due noxrtl: through Montgonery Pass in the White Mountains.
As evidence ir suypport of this, the times of pressure minima on the barograms
of the Owvens Valley stations, lodgepole (LP), Inyciern (iiID), and Tonopah (TPH),
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were, in curonologictd crdec:

TPH 0500 PST EC 1150 PST Lr 1345 pST
»A 1000 cC 1300 41D 150C
M 11Lo SH 1330

‘Thus the cold air, arriving in greater depth oa the eastern side of the Sierrs,
reached Onion Valley (S4) at 9,200 fect earlier than the cold air from the west
reached Lodgepole at 6,760 ft on the western slope.

20 0030 GCZ. By 1630 PST on the afternoon of the 19th tlhe aforemen-
tioned occlusion is shown in Fig, 5.23 at vhat is perhaps the peak of de-
velopment in its rather short-lived existence. A triple-point had formed
near Needles und the tri-state intersection with strorng winds in the region.
The temperatures recorded in the lescending air immedlately dbehind the cold
front from the north were relatively warm and dry but the temporal transition
to cold terperatires was rapid., At 1030 PST, just after frontul pessage, the
temperature at Bishcp wis 43SOF while at 1630 PST it was 3G°F. Similarly, at
Las Vepgas the pre-frontal eouthwest current at 1030 PST was 56°F, the post-
frontal northwester®; current at 1630 PST L1°F. Before frortal passage at
Independence in the central Ovcr.s Valley at about 1120 PST, a naximum temper-
atur~ of T1OF was reached in a Zohn current, Towering cumili were observed at
Sanv larie, Fresno, Las Va2¢ns, Tonopah, and Prescott; cumulonimbi were ob-
served at Fresno at 1330 PST. Precipitation was occurring in the "warm" air
over Arizona.

The pattern of 24 hour precipitation amounts for tle period ending
about 1630 PST on the 13th is shown in Fig. 5.24. The zero line then follows
the east slope of the southern California mountains, the Tchachapis, and the
Sierra Nevada as far north as Mono lake; it encloses southern California and
southern Nevada, It is possible that same rain or snow fell on some of the
higher summits within that region; at the University of California Laboratory
at 10,150 ft on the crest of the Vhite Mountains only a trace was reported.
Other regions where no precipitation was recorded are extreme northwestern
Nevada and the Sacramento Valley. The heaviest precipitation fell along the
vestern slopes of the Sierra and the southern California mountains,

20 0300 GCT. The final maps in this study are those of Figs. 5,25 and
5.26. At T50 b the triple-point and its low pressure center are most clearly
shown in the contour and velocity fields., Also on that chart the thermal
properties of the air masses are best revealed., The shallowness of the
couthernmost cold front is evident froa a comparicon of 850 and 700 md
temperatures and dew points. At 850 mb the air was cooler and the temperature-
dew point difference least in the northwest current over southern Califormia;
the lowest dew point in the region was that at las Vegas in the subsiding cold
air from the Plateau. At TO0C mb very cold alr was reported north of the front
over Nevada and Utah, while south of the front the west-east temperature and
moirture differences had been reversed; varmer and extrecely dry, presumably
subsiding, air was found over California at that level vhile cooler, nearly
saturated, presumadbly rising, air was found over Arizona.

From there the storm moved eastward across New Mexico to form a rather

e
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intense low pressurc ~encer over the Oklahoma-Texas Panhandle on the 2Gth,
having brought general precipitation to all of the states west of tiae Rocky
Mourtains,

Conclusiors. It is apparent that, while the "northwest type"
of cyclonic storm is the matrix in which the greatesi Sierra lee waves
occur, the lee wave phenaomens are not the greatest of those resulting from
the influence of the mountain barr-ier on the pattern of air fiow. The cffects
of ihe Slerra Nevada on surface winds, the distribution of precipitatior,
and on the course and develorment of the storm itself extend over a much larger
region ther that of the lee wave. In the pre-frontal southwesterly cuxrrent
the darming effect of the Sierra Wave slcws the eastward movement of cold
air, delays arrival of the storm to southern California, and allows the cold
air to reach the trans-Sierra region from the north and east, These effects
lead to a circulatlon pattern and air mass contrasts wiaich favor cyclogenesis
and the development of a relatively shallow but intense low pressure center
over southern Nevada with subsequent movement eastward across Arizona and
New Mexico. In many cases during the spring ronths it has been observed that
this new low is responsiovle for tre Jdevelonment of widespread torrado activity
in the southern Great Pluins., The siriliing reserblance of the precipitation
pattern for the storm to that of tke average arnucl rainfall for California
suggests Lhatl lhe princinal feetures of that pattern are due to the predom-
inance of such cycloaic stoairs,

Synoptic charts of ot..er lee wove cases.

In the second portion of this chapter are presented surface and upper
air charts of the other 19512 lee wave examples discussed in Chapters 2 ard
4, TFor all cases a 500 mb chart and either a surface or 550 mb chart are
shovn. The 500 mb charts were chosen for presentation because they are nost
representative of mid-troposphe ~ic flow and the position of the frontal zone
at that level gives .n approximation to the location of the polar front jet
stream at higher levels, For two cases of strong lee waves (16 February and
19 March 1952) 700 and 300 mb charts are also shown.

The time of the upper air charts is 1500 GCT, so chosen to include
data fron Lodgepole, Bishop, and Inyokern not available at the later 0300
GCT time, Surface caarts shown are at 1830 GCT, which time is rather rear
the actual flight time and allows the charts to be roughly coumpared to the
150C GCT upper eir charts. The reader is invited to u.e his imagination
to depict the inferred changes and dsveiomuients in the synoptic flelds cduring

the day.

27 November 1951. (Figs. 5.27 and 5.28) A cold front approached the
Northwest with cloudy skies, light to locally heavy rain in that region, and
gale winds along the Washington ccast. In the isobar pattern the Plateau
anticyclone vas strong and a weak pressure gradient existed about the Sierra.
At 500 mb no frontal zone appeared. A diffluent flow pattern™ was above the

%rhe diffiuent trough (B erines, 1954%) is one with greater wind speeds in
the air flow upwind of tie trougi and with lescer wind speeds in the air flow
downwind of the trough where the current often diverges.
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Sierra but the wind speed evidently iucrcased throughout the day.

28 November 1951, (Figs. 5.29 and 5.30) At the surface & slight lee
trough existed between a strong Plateau anticyclone and arother high pressure
cell over central Caiifornie, Rather weak, fast moving, frontal waves passed
noxrth of the Sierra with rain con’ined to extreme northern California. At
the 500 mb level the front lay across the Columbia River with southwesterly

flov over the Sierra.

29 January 1952. (Fizs. 5,31 and 5.32) On the 850 mb chart the
Plateau anticyclone enveloped the Sierra. The flow over the Sierra at 500
w was relatively weak. A classic exampls of the eanalyst's problems in
utilizing non-synoptic and inconsistent data is afforded by the contour height
discrepancies at Lodgepole, Merced, Inyokern, Santa Maria, and Long Beach,

30 January 1952. {Figs. 5.33 and 5.34) The 850 mb contours show
alight trcaghs in the lee of the Slerra and tae Rockies. The Plateau anti-
cyclone is strongly developed over Utah while a cold front moved inland from
the northwest bringing rain to San Francisco and Reno. Anticycloric flow pre-
vailed over the Sierra at 500 mb. lMerced heights are low at both isobaric

levels.

15 February 1952. (Figs. 5.35, 5.36, 5.37, and 5.38) A cold front,
the fxontal trough, and the lee trough are pronounced features of the 850 and
700 mb contour patterns. Also of interest are the troughs in the lee of the
Colorado Rockies and the V'ind River Range in Wyoming. At 500 mb the flow over
the Sierra wvas westerly wita tie froic:al zone apparently over northern Cali-
foxrnia and Idaho. The jet stream at 300 mb was north of the Sierra at 1500
(CT, but moved scmevhat soutuward in the westerly current during the course of
the day. It is to be noted that in this case of a strong lee wave the Merced
data fit well the contour pattern.

21 Fed 1952, (Figs. 5.39 and 5.40) At tke surface the front had
rassed the Sierra but a lee lov pressure belt remained. The flow at 500 ub
vas WKY with relatively cold temperatures over the Sierra at that level but
vith no strong frontal zone, Merced data fit the pattern; Inyokern and
lodgepole data are from 1300 ard 1800 GCT respectively.

3 March 1952, (Pigs. 5.41 and 5.42) A cold fromt approached the coast
as @ trough developed in the lee of the Sierra. The large-scale flow pattern
of troughsand ridges at 500 mb was of rather short wave length. Although the
flov was northwesterly at 1500 GCT, the upper wind direction shifted rapidly
to southwesterly by afternoon. In this series of fast-moving upper troughs,
lee weves occurred on the 3rd, midnight of the Lth~5th, and on the morning of

the 6th,

18 Marca 1952. (Figs. 5.43 and 5.44) By 1830 GCT the cold front lay
thxough northern California and great lee troughs had formed east of the
Slerra and Rocky Mountains. The Sierra lee trough extended into the Catalina
eddy.™ At 500 md the low from tie great March 14-15 storm was over the Plains.

*A shallow cyclonic circulation frequently observed off the southern
Ctalifornia coast and named for Catalina Island.
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There vas strong WSW flow o.er the Sierra with very cold tesmperatures over
Washington and Oregon, making for a strong frontal zone. The westerly jet
stream at high levels vas over central Califormia,

19 March, 1952. (Pigse 5.45, 5.6, 5.47, and 5.48) On the surface
chart cold front had passed the Sierra region, but a trough remained off
the coast and a strong pressure gradient continued to exist across the Sicrra.
At 700 mb the fyozt, disiorted by the lee trough, vas passing the Sierra rroa
t22 north. Both Sierre and Rocky Mountain lee troughs were pronounced. At
Inyokern, leewvard of the southern end of the Sierrs, the wind speed was 100
knots at the 700 mb Jevel, Strong surface wvinds on the Mojave Desert in such
synoptic situations appesr tc resvlt from the local Jetlet of air around the
southern end of the High Sierrs and over the lower Tehachapi Mountains., At
500 mb there wvas strong zonal flow of long wave length, The fromt lay across
the northern Sierra, varped by the lze vave of the southern Sierra and form-
ing the fOhnwall and roll cloud inversion. The zonal flov vas of great
strength at 300 mb, with a contour heigat (D value) difference between
Medford and Phoenix of over 2,000 ft. During tbe day both the 500 mb front
and the jet stream passed over the 3ierra.

30 March :952. (Figs. 5.49 and 5.50) A diffuse and shallowv cold
front had passed the Sierra, but the lee trough and Catalina eddy remained
in the WNW flow aloft. The front at 500 mb lay across northern California

and Nevada.

General conclusions.

The analyzed charts presented in this chapter show the largs-scale
synoptic fields associated with each lee wave occurrence of 1951-2 treatecd
in Cuapters 3 and 4, Considered as a whole, the principal results of these
studies are;

1) Strong lee waves are associated with: i) an upper trough along
the Pacific Coast with strong vesterly flow across the Sicrra (large T and D
gradients parall :l to the Coast); and ii) & cold front or an occluded front
approaching California from the northvest.

2) The scundings and wind profiles, vhich are the connecting links
between the large-scale synoptic fields and the small-scale lee vave cross
sections, are esgeatially pre-frontal in character. The hig™ level inversion
that forms the fohnwall and the roll ciouds may ve identiflicd as a gquasi-
horizontal warm front.

3) The wave length of the upper flow pattern affects the intensity
of the lee wvave and, in its effect upon the speec of the trough, it affects
the duration of the lee wave phenonmcna. When the flow is strong and the
vave length rather long, the strongest lee waves occur and persist for the
longest period. then the vave length is comparatively siort, the lee vave
18 usually less intense and is of a more transitory nature. In all cases,
vith the passage of the principal upper trough, and of the cold air through~
out the greater depth of the troposphere, there is no longer a large vind
speed component across the mountzin range and the lee wvave phenomena cease
or become weak.
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4) The Polar Front jet stream generally crosses Oregon or northerr
California during the development of strong Sierra Nevada lee waves but on
rome ocension., e.g., 13 Ducuanbes 1951 and 19 March 1952, ~trond lee waves
are ascociated with o wvest.rly jet stream across the Sierra. As will be
discussed in Chapter 8, strong lee waver often form rapidly during the pas-
sage or development of "jetlets" in the relatively wayrm air south of the
principal Polar Front jet stream,

5) In some cases there is apparently & real upwind (damming) ef-

fect of the Sierra as evidenced by relatively cold temperatures and a
greater southerly component of the wind in the lowver troposphere over
Merced in comparison with observations from surrounding stations. In
other cases cold temperatures and low contour heigats at kerced appear to
be a result of a difference in rudiosonde equipment errors between those
of Castle Air Force Base, Merced, and those of surrounding Vieuther Bureau
stations,
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The synoptic weatler situstion at 1300 GCT, 1 April 1955. The first
map of this series (Fig. 6.1) is that of the surface pressure distribution and
observed veather at 0730 PST (1530 GCT) on the moraing of 1 April. Data
plotted are those of the three-ho'irly observations giving sea le. el pressure,
teuperature, dev point, pressure tendency, clouds, and weather. A vold
front-~-wvell marked, especially in the wind, pressure, and pressure tendeacy
fields--lay through eastern Vashington, Oregon, and norchwestern California.
The Great Basin Anticyclone vas centered in western Colorado. Blowing sand
on tne Texas Plains continued in the wake of the previous northwest stoia of
29 March, Ahead of the front were observed altocumilus clouds, farther out
cirrus, and at Bishop and Reno, in the lee of the Sierra, altocumrilus len-
ticularis, Clear skies were over the Southwest vhile steady rain or shovers
wvere observed behind the front. A slight lee trough between two anticyclones
is evident 1in the pressure field about tbe Sierra; in the southern part it is
possibly mostly an insolation effect but in the northern part it is the effect
of the mountain lee wave in the southwesterly upper current,

Cloud developments. In Figs. 6,2a and b are shown two views from
Bishop at the time of the 0730 PST surface map., In the north-northwest,
sirrus bands, their leading edges in the lee of the Sierra, trailed beyond
the horizon along the direction of the wind, Significantly, thase forms
mc reposted at the same time over Fallon, Battle Mountain, and Rilko,
The second photograph, looking west-southwvest, is of the first-appear-
m hnticuh.r cloud forms and rcll cloud fragmente. The former was above
and somevhat upwind of the latter dbut of the same first wave crest in the lee-
vard flowv,

Isobaric charts, Upper air conditions at the time are shown in the
isobaric charts for 500 and 300 mb (Figs. 6.3 and 6.4), At the 500 mb level
the cold front wvas located on plotted soundings and frontal contour charts.
Evident is the greater number of observations compared vith that of the
1951-2 charts, Winds wvere plotted by a template-compeass to the ~d=degree
accuracy of the coded reports. From the location of the reporting stations
with respect to the Sierra Nevada and the direction of the upper flow, two
croes vections were suggested, one parallsl to the Sierrs from Medford
through Tonopah to Phoenix, and the other perpendicular to the range Irom
Presno through Birhop and Tonopah to lander. From Reno toc Phoenix the winds
at the 500 mb level decrease from 40 to 15 knots; the temperature difference
{s 4,6°C. From Fresno to lander the winds decrease from 45 tu 25 knots; the
temperature and height differences are small., At 700 md (not shown) the
Sierra lee trough wvas quile evidernt in the reaultant snelysis of Oakland,
Reno, Fresno, Tonopah, and Las Vegas data.

At the 300 mb level (Fig. 6.4) the jet stream lay between Portland
and Medford. As in the 500 mb chart it ir seen that the Medford-Phoenix
cross section is nesrly perpendicular to the upper flow. Also, in the
Presno-Lander section, the wind speed variea from 50 to 35 knots and the
temperature and height differences are small., Note the 40 knot winds at

*See Fig. 1.7 for locations of stations meniioned in this chapter.
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Fig. A.2b - 0730 PST. 1 Apra1l 1955, W from Fashop Airport.
«loud fragments and lenticular- form altocumulus.
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Beatty and Caliente in spite of rather small isobaric slope in that region.
North and south of there-~at Fresno, Tonopah, and Ely, and Edwards and
Las Vegas, respectively--the winds are all cozsistent,

Vertical cross sections, In Pig. 6.5 the potential temperature field
in the Medford-Phoenix cross section at 1500 GCT 1s shown. The O field
is dravn at 5°K intervals from sounding data. In the lLorizontal scale, the
distance from Medford to Phoenix is sbout 850 miles. The terrain profile
is shown in the vertical scale vhich 1s exaggerated by about 50:1 over the
horizontal scale, At the bottom are plotted ths surface observations from
stations along the section, The fromt, tropopsuse, tesperature gradients,
stability and bdarotropic and baroclinic regions can de easily discerned
and need no further camment.

A contemporary D analysis of the same cross section is showm in
Pig. 6.6, The values of D = 2-Z, were drawn at 100 ft intervals from
sounding dats and from intersectlon of the analyred contours at all standard
isobaric levels up to 100 mb, Since the vinds were nearly perpendicular to
this section, the spacing of the D lines can be considered to be inversely
related to the strength of the total geostrophic vind. The strongest winds
are evidently at 200 mb over Reno.

Similar analyses of the O and D fields in the other, along-the-wind,
cross section at 1500 GCT are shown in Pigs. 6.7 and €.8 respectively. The
terrain profile is seen to be of high relief as the section crosses, be-
sides the Sierra, several other high mountain ranges. In the surface
observations along the section can be seen the observed wind, pressure,
temperature, and clouds, East of the Sierra at Bishop are falling pressure
and a fev roll and wvave clouds (Fig. 6.2a); the slight perturbation in the
@ field over Owens Valley is drawn on this information. The tropopsuse,
inversion, stable and less stable layers can be seen in the analysis.

The D field (Fig. 6.8) confirms the assertion that the section lay
nearly along the upper contours at that time, All values wvere positive
except at 100 mb over Hill Pield (HIF) ard Lander (LND); over Lander there
vas a cooler stiatosphere and, consequently, a camponent of the geostrophic
wind out from the section there. All of the soundings appear to cross the
Standard Atzosphere between 300 and 350 mb from varmer below to cooler
above,

Note: Since radiosonde data were available from the A.E.C. stations
and most of the Weather Bureau and military stations surrounding the Sierra
at 2100 GCT, the isovcaric charts and cross sections for that tise were also
analyzed and used in the study. Howvever, they are not essential to the
discussion and s0 have been deleted,

Flight observations. By 1400 PST (2200 GCT) the skyscape from
Bishop appeared as in Pigs. 6.92 and b, Roll clouds and high vave clouds
vere vell developed north of the station and were beginning to develop
rapidly to tke south, By that time the B-29 had bdeen flying across the
Sierra for 4 bhours and the B-47 wvas gaining altitude sdove Presno. The
borizontal paths of the two aircraft crossed the Sierra near Big Pine. The
B-29 flew at 30, 25, and 26,000 ft and the B-47 at 30, 35, and 40,000 r%.
A nile north of these paths the sailplane made its flight in the period
1420 to 1700 PIT.
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From the sailplane in flight the clouds appeared as in Fig. 6.10.
Towvard NIWW from 30,500 ft (Figs. 6.10e and b ) wave clouds in at least three
levels and at least two bands could be seen. 7The fohnwall appeared over
the ‘ierra to the west, a cirrus band in the north. In a jaroramua from west
to south at 38,000 ft, one could see the altocumulus Jeck over the San Joaquin
Valley becoming the cumulus fohnwall cver the Sierra; the treak in the

cumulus over the Kings River Canyon, and the incipient development of the
fhnwall over the Sierra crest to the south, Noting that the satilplane is
apparently over the crest of the Sierra at that altitude vhile still ascend-
ing, evidence is had of the 1ipwind tilt of the lee wave ‘ipdraft zone with
altitude, Finally, the view south over the Owens Valley atc seen from 20,000
ft is shovn in Pig. 6.11. The path of the sailplane with respect to the
wave clouds was a rise to LC,000 ft Just upvird of them, a downwind run over
and through the highest lentlicular, a descent in the ensuing downdraft, and
a return fligit upwind over the ‘/nite Mountains (Fig. €.l2a) and turough
the cecond-wave roll cloud zone to Bishop (Fig. 6.12b). A ~erntle rocking
motion fore and aft was experienced by the sailplane at 40,000 £t while
headed into the wind, and rather severe turbulence was encountered in the
second roll cloud zone at 16,000 ft.

The roil cloud zone. Data i‘rom the B-29 upvind run at 20,000 ft are
presented in Figs., 6.13, 0,14, and $.15. It was attempted to maiantain con-
stant pressure altitude b;- altitude-controllec‘ auto-oilot and constant powver
setting. The indicatcd air speed in the "undisturbed" air at the beginning of
the run vas 195 mph. As seen in Fig. 6.13 the indicated air speed varied by a
total of approximately ) mph; the lovest value of 145 :ph wvas very close to
the stalling speed of the aircraft ond occurred in the dovndralt area Lehind
the roll cloud..

In Fig. 6.14 are shown the actual wind velocities measured® by the
3-29, It ca. be seen tlat the wind velocity at the level of the top of the
roll cloud varied by 50 knots ard by 45 degrees. The wind was cyclonic and
at minimum speed in the troughs of the vartical flow pattern, and anii-
cyclonic and at maximum speed in the crests--immediately above the roll
clouds-- of the vertical perturbation. The approximate vertical displacement
of a streanline (Fig. 5$..5) at this level was derived from measured temper-
utures, upvind soundings (Fig. 5.16), and the assumption of adiabatic flow.

It is noteworihy that the first wave, with a maximm total displacanent of
about 7,000 ft, is predomirant.

These data show quite clearly that the principal aazards of mountain
waves to aircraft are the strong downdraft irmediately in the lee coupled
with the dangers of turbulence, of reaching stalling specd, and of icing in
the roll cloud or cap cloud,

The stratospheric riountain wave. In Fig. 6.16 are shom the 1500 and
2300 GCT soundings at “Fresno and tie temperatures measured by the B-47 in the
ipper levels over Fresno while the aircraft was ascending to ard descending
“rom 40,000 ft. Between 1648 and 1736 PST the B-47 made a cownwind run and
an upvind run at 42,000 ft. The tcmperatures encountered enroute and the

*The technique of measurement, which is considerzd to be quite accurate,
is based upon a new application of the Doppler princiile for radar.
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Fig. #.92 - 1150 PNT, 1 Apral 1955, “orthwest from Bashop Auirport. Roll clouds and leatac-
ular wave clouds. P-R sailplane ready for flaght.

Fig. A.9b . 1350 PST, 1 Apral 1955. “outh from Pashop Airport. leveloping roll clouds.
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Fig. 6.10s - 1515 PST, | Apral 1955. North from 32,000 fit.

Leataculer

cloud forms of the first wave crest (left) aad the secend wave crest

(cauter), the lat:er upvand of the White Noumtsins.

Fig. 6.10b - 1550 PST, 1 Apral 1955. WY from 38,000 ft,

The flhawall
with aitocumiss becoming cumulus mesar the Srerca crest. East slape of
Sierra sppears at lower right.
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Fyg. 6.10c - 1552 PST, | Apral 1955. 30 from 38,000 ft. Develeping
fohmwall with break 1n cumslus clouds over the Inr Kiver Canyen.
Altocumulus (right) and haze over the Sea Josguin Valley.

Fig. 6.10d - 1552 PST, 1 April 1955. South from 38,000 ft. Develop-
ing cusulus fohawell over the southerm High Sierrs.
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Fig. 6-11.  \,ee southvard over Owens Vallev from 30 N0 ft on 1 April 1955  Cloud decks at
5 different levels are showmm. The roll clouds are at about 15,700 ft while the highest wvave
cload 15 near 39,000 ft. Om the raght the fohnwall 13 developing over the Saerra. Ths photo-

aph, taken by Hydrographer Tom Hendersom, 1s printed bv courtesv of the Califormia Flectric
ower Company.
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Fig. 6.12a - 1037 PST, 1 April 1955, North from 21,000 fr, Clewd
decks of the second wave crest over the White Mountains.

Fig. 6.12b - 1715 PST, 1 April 1955. SSE frem Bishop Airpert High

lamticular deck and roll clouds of the first wawe crest.
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resulting computed displacement of a streamline are snown in Pig. 6.17. As
startling as the measurements of the B-29 at 20,000 ft is the 15°C temper-
ature diZference measured by the B-A7 vithin the dictance of 12 miles at
40,000 ft. The close agrecement of the results from the tL0 runs suggssts
that this perturbation is a stationary phenonenon rsther than a traveling
one, Contrails observed in the area of the wave crest are absent in the
trough. Noteworthy are the striking "mirror image” of the flov pattern

in the stratosphere to that of the underlying terrein. profile, and the

fact that only one great descent and rise of the air is indicated, all otler
lee vaves apperently damped out at that level, If this be a lee wvave at
40,000 ft, the wave length is many times that of the flov pattern at 20,000
nl

Other charts--from the 25,000, 30,000, and 35,000 £t runs--not shown
here, gave results vhich wvere transitional between the pattern of flov at
20,00C £t end 40,000 ft, That at 25,000 ft vas similar to the roll cloud
region with the lee vave pattern of crests and troughs evident dut vith less
amplitude and less change of Lorizoutal wind velocity (M0 knots, 30 deg.)
at that level. At 35,000 f't the pattern vas that of lee waves, but since
the two pairs of runs of the B-47 were more than 2 hours apart, the dis-
crepancies between the two scts of data--first a cooling in time followed
by a varm’ng in time at the same level-- and the wpparently chaotic temper-
ature pattern of the second run, at first unsoivable, vere at last resolved
into a satisfactory explanation: During the course of the flights the
tropopause "descended” through the 35,000 ft level. Data on successive
runs at the other levels and the soundings (Fig.6.16 ) verified this develop-
ment; the stratosphere was waruing, the troposphere cooling. Tesperature
and height chunges over the region were indeed big during the course of
the flights, especially in the period 2100-0300 OCT, It wvas impossible
10 integrate all of these airborne observations into a synoptic picture
using the absolute values of these data. Hovever, vhat could be derived was
the pattern and amplitude of the isotherms and isentropes at each level and
these vere amenable to integration as guides in the comstruction of the
trans-Sierra cross section at 02 0300 OCT (01 1900 P9T).

In Pig. 6.18 a camposite picture of the air flov over the Sierra is
shown by the temparature pattern determined from the B-47 runs at 40,000
ft, two of the B-A47 runs at 35,000 ft, and the B-29 run at 20,000 £t. It
appears that there is a pronounced ypwind tilt vith height of the lee waves
as the indicated position of troughs and crests at 20,000 ft are reversed
at 35,000 ft.

The synoptic situation at 030C GCT, 2 April 1.955.

A series of 4 isobaric charts, tae 700, 500, 300, and 200 md surfeces
(Figs. 6.19 to 5.22) represent the upper air flov pattern at iifferent levels
at 1900 PST on 1 April neer the time of maximum lee vave development. At
700 mb (Fig. 6.19) the front is well-marked in the temperature, wind, and
pressure flelds. The lov pressure center is over Burns, Oregon. lee
troughs of the Sierra and the Rockies are pronounced, Contour heights not
dravn for on this chart are Mercury (observations at 0200 GCT), Rapid City,
and Long Beach (both improbable).

On the 500 mb chart (Fig. 6.20) ihe coldest air and lowest pressure
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are over Medford, the warmest air and highest pressure over Tucson. In
comparison with the previous 12 hourly chart the Reno-Thoenlx temperature
difference is nov quite larpe. Also, a reversal from the previous time are
the vind speed and temperature increase from Fresno to lLander. A 5°C cool-
ing in 12 hours occurred over Fresno vhile the air over lander warmed 0.3°C;
this relative cooling and warming along that section is reflected in the
contours and consequent'y in the wind flow which has become more south-
wvesterly, Kote the relatively light wind at Fresno and the secondary, non-
frontal, band of wind spseds over 50 knots. Data not dravn for are the
heights at Long Beach, San Diego, Rapid City, Tucson, and Mercury (the last
obtained at 0200 GCT).

At 300 mb (Pig. 6.21) the weak wind at Fresno in contrast to the
much stronger winds to the north and south is striking. The polar front jet
stream had moved in 12 hours from over Portland to over Reno, The strongest
observed wind speed, 80 knots at Beatty, is apparently super-geostrophic.

A double jet stream is most clearly evident at the 200 mb level (Fig.
6.22). Contour heights on eiiher side of the mountains are consistent, but
again the Beatty wind of 90 knots is super-geostrophic. JOf equal interest
on this chart is the verification of the stratocpheric temperature pattern
neasured by the B-47; the 200 mb temperature at Fresno is -48°C while that
at Tonopah is -50°C. It is quite possible that the maximm difference was
even greater along some distance between the two stations where the trough
and crest of tha tropopause probably lay.

Cross sections of @ and D between Medford (MFR) and Phoenix (PHX) for
this time arc shown in Figs. 6.23 and 6.24k. locations of the front and the
tropopause on these sections were derived from carefully constructed frontal
and tropopause contour charts, The front and associated inversions and
barocliric zones are vell defined in the vertical. 3urface observations
al30 demonstrate the contrasting post- and pre-frontal phenomena, at Reno
(RAA), near 4,000 ft, the temperature is 368°F vhile at Tonopah (TPH), near
6,000 ft, the temperature is S5L°F,

In the D field (Fig. 6.2k) the cooling in time is reflected in the
southward movement of the D = 0 line. The height difference between Medford
and Phoenix has increased by 40O ft in 12 hours as a result of greater cool-
ing in the north than in the south. The greatest 3D/dt was at 300 mb over
Reno (-7H0 £t per 12 hours). The maximum gradient along thc section (3D/3y')
wvas then between Reno and Tonopah., From the 2100 GCT data referred to
earlier dut not shown, it was found that (3D/3t), was not linear for the 12
hour period between 1500 and 0300 GCT. For the girst 6~hour period the max-
imum rate in the cross section was -50 ft per hr over Medford at 300 mb while
in the second G6-hour period the maximum rate was over -100 ft per hr at 300
mb over Reno.

For the analysis of the O field in the trans Sierra cross section
(rig. 6.25), the airborne data were used as guides ia the section between
Presno (FAT) and Ionopah (TPH). As a first approximation, the isentropes can
be considered as representative of the actual streamlines of the flow in this
plane. Note the front, the displacement of the tropopause, surface observa-
tions, and the locations of inversions and near-adiabatic layers. The pre-
dominance of a single updraft in the upper levels suggests, along with the
physics of ice crystal formation, the explanation for the high cirrus bands
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Fig. 6. 24
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(Fig. 6.2a) often observed to form in the lee of the Sierra and to trail,
sometines for hundreds of miles, dovnwind., PForming in the initial updraft
at ‘emperatures near -50°C, they suffer no attrition from slight adiabatic
warning and continue to grov slovly while moving downstrean. Because of
their relatively slow grovth and subsequent slov evaporatior or fall-out,
and the high speed of the current necessary for the forzation of a high lee
vave, they can extend for many miles downstream vhile their leading edges
remain, like lover lenticular forms, stationary for many bours in the lee
of the Sierra. The lateral separation of thess bends is still unexplained.

The contemporary D analysis (Pig. 6.26) shovs a delt of maximm
values betveen 400 and 300 mb vith lovest values over Fresno at each level
from 700 to 250 mb. The minimm is located at 250 zb above vhich the sound-
ing becomes varmer than Standard itmosphere ir the great downdraft upwind
of the Sierra. The lee trougd in the lover levels is shown by discontinu-
ities of the D lines at the mountains. Intermediat: 50-ft intervals are
indicated by dashed lines. The warm stratosphere over the Grsat Valley
makes the flow tuere more nes:'ly vesterly and, consequently, with a component
out from the plane of the cross toction. The maximm (3D/0t). for the pre-
ceding 12 hour period was -300 ft per 12 hrs at 250 ® over dut
again the rate vas not linear. nmlsoowaloocc'rthemn-(an/at)

zb over Tomopah, while from 2100 to 0300 GCT the maximum changh
90 £t at 300 mb over Fresno.

B
8

Post-vave. The synoptic s tuatiom at 0730 PST (1530 GCT) on the
morning of 2 April is shovn in Fig. 6.27. The front lay through lov centers
in northern Utah and norther. Arizoaa. Warm, cold, ard modified maritine
polar air masses lay adjacent to each other at various portions of the
frontal boundary. Surface 7inds vere strongest about the fromt. Precipita-
tion in the form of snow fell chout the northern sector of the fromt vhile
blowing sand was experienced along its southern extension. Stratus clouds
vere observed at many stations tehind the front while altocumulus forms
were reported at several stations ahead of 1t. tave clouds were observed
at Prescott, Roswell, and Alamosa anl cirrus bands at Grant Junction and
Casper. Pressure rises wvere general behind the froat and risec ahead.

The Catalina ed?y persisted due to the strong northwest flov aloft over
the vest-east oriented southern California mountains. Oc the previous
evening destructive vinds of over 50 knots, vith gusts to 80 knots, had
swept across the San Joaquin Valley and csused a severe dust storm at
Bakersfield between 1830 and 2000 PST. Gale vinds hit the San Fernando
Valley and 55 knot winds with Llowing sand closed roads over the desert,

Upper air observations for this period are shown in the 850, 700,
40O, and 200 md charts in Figs. 5.27 to 6.31. At 850 sb there is a
double cold front structure over southern California, the polar air from
the Pacific being varmer and ncister than that from due north. In both the
cold and varm air masses the temperature field is nearly uniform. A lee-
low near Sheridan influerces the Lander wind. The shallouness of the
Catalina eddy is evident from its apparent non-existence at this level.

At 700 ab (Fig. 6.29) the front is wvell marked in temperature,
contours, and vind velocities. There is scme evidence of a second
transition zone--perhaps the top of the shallow secondary front--and
this has been shown by a dasted line., The strongest rinds at this level were
those ahead of the front., A trough in the lee of the Rockies wvas well formed.
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Notevorthy is the usefulness of interpolated data from the thite Mountain
stations near Bishop.

Winds in excess of 100 knots were measured at Oakland, Fresno, and
Edvards Air Force Base in northwesterly flov at the 400 mb level (Fig.
6.30). The diffluent nature of the trough is best seen at this level. Ul-
timately, this is a result of the asymmetry of the cold dome; the warm
fiont at its vestern boundary has a grester temperature gradient than that of
the cold front at its eastern boundary. The lov center tilts westward with
height.

Strong winds occurred also at the 200 mb level (Fig. 6.31) vhere
150 knot speeds vere reported over Oskland and San Diego. The varmest tem-
perature at this level (-%5.6°C) was over Tonopah; the coldest temperatures
(<-60°C) were over Rapid City, Denver, Bismarck, Lander, and Santa Maria.

The Fresno-lander cross sections of O and D are shown in Pigs. 6.32
and 6.33. In the O field the tropopause is seen to be lowest over Tonopah
and Ely. The vcrm and cold fronts are indicated dbut it is cbvious that all
the baroclinity is not concentrated in the frontal zones,  ‘ote that the
horizontal gradient is greatest in the varam air to the west of the cold
dome and that the air is most stable in tbhe varm air to the west. Surface
observations of vinds, clouds, precipitation, and pressure tendency are of
interest for comparison and correlation with the upper air structure.

In the D field one sees = pattern in marked contrast to that of the last
12-hourly section. The minimm D value is at 300 wb in the cold air betwveen
Tonopah and EKly. The asyrmetry of the cold dome and the diffluent struc-
ture--particularly at 500 and 400 mb--are evident. The maximm 12 hourly e
(axa/at.)p was ~970 ft at 30u wd over Ely.

As a final observational noie to this study, a stationary wvave
cloud observed in the jet-like northwest flov over Bishop at 1200 PST
(2000 GCT) on 2 April is shown in Fiz. 6.34. It appeared that the cloud
formed in a lee vave induced by the Sierra in the Nono Lake area north of
Bishop.

Other observations of the 1955 field season.

Airdorne data from 10 and 13 April were limited dy the failure of the
vind measuring equipmcnt and the fact that upwind sounlings were nearly
adiabatic through great depths making difficult the analysis of wave length
and amplitude from small temperature differences. The only resulting flight
sections from these dates are shovn and discussed below. In addition, the
upwind soundings and cloud pbenomena for 3 other dates of strong wvave occur- . i
rence are illustrated. There data were chosen to represent specific types of
strong lee wvaves which are further discussed in later chapters. The limited
observations from these 5 days are treated driefly delow in chronological
order. No synoptic charts for these dates are shown, .

29 March 1955. An aerial photograph illustrating the rather unusual
pher.omena ©O. s date is reproduced in FPig. 6.35. Both project sailplanes
attained 40,000 £t altitude in the updraft zone vhich lay exceptionally
far east of the Sierra crest. The vave length vas approximately 20 miles
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(32 Xm).* The 1500 GCT sounding and U-profile at Pres.o are shown in Pig.
€.30. /4n inversion aupcar: ncar mountain crest level but the dev point.
are lov vhich probably accounts for the absence of lower vave o roll
clouds. A meximm vind speed of 107 knots occurs just below & sharply

marked tropopause.

-v April 1955. On this dote a cold front had passed Bishop and the
wvinds over the mountain crest wers northwesterly vhile those at higher levels
were from the wvest-southwest., Both sailplanes sosred in the strong wave
vith the Pratt-Read reaching 31,000 ft and the 2-25 resching 40,000 ft, The
B-47 flev over the Sierra at the 25,000 and 30,000 ft levels; dats from
the 25,000 ft runs are shoun in Fig. 6.37. No lee wuves are observed but a
single crest is found over the center of the Owens Valley. JNo roll or wave
clouds vere visidble at the time of the flight., The temperatures indicate
s general descent over the western Sierra slope but vith the lovest temper-
ature sbove the Inyo Mountains just downvind of the single hump over the
Valley. The maximm altitude variation of a stresmline is about 2,000 ft.
Data from both runs suggest Zce vaves upwind of Fresno, perhaps induced by
the Coast Ranges.

13 April 1955. Updr.fts in s developing moderate lee vave were
explored by the Pratt-Read sailplane to 36,300 ft, while the B-29 traversed
the Sierra and Owens Valley at 25,000 ft and tle B-A7 flev across at 30,
35, and 40,000 ft. Teuperature nsasurements from the 40,000 ft, east to
vest, run of the B-47 are shorm in Fig. 6.38. This lee wave occurred in the
"vara" air south of & frontal zone and the tropopause vas above 40,000 ft.
In contrast to the 40,000 ft suratospleric pattern found on 1 April (Pig.
6.17), true lee vaves appear in the displacement curve. These vaves in
the upper troposphere are of relatively small asplitude and of insufficient
vertical speed to syport a sailplane. The flow ywind of the Sierre ap-
pears disturbed but without the general descent over the west slope as
observed on 1 or 10 April.

14 11 1955. This case represents the more nearly "normal" type
of strong vave as illustrated by the cloud phencmens in PigZ. 6.39. Dr.
Xuettner reached an altitude of 43,000 ft in the 2-25 sailplane while Miss
Betsy Woodward soared 1o 40,000 ft in the PR sailplane. In Pig. 6.80 are
shovn a camposite 2100 (CT sounding from Oakland and Santa Maria togethexr
wvith the U-profile from the 2100 GCT Merced ravin, 7The lee vave developed
to greater intensity as the vind speed increased from that of the previous
day.

25 April 1955. The cloud phencmena of this date (Fig. 6.M1) il-
lustrate a ra wicammon and dangerous type of strong lee wvave. The lead-
ing edge of the roll cloud deck, instead of foilowing the jog of the Sierra
crest near Bishop, continued in an unbraken line northward over Bishop.

To the wvest the fohnwall towered to 20,000 ft and swept far down the

ecastern Sierra slope. The massive roll cloud exiended ecastwvard over the
White and Inyo Mountains with an ipdistinct trailing edge and vith no

visible gap in the clouds in that direction. For this reasomn it vas necessary
for the two sailp.uves, vhich hed both reached 80,000 £%, to descend in the
gp of clear sky vetwzen tie fihnwell and the roll cloud. Near 1h,000 ft
they encountered ext.emely scvere turbulence In which the P-R broke apert.

The pilot, tarry BJd ir, was saved by hiz parachute. Accounts of these

flights and a discu.sion of the tuwbulence are given in Chapter 10. The

1500 GCT Merced sounding and wind profile are shown in Pig. 6.02. An

%rae most outst.nd.ng " atirc of thit lec wave wvas the complete lack of a
rotor zone snd its a:zsoc.ac ¢ Lrbulenie. The smooth lee vave existed as lov
as 4,000 £t over the ground and increased im ‘ntensity to 30,000 ft.
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inversion appear.; at £u mpo with moist air to 400 mb, Later in the day the
high-level inversion became greater and wind speeds o’ over 130 knots were
measured in the upper troposphere at Qakland and Merc:d.

Results.

Tae sountain Lave-Jet otream Prolect of 1955 pro. ides the most com-
plet: upper air synoptic data for the study of the air {low over the Sierra
N2vada, &nd the first flight measurements of the mountaln wave at constant
levels including the flow both upwind and downwind of the range. Rather
complete results for one selected case study and limited results from &
other specific caser are cited in this chapter. Observetions from these
dates provide exampl -s for t.e topics of the remaining 6 chapters of this
report.

Acknovledgements,

The enormous t-sks of .ed.cv.on, anelysis, ard interpretation of the
B-29 and B-47 fligh: catu vere carried ouv by the v.am of Ir. Joachim
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rate, Air Force Camorii e Tosecarch lenter, Thece results have been nade '
available to the Proje:l 0y Dre Hucitner in order that tae;, co>uld be inte-
grated with the correspordl g ¢ moptiz studies, A fortucoming 5. R. D. re-
port will treat in let:il the ir:touperntation of the aircraft and both the
meteorological and :ercdynamical iaplications of the airdborne lata,
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. CLASSIFIC.TICH OF FLOW TYPES

Introductiorn,

This chapter descrites the principal Lypes of waves observed in the
lee of the Higr Sierra and discusses scme of the more important variations of
these. A more objective approach based on the upwind souniinzs and wind
profiles is presented in Chapter 12, vhere it follows the relievant theory.
Some examples are given there comparing observed wave lengtis with those
computed froc upwind flowv characteristics.

Lee wvave ti pes,

From a descriptive point of viev, “he .ee waves observed over the

Owvens Valley may be divided into 3 types tased oa their wave length and the
intensity of their vertical wind speeds, There is, in fact, a whole spectrum
of wave forms observed but, in the intere:t of simplicity, Table 7.l grovides
a convenient groupiig. The —elues given are for oriar of magnitude only and
vary considerably from one case to another. Rurther characteristics and ex-
axples of each of the 3 types, and subdiv.sion of %he :trong wave Lype to
inciude certain rat.ier care but extremely interest.ng cases, follov below.

Table T.@
Wave type L 2% pax w
Strong 8- 20 miles (13 - 32 km) 4,000 - 3,000 £t 230 to £50 ft st
Moderate 5« 8 ° (5-13"7) 2,00C - 4,000 $15 to £30 °
Weak 25-5 ° (4- 8") 50C - 2,000 " %5 to £15 "

Note: L = vave lengti, Zlm = naximum altitude variatior of a stream-
line, and v = vertical wind speed.

Strong vaves. Tne near-.egendary reputation of .ie Sierra Vave derives
from the spectacular phenouena associated vith the lee waves of strong inten-
sity.  All of the dozen or so sailplane flights to altitudes over 40,000 ft#
have been made in vaves of this type, Fron these flights we can conclude that
there are vertical updrafts of several meters per second at these altitudes;
vhether vertical speeds of th.s order can be found 2t altitudes up to 50,900
or even 60,300 ft is not known at preseat.

SThe maximam altitode attainable oy 2 sailplane is that at vhich the ver-
tical speed of the air is equal axd opposite to the sinking speed of the sai:-
plane. The latter is & function of the sailplane design, the air-density, and
the forwar! speed >f tl.e sa iplane which in turn is made equal and opposite to
the horizontal wind stead I Nover.ng flight. In several of the flights over
40,000 ft, Ligher altitude could aave been achieved but was not attempted bee
cause 1t approached the critical limit of non-pressurized sailplanes or be-
cause of the adverse ef'ect: on beotk sailjlane and crew of prolonged exposure
to extreme cold. The .pdr.fts required to .eep the Pratt-Read sailplane above
40,00C ft exceed 7 ft/sec.
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The diverse features of strong lee vaves can be seen in the illustr--
tions to the several examples treated in this reports These cases and the
corresponding figures are li.ted here:

Dete Figures (inclusive)
18 December 1351 3.9 - 3.14, 5.1 - 5.16 .
16 Pebruary 1952 3026 - 3.30, 5.35 - 5.38
18 harch 1952 k.11 - k.20, 5.43 - 5.4b, 9.2 .
19 March 1952 3436 - 3.40, 5.45 - 5.L8
29 March 1955 €435 - 6436
1 April 1955 6.1 - 6,26
10 April 1955 6.37
14 April 1955 €.39 - 6.40
25 April 1955 Eulee - t B2

Of these and all thu other strong waves observed during the past five
years of intermittent proiecti obcervations, there ure three interesting sube
types one of which is most common and two of which arc comparatively rare, but
are each illustrated Ly one example in the above list,

1) The normal casce In these the wave lengt) varies from 13 to 20 km
80 that the first wave creat lies over the Owens Valley and the second over
or XUIt in the lee of the Inyo llountains. Typical examples of the cloud
phenomena are seen in Figs. 3.20, 6.11, and 6.39. These phenomena usually
include at the mature stage of development the cap-cloud ?fshnvull), high
lenticular cloud decks, and rotor (roll) clouds which last may at times appear
rather small as in Fig. 6.39.

2) The rotorless vave of lang wave length, This type of leevard flow
pattern is illustrated in Fig, 6,35. On that date, 29 March 1955, two sail-
pianes found a smooth updraft zone over che west slope of the Inyo Mountains
and soared to 40,000 ft before ..aking a forced descent. The first vave crest
was marked by high arch clouds and cirrus bands, bdut no trace of & rotor cloud
was seen nor vas there any turbulence eacountered to suggest the presence of
a rotor zone. In the illustration cited, the smolie from & brush fire in the
center of the Owens Valley nicely traces a streanline over the crest of the
Inyo Mountains. The photograpin also chows the eastwvard drift of the fine
dust from Owens dry Lake. (On "normal' vave days the dust is often carried
northward by southerl surfase vinds along the eastern side of the Valley.)
The indicated wave lengti '..5 or the order of 30 to 32 km (20 miles)--roughly
the same as the diutance beiveen the crests of the Sierra and the Inyo
Mountains. These observutions of 29 March 1955 being the first and only
record of the occurre..ce o .uch a lee wave, it rcmains for future observa-
tions to determine the deyree of rarenesc of thic phu~omenon. Certainly it .
liles at the extreme ernd O cue spectr i of obuerved /ave lengths; the next in
order is that or 19 March 19> 'ri*n an indicated 'ave length of about 28 ka.
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3) The dense r..ows 2:..4 vit.out visitle derudraft, In certaln .ose.
with extremely strong vinl sacars and high moisture conternt in the lover tropo-
sphere, a massive roll cloud foems vith its leading edge extending in a nearly
straight line over the Ower. Valley (in cortrast to the usual manner in vhich
the cloud line curves w.th the mountain crest) and vith no apparent trailing
edge, the cloud extending eastward over the 'Jhite and Inyo Mountains. As
pointed out by Dr. Kuettner, this form resembles a nonreriodic pressure ,ump
and is the subtype associated with the most severe turbulence in the rotor
zone (see Chapter 10). The c-ale of this turbulence--of whick, understand-
ably, no quantitative meesurcr.ents have been made--may be Such as to produce
sufficient mixing to significantly alter the existing stavility stratifica-
tion and thus to prevent the formation of & visible train of lee waves., In
the few cases reported, the rotor cloud was several tuousand feet thick in
the vertical and its top appeered to be several thoisand feet higher than the
top of the fohnwall., An exawple of this type is the wave observed on 25
April 1955 in the sbove list,

\loderate waves, Of this secord type there are tine folloving examples
in this report:

Date Figures ({inclusive)

cl - 3.2‘, 5-27 - 5028

()

27 November 1351

28 November 1951 3.5 = 3.3, 3429 - 5,30
30 Jaruary 1952 3027 = .25, 5433 - .34
3 March 1952 8.5 = 4,9, Skl - 5,42
30 March 1952 Jo42 = 3ebk, 5,49 - 5,50

13 April 1955 €.33

I these vaves the hizhest altitude attained by sailplenes was sdbout
30,000 ft; in the average it vas nearer 25,00C ft. These cases are often
"dry waves in vhich there way anpear only a few cloud fragmernts. In most
cases the wvave is indicated eitlier by roll cloud lines or 2 high lenticular
arch cloud; the latter is zlxost aslways a single cloud shee: in vhich trere
is no indication of the sbrter wave l:ngth encountered in {he lower layers dy
sailplanes or marked dy roll :l»oud lires, In some ca:me:, whez the flov is
from the southwest and the front is quite near, the air is very mcist and a
moderate vave persists thoug. tiere appear: to be a camplete overcast froo
the ground; this is known as an ohscured wave.' 1Ir such a wave or 29 March
1954 the sailplane reached 25,.07 ft in & narrow jrand canyon” betveen a
dense roll cloud and a towering fok.rail., As the canyon, or fohn-gap, filled
rapidly with cloud, the flig-t vas terminated in time to allow a descent
through the last remaining :=ole ir the undercast.

Weax -raves. Tric t .2 o2curs much more fregiently than the number of
example: would indicate. It 1s cimply less proluctive of sufficiently strong
updrafis to a’lovw a sailplane to explore iz a2 single fliz:t ¢ worthwhile cross
section of the flow pattiern. likximuim altitude: attainable iz these waves
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seldom exceed 18,000 ft. a.sc, tae two-diuens.onal picture is oftern blurred
by the effects of position and orientation of individual riiges of the moun-
tain range. There are usually no roll clouds vith these, but there are often
scattered lenticular forms or & high arch cloud, with their leeiing edges
Sust ir. the lee of the Sierre ~rest, Tie two examp.e. trented In tiis report

are:

Date Figures (inclusive)
29 January 1352 3415 - 3,19, 2.34 - 5.32
21 Fegruary 1952 3.31 = 3,35, 5,35 - S.40

Time changes and the effect of terrain. A grad.al incresse in wave
length occurs when the speed of the air flow over the Glerra increases.
Usually, once a wave has formed and is visible in the clouds, the observed
wvave length does not change by more than 304 in one 12-hour period., If the
flov remains westerly, the chu.ze from orn:z da:” .0 the next may te of the
crder of 50%. One of the most remarkable seric. of this zind vas observed in
late December 1955 when over a suii. of three consecutive day: the vave
length of the roll clouds change?l .uccessively from 8 to 11 0 1E kmeethe
last just prior to a complete uvercast and the lieevy rains vhich brought
grest floods throughout rorthern California.

Occasionally, when t.uc upper wird speeds sre increasing rather rapidly,
the change in wave lengtli appearc tc taie place discontinuously. For a
period of an hour or two the wave will be indistinctly mackzd by the clouds
after which it will again Le cleurl. visible with a significantly longer wave
length., This suggests rescnance effects caused by the shape of the underly-
ing terrain. The average slope of the east flank of the Sierra from the
crest, at an average height of 13,000 ft, to the break in slope at the top
of the alluvial fans, at an average heignt of 6,C00 ft, is 30%. The distance
from the crest of the Sierra to the crest of the Inyo ilountains averages 32
km (20 miles) in the Independence-Lone Pine area, while it is about 26 km
(16 miles) 1in the cross section through Taboose Pass just south of Big Pine.
Strong vaves often reach their greatest development in the latter area where
the highest altitude is most often attained in a sailplane., To what degree
the form of thc Owens Valley influences the shape of the lee vave is & matter
for further study. The oovservations suggest timt the eastern Sierra slope
is the most Important terrain feutwre in the creation of the lee wave but
that the best developed waves are those that are roughly in phase with the
mountain ranges and valleys downst-ean from the Sierra,
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8. MOUNTAIN VAVES AND JET STREAMS

Introduction.

The inter-relationship of mountain wvaves and jet streams is a sublect
on the frontier of current meteorc.ogical research. Awareness cf et streans,
the comparatively narrov bands of zaximum vind speeds in the upper troposphere,
as important features of the complicated alr flov patiterns over the eartq ass
come about only within the past decade., The phencmenon itself deing at
present incoapletely described and urderstood, there remains much exploration
to deterzine the manner of formation and evolution of jet streams and their
relationship to tota large- and small-scale veather develoments. Although
no formal definition is possible, it is tacitly understood by most writers
that a jet strean in the winter season has wind speed: of 100 knots or more
in & band 300 miles or less vide and extends along 2 distance of at least
1,000 miles, Wind maxima of si.:ilar speeds out of lescer width and length
zay be termed "Jjetlets.”

The principal Jet stre:. found bty wind peas'retents and delineated
by contour snalysis of upper air iscbaric chart. i- that associated with the
polar front and whi::, according to Palmen (.7 ) is gencrally situated
directly adove the L .0 mb isotierm concentration. Tae 500 mdb front is found
betveen the isotheres of -2C° and -30°C and usually near -25°C. Alsc, as
pointed out by Riehl et al (1954), & pronounced temperature gradient at 200
mb lies directly above the jet streax axis, indicating a break in the tropo-
pause. The position of the jet stremm core with respect tc this break--which
amounts to a difference in height of the tropopause on either side of the jet
core of the order of 1J,00( lt--has tended to discredit the earlier concept
of the "advection” of "polar ani "tropical” tropopauses and suggests instead
e dynamic development in which, looking downstreanm, the air to the left of the
Jet stream core is sudsidirg and warzing, and that to the right is rising and
cooling. Belov these indicated vertical motions the reverse is believel to
occur, that is, ascending notlon i the cold air mass and descending motion
in the lowver troposphere of the varm air mass.

Other significant jet streams are frequently observed both to the north
and south of the polar front jet streaxm., The speeds of these are often quite
high although they are associated with temperature gradients considerably less
than those of the polar fron:i. Of th2se, only the more southerly one has an
influence on the formation »f Sierra lee vaves,

Over the Pacific the ,olar Iront jet .tream is found, on the average,
to be about 2P of latitude farther south than over the Atlantic (Riehl et al,
195%), This ecceatricity of the "jet pole’ is undoubtedly related to the un-
even distribution of large _and masses as vell as to the paths of certain
ocean currents such as the 3ulf Strean. When the jet stream crosses the west
coast of the United States it usually appears as s wide, relatively slov
speed, stream of air. Speeds over 100 knots are strong and speeds of 150
knots or greater are rather ur:omon. In addition to the polar froat Jet
streem vhose position is mu:h more variadble over the vest coast than over
the east gcast of the Unitec States, there is found in winter a nearly con-
stant Jet stream at latitude 30° K across the southerh Uniied States. The
presence of this latter jet streaa an the development of a southwvard-moving
westerly or southwesterly po.ar front Jet streax somevhat farther narth tend
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to maintain for 4 period of several hours over the 3lerra a ver; broud, rel-
ntivel fast, current with small latercl gradients but witn a gradual increace
in cpezd with time, Prom the above corsiderations it can be seen that the

uwt oe! Jtiorn of 3 et strear itk tie deveiopment of mountal.. lee waves is

L wge .y deperndent or the latitu.e 21.d orientation cr thLe nountads. rexnge., For
LLis reason the remarks maae in this chapter refer onl; t¢ the Cierra Nevada
althourh some may be appl.cable to otner ranges.

Ir. th. discussion vhich fcllows, the subject nas iwen divided amorng
Live principel topics. These are:

>} The leccation ol the polar front jet stream anc the steady increase
> wind speeus cer the lerrc during _ee wave occurrence,

2) Longitudinal variat.ons of sind speeds associated with the fiow
pattern of the lee wave at the et stroam .evel,

3) Locas periodic variut.ons of wind speed ascoz.eted vith travelling
vaves in or ear the et streans,

L) Rapid, non-pe.riodic, locil .acrease of wi 1 zpced tuat may be due
to travelling wind .peed iaaime (. tle.s) andfor ‘¢ .ae xal topography, e.g.,
deep transverse canyoas ind ph.sses in tne mcuntain raige,

5) The vertical and aorizontal wind profiies of typical Pacific Coast
Jet streans,

These topics are discussed .a that order veloi,

Relationship of Sierru Nevida lee waves to ihe polar front jel stream

One may begin a discucsion of the position and lateral movement of iie
Jet strean during the occurrence of Sierra lee waves by examing the co.atour
patterns on pertinent isobaric charts., 3Since the radiosonde observations on
vvhich the smoothed analyses are based are often rather sparse--and urncertainty
is often aggravated by t.e difficulity of reconclling lleaLher Bureau and mil.-
tary observations as pointed out by Rieni (.)54)--the geostrophi: 'jet stream"
probably exaggerates the vidth oI the band of exceedingly strong winds and
minimizes the maximun gpeed in :onparison with what might have been measured
by aircraft flights made perpendicular to t..e current., DNevertheless, it is
doubtful if the position of the trie ,et str.am "-aries appreciab’y from the re-
gion of the maximwn contour gradicat .n -arefully dravn coarts. Some examples
of upper air charts on 3 day: of :tro..g ee waves auring the 1951-52 season are
shown in Figs. 5.7 and 5.iC (18 December 1951), Fis. 5.35 (16 Feoruary 1952),
and Fig. 5.48 (19 March .1952), Or these charts the geostrophic “jet stream"
appears to be very broad over the Pacifi Coast, PFor tae other lee wave
cases discussed in Chapters 3 :aé 4 a.d for wuich the upper tropospheric flow
patterns are not s..owm, the rosit.ons of the principal jei streams can be ap-
proximately determined by .k position of the polar front or the maximum iso-
therm gracdient on the S0C =d charts. Meuon charts for the 18 strongest lee vaves
in the period 194y-5¢ are shown - Colson (.19-k),

During the ;55 sea. ':n the netvork of radiusonde, rawin and pibal obsgerva-
tions was much more des.«, enab_... mor: accurite d-.erminatior of the get
stream position by both contour: and measured winds. The case study of 1 April
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1955 ziven in Chapter . affirds & typical aad uore letzilad exsaple of i
pocition of the jJet strec.. with respect to both the front m.d the Slerrs 4wring
t..2 davelopment of 2 stron? moyurtaln vave, Releva.nt iliustrations inr this

tos ez are the 303 and 277 . charts chown in Fior. C.+, €.l1, ard 6.22, ang,
Tor.L. &Y., one Tertlcal roso sectio*.s of D-valus. 3..0Wh in Fuss, .6 and
Z.elh. From “he. e charts a.l cross sestions of 1 .pril 1955 and tae .npib-
i1i:z:ed analyces of all tae nota.ble case: of bot. the 1)-2-52 and the 1935
seasons, it appears that stron; lee waves Jsuall: oct.r in the relatively ar.,
e.lerl or southires<erly curcse.t zhead of an approacii.g cold front a.l so.t.
of tae Li.ar front ot Stream. In the cases of 1S Decetber 1351, 19 lar:l.
1952, and 25 April 19,5, tae syroptic data and the fligiit measureceats sug-
gest that the principal let stream lay over the High Sierra during the time of
the seilplane flights,

There ere a number of voriations =0 <he 'typical case, a fev of which nay
be briefly mentioned, In cerialn cases, when a cyclopizally curved jet strean
corsses the Sierra frou tie "¢t or so.thwest, there is no visible evidence of

a lee wave beca.ce of obscratiz. ty :le“se clouds end prezipitation. O two
such cccasions, 1 January 1972 2nd 1b [larch 1352, strong winds vere en-
countered at 14,C00 ft %y wne sailplane on tow but .1¢ wave motion was found
over the Owens Valle;,'. Ir. eizrar zase it was im.rulert to penetrate the
cloud ceiling for fotl.er 2axploration and whet.er or .07 8 lee wave existed
at high altitudes is = matter for conjettire., In the cases where a vesterly
polar fro:..t let strear. :rossed so.thern Califorria--a sit.uation that drings
heavy rains in that resion--south of the Hi-h Sierra, .10 lee waves vere ob-
served, probably becau.,e of the preseace of a low tropoause, the lack of a
stable stratification i: the cold air rass, ancd veaker 'rind speeds alolt.#

In the cese of 30 Jaluary 1952 the flow at 53C mb (Fig. 5.34) was
relatively slow but at altitudes near the 200 b level wind speeds of over
100 knots were reported at several stations in the region. In fact, during
the week comprising thne end of Junuary and the beginning of PFebruary 1952,
the zonal index was the lhighest of that winter season, and during that week
poderate Sierra lee vaver werc ooserved on 6 consecutive days. The strong
winds at levels near LG,200 £t during that period appeured, from perusal of
the upper contour charts, to have been 2ue tc & strengthening and northwvard
novenent of the more southerl;, non-frontal, jet streanm,

Northvesterly jet streams over the Sierra are usually associated with
frontal passsges and post-frontal {low at the surface but sometimes, if the
cold air mass is relativel:- shallov, may de associated with lee wvaves. One of
the most memoratle cases of this type occurrel on 12 Movexber 1351. Riehl and
Tewles (1952) have treated th- large-s-ale syaoptic levelojtents of this peri-
24 and report a Jjet stream of 27C knots--an extreriely high speed--over norther:n
California on the 12th. ./t Bishoy the double-theodolite pibal lusurenents
shoved a wind speed of 37 knots at oountain top level (iL,000 ft). A sailplane
flight to 34,000 ft was nade over Bishop before londi=g in a 40 mph rortherly
vind and sandstorm accamparn.ing the Jrontal passage. Shortly after, the
large timber and shzete .eta. roof the Airport hangar vas dluwn off tnh a 0
oph gust. Frontal passages in the lee of the Sierra are rarely so viclent,
but marked passages {rox; tue north accompanied by strong vinds presage severe
veather on the Creat Pluins in the lee of the Rockies in 24 to 36 hours. lhen

#The effects of static stability and wind proiile ar: discussed in Chapter
12,
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the air is relatively dry and few clouds appear, later development over the
Plains usually dbrings strong, dry northerlies and dust storms. But vhen the
northerly frontal passages at Bishop are accompanied by dense cloud formation
and some rain, the aftermath often leads to thunderstorms and toraados over
the Plains, An exsmple of the latter are the observations rade at Bishor 'n
2h May 1955--a moderate lee vave with roll clouds foliloved by overcast, 1 ,
and northerly sandstorm--vhich preceded by one day the severe tornado destruc-
tion at Udall, Kansas.

Jet streams from other directions have little to do with Sierra lee vaves,
Northerly Jjet stresms atove the post-frontal flov (see Pizs. 6.30, 6.31, and
6.33) are often more intense and in a narrover band than those downwind of
upper air troughs, but of course are nearly parallel to the range as well as
having considerably different, and less favorable, wind and stedbility profiles.
Southerly jet streams are alnost alwvays associated vith very moist air, dense
clouds, and widespread precipitation. The extremely rare easterly Jetlet--

80 called because it seldom extends for more than a fev hundred miles--nay
cause & short-lived "reverse" vave over the Ovens Valley which is then in the
lee of the White and Inyo lountains. Such a case occurred on 13 December 1951
vhen a cyclonic circulation ("cut-off lov") over southern California brought
strong easterly flow over ths ‘hite Mountains and enabled the tovplane to be
soared to 20,000 ft.

Stationary wind speed maxina associsted with the mountain wave

As discussed in Chapter 3 (Teble 3.1) and in Chapter 6 (Pig. 6.1h), there
are in strong lee vaves large longitudinal variations in wind speed vhich remain
nearly stationary with rcspect to tle underlying terrain, Obviously, vhen a
strong lee wave occurs vith a jet stream overhead, the wind of thes fastest cur-
rent vill be speeded up in sone portions of the wave flow and slowed down in
other portions., Where the disturbed flowv in the higher levels has ths form
observed from the B-47 flights of 1 April 1955 (Pig. 6.17), extremely strong
Jetlets have been found to exist for many miles downstream, These observations
vers first made by Robert Symons of Bishop who also was the first to point out
that the cirrus bands associated vith such strong winds originated in the lee
of the Sierra and extended for a few hundred miles or more dowvnstream. Symons
explored these phenomena with a sailplane and on several occasions encountered
vind speeds considerably in excess of 100 knots vhile flying above 30,000 ft
and dowmvind of the principal lee wave clouda. A cross country sailplane
flight to Bly by Symons wvas made in.bwtﬁhmr:viththohclpotthltrong
tailvinds encountered after reaching a high altitude in a strong lese vave.

The strong vind speeds at Beatty on 1 April 1955 (Pigs. 6.21 and 6.22) may be
related to the large-scale effect of ihe Sierra on the upper air flow pattern.

Periodic variations in wind speec

There is no regular mesns of measuring local pulsations of wind speed in
the upper air. However, the most convenient and sensitive tool at present is
a sailplane which, by attexpting to hover in the updraft zone of a strong lee
vave, can measure rather accurately the variations in horizontal wind speed.
Such observations were made by Dr, Kuettner (1952) on the afternoon of 25
February 1951 vhile attempting to remuin motionless over the terrain at 30,000
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ft in & Sierra lee wvave, At first a true speed of approximately 70 mph

(42 mph irdicated) was necessary to equal the vind speed, but vithin a fev
minutes the sailplane began to drift slowly backiard and the forwvard speed had
to be inereased,s The vind continued to increzse in spced until finally &
true speed of 110 mph (65 xph indicated) was necessary to caupensate for the
wind, Due to the high forwvard speed vith respect to the air, the sinking speed
of the sailplane increased and altitude was lost in the effort to prevent
drifting back into the downlraft area., This rather difficult situation
lasted for about 8 minutes, after which the vind speed decreased continuous-
1y until a true speed of 70 rph (42 mph indicated) vas again sufficient for
hovering flight, The entire nycle vas repeated once again before the flight
vas terminated decause of the late time of day. These observations suggest
that the period of such ‘ravelling puisations is of the order of 20 minutes,
Varistions of surface pressure of similar periods have been recordad by
sensitive barographs or pressure variographs at times vhen a Jjet streem or
Jetlet vas overbead.,

Non-periodic increase of wind speed associated witu jetlets

One of the most fascirating occurrences in trans-Sierra veather is the
rapid build-up of a strong lee wvave within a fev hours after the appearance
of the first lemticular clouds, Such short-lived waves are associated with
the development of local jetlets waich may in turn be connected vith rela-
tively fast-moving troughs in the main upper ai:> flove Time-lapse motion
pictures and sequences of still photographs nave recorded the repid develop~
nant of such waves on severzl occasions. An outstanding exarple of this
phencamenon occurred on 4 April 1954 vhen a sailplane piloted by Dr. Kuettner
released fyrom tow just south of Bishop vhere the roll and lenticular cloud
decks were building nost rapidly. A maximm altitude of 35,000 ft vas
reached within 17 minutes as the lee wave phenomens reached their most im-
pressive stage of development, At 32,000 ft it was observed Dy Kusttner that
the wvind speed at the center of the jetlet was about 120 knots while on
either sids within a total band of about 50 miles the speed dropped to 70
knots, Staying near tae center of this wind speed uaxirum as it moved south-
ward, and utilizing updrafis in lee wvaves of cther mountain raages, Kuettner
completed a cross-country fiight to las Vegas.

These Jetlets occur most frequently in the relatively varm air several
huidred miles south of the principal polar fiont jet stream. It is a curious
fact, and a vexing ane from the staadpoint of research flight planning, that
all of the many cases of tui. kind observed during the last 4 years have oc-
cursed in the afternoon with ihe lee vave phancmena reaching their greatest
development shortliy vefore sunset. This is one of the interesting facets of
the mountain veve-jet strean relationship that needs further explorution, It
suggests a diurnal solar effect closely related to the 24-hour component of
the atmospheric tide, Some nemorsble examples of such repid developments of
strong waves occurred on 28 March 1954, and 16, 24, and 28 April 1955. Bach
of these 4 cases signa’cd tue approach of the polar front and preceded fromtal
passage by about 3€ nours. Two of the cases (28 March 1954 and 28 April 1955)
preceded mocerate lee waves on the following day and the other two (15 and 2b
April 1955) were succeeded Ly strong vaves occwrring in closer proximity to
the polar front jet stream. On the afterncon of 24 April, preceding the strong
vave of 25 April mentioned above and discussed in Chapter 6 (Pigs. 0.M and
6.42), high, ridbbed, cloud bands of the types descrided by Schaefer (1953)
u;dlgost (1953 and 1954) vere seen passing overhead at speeds of the order
o knots.
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It should be mentioned further that, wvhile the jetlets are meso-scale
features of the upper air flowv which generally travel or develop in the large-
scale upper currents, certain topographical forms augment the maximum speed
of the jet stream or may themselves cause local jetlets in a fast current of
broad lateral extent. The most pronounced effect of this type has been cb-
served on many occasions in the ares jJust south of Big Pine in the Owens Val-
ley and just dovnwind of Taboose Pass in the Sierra. On either side of this
borad cleft in the Sierra crest are transverse canyons, that on the western
slope being the deep canyon of the South Pork of the Kings River (see Fig.
6.10c), Strong vest-southwest winds are channeled along the canyon and through
the pass making the wind speeds along that vertical cross section stronger
than thoseon either side. As related in the last chapter, this is also the
cross section along vhich the distance between the crest of the Sierra and the
crest of the Inyo Mountains is a minimum; vhen vind speeds aloft increase vith
time a resonance vave of vavelength near 13 km vill develop first and dest in
this area, For these reasons, sailplanes are often rolsased from tov just south
of Big Pine vhere the strongest updrafts are found and the higheet altitude
can be attained.

Vertical and horizontal velocity Kgnhc

In comparison with the structure of many Jjet streams found over the east
coast as reported by Endlich (1954), Riehl et al (1954), and others, the
structure of many Pacific Coast jet streams in both vertical and lateral
profiles is one lacking in a sharp pesk of maximum wind speed. Bxamples of
this blunter profile in the vertical can be seen in Pigs. 3.30, 3.40, 6.4,
and 6.42, The reasons for this--lesser temperature gradients defining the
polar front over the West Coast and the proximity of a higher, more southerly
Jet stream--have been suggested adove, The lack of a pronounced vind speed
maximum in the lateral direction and, instead, a guite broad dand of strong
wind speeds is responsible for rather long-lived lse vaves that may persist
for one or two days before their dissipation, Westerly vind profiles with
sharp maxime are most often found in the Jetlets and the strong wvaves associa-
ted vith these are consequently rather short-lived.

The principal effect of ths structur¢ of a westerly Jjet stream over the
Pacific Coast on mountain lee wvave formation is in creating a favorable velocity
profile for the development of "resonance wvaves." As discussed by Professor
Holsboe in Chapter 12, strong waves in the lee of the Sierra are favored by a
high tropopauss and a rather atrong positive vertical vind shear in the tropo-
sphere. In the period October through May such a profile is common in a pre-
frontal vesterly or southwesterly current over the Sisrra vhen the polar front
Jet strean crosses southern Oregon or northern California, and it is augmnted
by the intensification of another jet stresm at high altitudes over southern
California and Ariszona,

Nrther outlook

More observations and research on the mountain wave-jet stream relationship
are needed to supply important details presently lacking from our knowledge of
the subject. To date there have dean no serological atudies of jet streens
over the western United States of the type conducted by Project Arova and
Project Jet Streem over the eastern United States, Aircraft traverses of strong
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vesterly currents over the Pacific Coast and downwind of the Sierrs Nevada
will shed much light on the structure of jet streams in that region. Some of
tae relevant problems tn be solved by this or other observational techniques,
€s3., sailplanes, strateli:ally placed rawinsonde statione, etc., are

noted here:

1) that temperature changes aloft are associated with the fom:‘.tinn and
movenent of jet streams and vhat are the mschanismus of the temperature and

wind speed changes?

2) Vhat is the effect of the mountain vave temperature field at the
tropopause level on the vind flow pattern? Yhat effect has this large temper-
ature difference across the Sierra on ths speed and directiom of the large-
scale jet stream?

3) In strong vesterl: flov, is there frequently a double jet strean
structure vith one jet core to the north of and the otiuer to the south of
the High Sierra? If so, is this a large-scale effect of the mountain wave!

4) wnhat is the ozore distribution at high levels (30,000 to 40,000 ft)
over the Sierra during the oc~rrence of & strong lees save?! Has ozone an
effect on the differentia. heeting of the air aud tiie creation of local jet-

lets?

5) How high does the mow:ntein wave extend” Uhat hauppens at the level
in the stratosphere vhere tie vinc speed drors o zero?

It is hoped that all of toese questions will be ansvered during the
dext decads.
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9. PESSURE PIFLUS AND ALTDMETER ERICRS
}n_troduction.

A discussion of the fieid of pressure in lee waves and of its
implications to altimeter readings of aircraft would soon require a
reviev of the principles of pressure measurement and >f the techniques of
deternining heights of aircraft. For this reason these sudbjects are treated
in Appendix B, together vith a discussion of radiosonde pressure-heights.
It was deemed pertinent to begin this chapter vith a section on altimeters and
the errors involved in both instrunments and methods, irrespective of "errors"
caused by extraordinery aitnospheric pienomena such as thunderstorms and
mountain vaves. Upoz these foundations the spatial variation of pressure in
lee waves are examined and their meteomrological and operational significance
discussed. In treating this sudbject the probloms of both meteorologists and
pllots have been considered and, vherever possible, appropriate examples have
been chosen for illustretion,

The pressure altimeter,

The measurement of pressure in upper air soundingr and the most
generally used method for deternination of the heights of aircraft
both make use of the aneroil baroueter. In the case of aircraft, the
instrument is known as an altieter and the madings are '"indicated altitude”
in accordance with the pressure-altitude relacionship defined by the U.S.
Standard Atmosphere. The most commonly used pressure altimeter is one
in vhich one revolution of the principal pointer corresponds to 1,000 ft and
in vhich a second pointer incdicates thousands of feet, and a third the tens
of thousands of feet. The instruments are calibrated for gross mechanical
errors and usually there is come estimate of the corrections {0 be upplied
for dynamic pressure effects dependent oo the speed and design of the various
types of aircraft, An adjustable knob allows the pilot to change the "altimeter
setting” and consequently the dial pointers in order that thay may indicate the
known geometric altitude of the airfield from which he iz taking off. Similarly,
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before landing, the altimeter setting is redioed to the pilot in oraer that
he vill knov the (nearly) exact indicateu altitude at vhich the wheels of his
aircraft will touch the ground. Most pilots have cognizance of the fact that
tne appropricie altimeter sett nz for indicating true alt.tude changes much
more with altitude than frou onc altimeter-settin; station to the next, but,
in general, this correction is not applied in routine flights; the problem
of tarrain clearance, to wvhich this effect has particular relevance, is
ostensibly solved by specifying a minimm flight altitude over mountains.

L. a ratner definitive study of altiieters, the Opesations and Engineering
Oroup of the International) Air Transport Association has issued a report
(1953) on the various errors involved in pressure-altitude measurement. The
folloving anterial has been extracted from that report.

There are thiree basic types of errors that can be distinguished in
the pressure altinegter, nauely:

1. liechanical |o:~ instr.pente’ | errors, vhich depend upon inperfec-
Lions e xacharic istom,

a) Diaphregm error. Due {0 material imperfection and the construc-
tion of the ancroids, the diaphragn de’lcction will not be
lirear but 7111 differ for the samc given change of atmospheric
prussure at differcnt heights.

b) Hysteresis error. Duc to iuperfect.on of the elastic propesties
of the an:roid unterial, a certain time will elapse after a
pressure change before the aneroids asve coopletely assumed the
shape corresponding co the new press we. ("lag" is the process
that occurs at a certain height vhen the aneroid is gradually
teking the shape corresponding to the pressurc at that height.)

¢) Friction error. Duc to friction in the transmission mechanism
betveen the aneroids and the pointers, the pressure change must
reach s certain value, or the instrument must be exposed to vi-
brations of a certain magnitude to move the pointers. Moreover,
there exists friction located at the teperature compensator
pins, vwkich could not be overcome by vibrations.

d) Temperature error. Due to the instrument beinz normally tested
at a fixed temperature (generally 20°C), any variatiom of the
temperature of the iustrument during actual operations will
introduce an error, as the constructicn of the instrument only
partly compensatcs for the temperature deviation.

e) Backlash error. Due to piay in the gear transmission between
the pressure scale and the height scale and in the idler gear
of the instrnment errors wuay arise,

f) Balance error. Due :0 the impossibility to coordinate the state
of balwice v 7 o.l moving rarts of the altimeter to such a degree
that the ins .ruaent vill be entirely independent of its position
in relation to itc calibration position (1013.2 wb, 29.92in), an
error will ocecir.

g) Coordination error, ™e to "acompletion in the coordination
between the pressure icalc and the height scale of the alti-
ueter, an error nay arise,
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h) Instabiiity error. Due to different reaction of the instrume .t
during tvo consecutive climbs or descents, an error may arise
in the indication. (Instability error, being additional to the
foregoing, has been found to take effect at aiy time after the
original calibration has been made, and is consequently outside
the limits laid dovm by the tolerance curves for the diaphragnm
and hysteresis corrections. It can be a combination of one or
more of the above stated errors.)

2. %ntional {or installation] errors, vhick depend upon the vay
t the pressure altimeter 1s cperated, and the possibility of
reading and setting the altimeter.

a) Static systex: error. Due to difficulties to find a location for
the static intakes that is undisturded under all flight condi-
tions, an error in the indicatiom vill occur.

%) Zero-setting error. Due to the shape of the tolerance curve
generally decreasing vith neight, the tolerance at certain
heights is d:iffereat if a zero-setting other than 1013.2 md

(29.92 in.) i5 usecd.

¢) Readability errors.

1) Due to the neight scale of the altineter being graduated
in intervals, it is impossible to obtain a greater accuracy
in the reading taan appro::imately half the graduation.

i1) Due to the pressure scale of the altimeter being graduated
in intervals, it is impossible to set the pressure scale
with a greater accuracy than approximately nalf the
graduation.

3. Principle [or inherent] srrors, vhich depend upon the method used
to convert pressure into height indications, i.e., the use of the
standard atmosphere.

a) Density error. As the density of the real atmosphere generally
differs from the density of the standard atmosphere, the indicatel
nheight over the pressure datum on the pressure scale will deviate

from the true height.

b) Pressure datun error. Due to the change of pressure, in time
and space, the setting of the pressure scale will not cor-
respond entirel:” to the atmospheric pressure at the reference
datun,

In connection ‘rith the foregoing, the following terms are applicable:

a) The tolerance curve isc the curve that indicates the maximum ac-
ceptable corrections.

b) The calibration curve is the cﬁrve that indicates the results
obtained froo: any particular instrument during the course of test
caused by dicpihrage and hysteresis inaccuracies.

The magnitudes of these various errors aave Leen carefully estimated
for different altitudes cond for different specific uses of altineters--terrain
clearance enroute, approach and landing, vertical seporetion of aircraft, and
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neasurement of D value.” These :stimated maximum errors fur two of these
uses are given in the two tables below.

Table 9,1. Terrain Clearance Enroute

Reight (1,000's ft) 1, 3, 6, 10, 15, , 30

Mchanir:al errors:

a; Diaphregm and

b) Rrsteresis 50 50 69 100 150 220 300
c) Friction 20 25 30 30 bg 55 75
d) Temperature 5 5 10 10 10 10 10
e) Backlash 10 10 10 10 10 10 10
f) Balance 20 20 20 20 20 20 20
g) Coordination 25 25 2% 25 25 25 25
h) Instability 30 30 35 4o Y] 55 75

Operat ional errors

a) Static system' W 0 0 0 0 ) 0 0
b) Zero setting o 8 15 15 15 15 15
c¢) Readability
i Height scale 10 10 10 10 10 10 10
ii Pressure scale 15 15 15 15 15 15 15

Principle errors

a) Density (3%) 30 9 180 300 450 660 900
b) Pressure datum 200 20¢ 200 200 200 200 200

Maximum correction 415 438 615 T75 995 1295 1655 r¢

Note: If the cruising level has been maintained for at least half an
hour, the diaphragm and hysteresis correction could de reduced by 30 ft
above 10,000 ft. :

*In measuring D value by aircralft it is, of course, necessary to measure
both and Z. The latter is eithcr determined by a racio altimeter as by
rec issance aircraft over the ocecan or level ground, or by some other
means of absolute altitude tracking such as of sailplanes in the Mountain
tHave Project.

" oorrection should be applied for this error.
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Table 9,2. lieasurenent of D - value

Tei-ht (1,000's ft) 1, 3, 6, 10, 15, 22, 30,

Mechanical errors:

a) Disphragm and

b) Hysteresis 50 55 100 150 220 300
¢) Friction 25 30 30 45 55 75
d) Tempcrature 5 10 10 10 10 10
e) Backlash - 10 10 10 10 10 10
£) Balonce 0 0 0 o o 0
$) Coordination 0 0 0 o (o] 0
h) Instability 30 35 40 43 55 75

Qperetional errors

a) Static systea” 0 o} 0 0 0 o)
b; 2ero setting o] 0 Q 0 0 0
¢) Readability
i Height scale 10 10 0 10 10 10
i1 Pressure :zcale 17 15 15 15 15 15

Principle errors

a) Density (37) Q o} 0 0 0 0
b) Pressure datu: 9 0 0 0 0 0
Maximum correction ks 175 215 285 375 495 £t

Reduced nax. corr:** + 70 85 90 110 130 170

Note: If the cruising level has been maintained for at least half
an hour, the diaphragm anc hysteresis correction could Le reduced dy 0
v above 10,000 ft.

*correction should be cpplied for this error.

#4If a calidbration curve is used and corraction applied (as for the static
systen error), the disphragn and hysteresis errors can ve rediced to zero.
If the instrument is locked in tiue 1013.2 mb (29.92 1in) position, backlcsh
and readability (pressure scale) vill also disappear. The "reduced max.
corr.” is then obtained.

Fron the above tables i is seen that the most scerious errovs are:
the combined diaphragm and Oysteresis errors, density cerrors, and prezfure
datum (altimeter setting) cirors. One example of each of these is given belov.

Example 1, iHysteresis and diaphoagm errors. Ia Fig. 9.1 the calidbra-
tion curves for to 50,000 o0t altimeters are shovn. One set--that of lesser
auplitude--is of a sacvhet beuter instrument of the type used in current
military aircraft. The other is prchably typical of most altimeters cur-
rently used in cosmercial and private airciaft. In the latter, corrections
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of over 3C0 feet are ‘ndicated vith a waximum A!fference between the asceut
and descent curves of about LOO fect. 1In reality. in an undulating flight,
Jumps in the readings do not occur Lecause of lag and it is then that ac-
curate deteruinations of "..p are most difficult to ascerta.n.

Example 2, Altimeter setting error. At tae Bisaop Alrport '/eather
Bureau station {Z = 4,110 ft) a barometric preuure' of 25.735 in. cor-
responds to = 4,110 £t and D = O, (See FMig. B.l.) In this case the
nltimeter setting, A, would be 29,92 in. Now, vhen the Bishop pressure is
25.20 in., Z_= 4,610 ft, D = - 500 ft, and A » 29.38 in. (vhich is about as
close as one can read the altineter setting dial). Checking the formula for
obtaining from the altimeter and supposing the instrument to be perfect,
i.e,, no inktrumental errors, ve lave:

2o = 21 + 925 (29,92 - A)

= 4,110 + 925 (29.92 - 29.38)
= 4,110 + 500 = 4,510 ft

This is the same result as obtair2d from the nomonram of Piz. B.l or from
Bellamy's tables of p s Z, vheap = 25,20 in. was known. It can be seen
that the term 925 (29.92 - ..) is equal in magnitude to the D value but of
opposite sign and, therefore, that the local altimeter setting is merely the
correction for the local, surfoce D velue. Had the eltincter setting been
29.92 in., egain assuning a perfoct instrument, the indicated altitude would
have been 4,610 ft.

Exanple 3. Density error. In the vertical cross section from Medford
to Phoenix at 0300 GCOT on 2 April 1955 (Fiz. G.24), the D values at 300 mb
for Medford and Phoenix are, respectively, =1,050 ft and +860 ft. Now sup-
pose that the surface D values ai each station were both zero; this is very
nearly 80 as D de.reases with heizht in the cold air over lLiedford =nd in-
creases vith height in the varr air over Phoenix. (Here "cold" and "varm"
are relative to the Standard Atmosphere sounding.) Then at each station, if
an aircraft vere flying from ore to the other, the altineter setting would be
the sane, namely 29.92 in., end, if the instrument and operational arrors and
tine changes of D are neglected, it would correctly indi:ate the true heights
of the fields at both Medfurd and Pnoenix. But if the aircraft flewv at 300
mb, the altimeter would read 1,050 ft too high over Medford and 850 ft Yoo
lovw over Phoenix while always choving the same indicated altitude of about
30,050 ft. The total deviation is close to 2,000 ft.

The lee vave pressure field.

llion-hydrostatic effec.s. IU has been recognized for nany years that
mountain waves, like thurderstorus, are among the phenomena excepted from the
general assuxmption that pressures ueasured in the atrosphere reflect only

*Corrected for scale, tercrevire , and gravity error yut not for elevation
(5,145 £t) of the former ctation site in the town of Bisiop.
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hydrostatic conditions. Ir these exceptions to hydrostatic conditions the
deviations of true pressures from pressures resulting solely from the "weight"
of the air are caused by vertical accelerations in the air flow. The
principal difference betveen the non-hydrostatic pressures in lee waves
and those in thunderstorms and related phenomena is tiat in the latter the
vertical motion and its pattern of accelerations are rather unsystematic
and non-steady vhereas ia the former they are systematic and spproximate a
steady state. Therefore, if the synoptic streamline pattern of a lese wvave
is known, it is possible to calculate the effect of the vertical velocity
accelerations on the pressures neasured by aircraft. The derivation of the
formila is as follovs.

The equation of motion for steady flow (3/3t = 0) in the vertical
plane, with the Coriolis and viscosity terms ignored, can be vritten:

VeV = (V3/R)n + VOV/38 5 = - a® + 3

where V = Vt, p is the lefthand normal, 1/R is the curvature, and ¢ is along
the streamline. For points on trough and crest lines t = {, n =k, s = X,
V=U, and v = O, s0o here one gets:

(U/R) k + (LAU/3x) § = - a% - gk

Multiplying by p and rearrangin, terms,

(1) -%p = p(3 + US/R) 5 + p(V3U/3x) 1
Integrating alon; a tilting tiough or crest line

one gets:

(2) Po- Py =/ "Lols+ U3/R)dz « /7 p(UBU/ax)ax

0 0

At the trough line R is positive and at the crest line R is negative.
In an upvind-tilting lee wvave, 3U/3x < O at the trough line and 3/3x>0 at
the crest line since that configuration requires greater vind speed in the
downdraft areas than in the updraft areas. For a non-tilting lee wave,
equation (1) reduces to:

(3) s * po = pl = / 21 p(g + Uz/n)dz'

%0

If a streamline in the lee wvave is i fined by * = y(x), its slope 1s
y' = w/U and 1ts curvature at = trough ar rest i3

/R = y" = (v/U)' = UL 3w/ax - w2 au/ax

But v = O at trough and grest lines so tiat UZ/R = U 3u/3x. For periodic
flow, v = W, cos 2mxL"" and

v/ax = Vay 2wr-l (-sin 2wxl-1)

At crests and troughs x = L/b and 3L/L4, respectively. Then at the trough
lines, (3w/ax) = + hax 2xL" and at the crest lines,

(aw/ax) = - v owr-l,

C g e e v < e e — - - . e e m— . .- B - . - .
b B
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A convenient form of equation (3) is:

() Po-Py o/ 1e gzt U, alaz
20

vhere the plus sign applies at troughs and the ginus; sign at crests. This
equation states tlat the difference in atmospheric pressure measured along
a vertical betvesn level z5 and o higher level 23 is equal to the hydro-
static pressure, i.e., the weight of air in the celumn of unit cross sec-
tion, plus the integrated effect of the vertical centrifusal accelerstions.
It 15 apparent that the critical regions vhere hoth terms on the right side
reach maximm values at any level are the troughs and crests of the
vertical streanline pattern. Considering first the hydrostatic term,
vherever the lapse rate is less than the adisbatic lapse rate, and assum-
ing that the only temperature changes of air parcels in the vave flov are
adiabatic, temperatures in the crest vill be coldest and those in the
troughs varmest at any level. This lifference leads to a horizontal pres-
sure gradient froz trough to crest viich in a non-tilting wave wuld in-
croase vith height. In the extrene case of an adiabatic lapse rate there
would, of course, be no tempercture difference and hence no hydrostatic
pressure gradient fram trough to crest. Near an inversion, on the other
hand, such as is generally found in the roll cloud zone, the temperature
difference from trough to crest is often of the order of 10°C. At the in-
flection points in the flovw tie hydrostatic pressures, teuperatures, and D
values should be representative of the mean or undisturbed flow.

Examining next the verti:al acceleration term of equation (4), it is seen
that the vertical accelerations in steady flov are greatest in the troughs
and crests. The vertical centrifugal accelerations wvhich are positive at
the trough and negative at tic crest, tend to make the air "heavier" at the
trough and "lighter” at the crest and thus act to reduce the horizontal
hydrostatic pressure gradients in lee vaves.¥

Integrating quation (1) along a constant level, one [ets an
equation relating the horizontal variation of pressure tv the correspanding
horizontal vind spaed variation:

(5) Pxo-P‘l-/xZIPUaU/axdxa;_G(U,‘l-uxo)

wvhich states that the horizontal wind speed increases in the directiocn of
the horizontal pressure gradient and by an amount proportional to the meg-
nitude of the pressure difference.

The folloving four examples taken from the 1951-2 cross sectios
illustrated the pressure fields in lee waves.

le 1, D valu.s a:d horizontal vind speed variations. At the 300
mb level in the leec wave cross section of 16 Pebruary 1952 (FMig. 3.28 and
Table 3.1), the measured D values were lowest in the crest and highest in
the troughs. This relationship is in general agreement with the ocbserved
acceleration of the wind from trough to crest and invites a computational
check. Since the U field is more accurately measurcd, we can compute from
equation (5) above the horizontal pressure gradient required for the

"rhis is not surprising since it is the balance between hydrostatic
hydrodynamic farces which determiqes thc flow characteristics,

e © —— -
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observed acceleration of U, Yith reference to Tcble 3.1:

P = 0.47 (10°3) ton w-3,

0-261:13'1,

AU = + 10 nn s~1 from 1st trough to 1s: crest and - 10 = sl
from 1st crest to 2nd trough.

Then: Px, - Px = - F U4 U= - (0.47) (10°3) (26) (%10)
= 30,12 cdh = 31.2 2

At the 300 mb level a difference in precsure of 1.2 md is equivalent to a
diffsrence in D of adbout 90 £t wiiich, considering the degree of accuracy ob-
tainavle in measuring Z and Zn, is in rather close sagreeent t0 the chsaxved
AD s of - 120 ft from lst trouzh to lst crest and + 80 ft from 1lst crest to

&4 trough.

%h 2: ison between o‘bserved and
one consi first run unas:r the r¢
1952 (Fig. 3.28) and, for tue points cited 1n hble 3.1 and thc contqonry

surface data from the (t,x')-sections (Pigs. b.1 and ¥.3), computes their

altitudes mdrosuti.all,, 3¢ folloving results are obtaised (there are no
measurenents frog the tro 3

ydrostatic D values. If

Time z D D (hydrostatic)
PST Position e £t %

127 Downdraft 12,580 - 55 (+ 100)

1220 Crest 10,850 0 (+ 20)

1223 Updraft 11,130 - 110 ( o)

1224 Updraft 13,330 - W (+ ©0)

The adsolute differences should not be compared decause of possible
absolute errors in T, Zp, and Z neasurements; rather, it is the relative

differences within the two sets of D values tkat pertain to this discussion.
In the hydrostatic D field, thc value of + 20 £t at the crest is a nesr
minimm vith respcct to poi:ts on either side. Since wve are computing from
the zround upward, this rcsult is in agreement vith the axpectatioa of coldest
mean temperatures and lovest i drostatic heights of prcssure surfuces in a
non-tilting crest. In contrast to the kydrostatic D field, the D values
measured directly from Z and 2.p shov a relative maximmx at the crest line.
The conclusion suggested is that, in this case, the effect of the mean
centrifugal acceleratior at the crest linc, vithin the layer detweea the
ground and the points citcd, acted in opposition to the hydrostatic effect
and thereby reversed iac pressure gradient betveen varm trough amd cold
crest,
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le the D field in the vertical plane. In order to assess the
unitu% og ﬂﬂ hydrostatic and m-E’Rs&tEc contributions to the pressure
field in a strong lee vave, couputations vere performed on the data from the
cese of 18 liarch 1952 treated earlier in Chapter 4. Using the @ field an-
alyzed fram the meteorogram at 0800 PST (Pig. 4.16) and the surface pressures
at the same time (Fig. 4.17), several soundings along x' were plotted and the
D values in the vertical plane vere computed; the resultant analysis is showm
in Pig. 9.2. Comparing this D pattern vith the ¢ pattern of Pig. 4.16, one
sces that the maximum hydrostatic pressure (D value) at levels between 700
and 500 mb is found in the trough and the minimm hydrostatic pressure (D
value) is found at the crest as expected. At the 500 mb level the hydrostatic
D gradient from the trough (ihere D = + 60 £t), to the crest (vhere D w - 210
£t) 13 equivalent to -27C £t (~5.8 mb) in 30,000 £t (9 km) bhorizontal distance,

Although no vinds were neasured on the meteorograz flight of 18 March,
1t is possidble to estimate the values of U from the Bishop pival (Pig. 4.13)
and the values of v from the uj-and dovmdraftas encountered by both the
povered aircraoft and the sailplane. The wveave length and density distrioution
are knowvn from the analyzed @ field. Considering nov just the vertical ac-
celeratior (centrifugal) ten: in equation (%), the following conservative val-
ues aPply to the layer betiveen 700 end 500 ob:

«0.785 (2073) ton w'3 at the trough and

0.81% (1073) <on w3 at the crest

=3 ol
» + 3,000 ft min"2 ¥ 16 n s~ at inflection points

= 16 km

® [ < [~ ]
£l

= 2,606 o at the trough and 2,521 m at the crest

4

Letting8p =/ 0 p U+ 2w ) as, ve get
2
70

at the trough 4p

+ (0.785) (10°3) (30) (16) (2n) (1/16) (10°3)(2,606)
+ 0.39¢cb = + 3.9 mb

- (0.81) (2073) (30) (16)(2w)(1/26)(20-3)(2,521)
- 0.39¢b = - 3.9m

. &t the crest A4)p

At the middle of this laycr, near 50C mb, 4p of 3.9 mb corresponds to
approximately 150 ft in AZ,. Thus the thickness of the 700 to 500 mh layer
increases from trough to cfest by about 300 ft (.= + 300 £t) dus to
ceatrifugal forces oaly.™ ilow, tn the hydrostatic D field (Fig. 9.2),

™
One could now recarpute 43 using; corrected values of Az but this refine-
oDent would still result ir a celative correction of 300 ft.

i
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in the trw.b - -060-(-50-+110t‘tmdinthccnn
Bg o (Dﬂo) 2 9% re. S e i e Yot layer .
to est by 200 £t dus to hydrostatic effects only
(AD-- tt) and 8 1o be overcampenssted by the hydrodynamicsl
effects (AD = + 300 ££). This yesult is in agreemant vith the pattern

of vind speeds an uctunlbvnlunmmodmthomwmlnotthc
strong lee wave of 16 Pebruary 1952 as shown in Toble 3.1, and in Example 2

sbove.

le 4, the sure field across the Sierra. If one considers
the poun%ﬁ mtm cToss section over the Blezra at 1000 PST on 18
Decexber 1951 (Pig. 3.11) and computes hydrostatic pressure-height valuss
along thz verticals sbove BC (through the trough) and M (through the cyest),

the following results are obtained for camparison wvith the redicsonds data

at LP:

P Rydrostatic D (ft)

(wb) LP (4,760 ft) (6,166 ft) K (3,830 £¢)
(Vindvard slope) (Lee trough) (lee crest)

sfec + 210 - 8 - b

800 + 2kO - 80 - T

700 + 220 - &0 - 110

600 + 230 + 80 - 150

500 + 270 + 25 - 170

4oo + 360 + 470 - 100

T + 560 o

From this table it can be seen tlat the hydrostatic pressure gradieamt
(difference in D value) across the Sierra is greatest at the surface and
decreases with height, apparently reversing itself slightly above 500 mb.
On the other hand, the difference in D value frox trough 1o crest is least
pear the surface and the hydcostatic gradient of D fram trough to crest

increases vith height.

To obtain a rough astimate of the total effect of the vertical accelsra-
tions of the streamline field in the layer from 800 to 300 ab, and recalling
the large vertical speeds encountered by aircraft on that day, the following
calculation is made:

ap =t p U 2wt A

= ¥ (0.75)(2073)(30)(20)(2w)(1, 13 )(20"3)(T,200)
a0 6hco =2 .4bmd

Bt i e it B o S D R e Conr S0 LR TYRE SFEUIRERS N e v R p weryou SC G R
‘. . - - T
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At 300 ®d, 6.4 mb corresponds to 875 £t in D dut in applying this
#p to the entire layer one must use the average height difference or that
for about 500 mb which is 320 £, Subtracting 320 ft fyrom the hydrostatis
hedght of the 300 mb surface over EC (trough) and adding 320 ft to the hye
drostatic height of the 300 mb surface over M (crest), it can be seen that
the total difference of 640 £t nearly equals the fictitious hydrostatic
gadient of 660 ft from trough to crest at the 300 md level, The same
argusent Wolds for any other layer and isobaric surface in the les wave,
Again ve find the campensation batwveen hydrostatic and hydrodynamic prese

uxes.

Pals (1955) computed the pressure field due to resonance vaves and
found a nodal surface near the level of maximm streamline amplituds; above
that level there vas a pressure gradient from trough to crest but at the sure
face the lovest pressure wvas under the trough and the highest pressure vas
under the crest, The observations of 1§ Fedbruary 1952 (Rxamples 1. and 2.
tbove) and 18 March 1952 (Example 3. above and Fig. 4.18) are in agreement
vith Palm's theoretical model,

Altimeter errors and aircraft flichts over mountaias.

One of the mo3t Jdramatic mths about the Sierra Wave is that concern-
ing large altimeter errors of the order of 1,000 or even 2,000 fcet associ-
ated vith the disturbed air flov .ear the mountains. The alleged facts,
vidaly circulated and wvidsly believed, are based upon the stories of pilots
vho have flown in strong mountain vaves and vho have inde2d noted significant
differences betveen their altimeter reading and iheir apparent altitude,
Without doubting the honesty of tnese men--but with, perhaps, a vink at
their enviable adility to spin a good yarn before a credulous audience--
project experience suggests that thcse "errors" are either real instrumental
or principle errors or, in some cases, discrepancies caused by optical {1l-
lusion., Listed in order of importance, reported altimcter errors in the
Sierra Wave may be due to any of the following:

1, large principle errors, particularly in air much colder than the
Standard Atmosphere and vith an altimeter setting that is too high for the
region, In Table 9.1 the maximum altineter correction at an altitudc of
15,000 ft, near the crest of the Sierra, is of the order of 1,000 ft, half
of vhich is density error. Pressure datin (altimeter utthus errors,

mininized by experienccd pilots, become important vhere surface
pressure falls rapidly during a flight. (Sn axamples 2. and 3. at the end
of the section on the pressure altimeter in this chapter.)

2. A combination of large instrument errors--particularly disphrega
and hysteresis errors--in the altimeter used and operational errors, includ-
ing static system. (See Table 9.1 and example l. of the first section of

this chapter.)

3. An upvind approach to the Sierra in which the pilot glances at
his altimeter vhen near the trough of the vave just prior to encountering
a 3,000 or 4,000 £t per min downdraft, and one minute later finds the
aircraft spproaching the mountain side st an altitude obviously 3,000 or
b,000 feet lowver than intended. (If he were not s0 dbusy at the instant of
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ronprohendd g this daiger ard Dad time to look at his aliimcter, it would,
in all probabiiity, verify the unpleasant fact.)

Lk, An optical illusion caused by either the lack of a level
horizon when flying under clouds in mountainous terrain or by a looming
erfect caused by refraction of light by a temperature inversion rear the
level of the mountain crest.

As for errors caused by the vertical accelerations in the lee wvave,
the -~onputations and measurauents indicate that thece effects are smaller
tlan the hysteresis errors and are therefore generally undetectable, It
should be pointed out that in the non-steady flowv of certain strong mountgin
waves, there are probably large vertical accelerations of short duration,
but in such instanc:s the associated turbulence is by far the greater
hazard and concarn over the slight effect on the altimeter rcading is ir-
relevant.

The "one minute later effect” (3. sbove) may be the real Lorelei of
the mountair vave for pilots. Often the downdraft is so smooth as to be
hardly perceptible if one vere not vatching either instrumeats or terrair;
the aircraft is simply pushed rapidly and steadily toward the ground. The
strorg downdraft coincides with strong horizontal wind speeds, which means
that a lee wave vith a downdraft of 4,000 ft per min nay have four times
the effect as one with a dowmiraft of 2,000 £t per min on an aircraft
flying upvind, since it will require twice as nuch tize to traverse the
dangerocus area. Also, the total loss of altitude will be even greater if
the aircraf't approaches the uountain . 1e obliqueiy and will be at a
asximun when flying parallel io the rang: along the dovndraft area. The
result of a minute's inattention and reliance on the automatic pilot in
such conditions can be as catzstrophic as fallirg asleep while driving
an automovile.
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It is well known amoug glider pilots that a comosination of severe
urbulence in certain £ ov se:tiors with "umu:al smoot..rese in others is
vypical of the mow.tain wva.e. In geascal, the distributior of tiese flow
regines is meds visible in the cloud formations; the cumulus or fracto-
cumulus type roll clouds representing the lower turbulent ‘ayer, the lenticular
type altocumulus or cirrus clouds depicting the amooth upper wave flow, Oc-
casiona-ly, but quite rarely, & high layer of slight to se/ere turbile.ce
has been found in the neiglborhood of the tropopause. A case of this sort
of high level turbulence is dascrided delow, The more tyrical arrangssent
is as follows:

Lover turbulence zone

The smooth weve flov of the upper troposphere "rests” on & turbulent
air mass originating dovnvind of tha nounu%n range close to the ground and
probably directly connected with the stable™ air mecs fa ling from the "cap
cloud” ("fobhn mauer" over tLe mountain crests) down the .ee slope. The
“eloud fall" which makes thic gravitational descert imprescively visible is
not alweys present, dspending on the humidity comditions. Its smooth con-
tours are deceiving. It has been found impossible to contyrol an aircraft
venturing into this flov. In viev of the hazards connccted wvith the turbulent
low level flow, very little is known on details of the .’low characteristics
close to and below the mountain crests, A few miles farther dovnwind, the
so-called "rotor flov" has been detter explored, and it is there vhere
sost encounters vith severe turbulence have deen made,

As discus: > "a an earlier section,the "rotor flow" owes its name to
the fact that vinds in its lower parts are either weak or reversed. This,
bovever', is only an average statement. A stresmline flov does not seem to
exist in the rotor area, The air mass undsr and in the roll cloud is in a
state of oontinuous mixing, the highest degree of turbulence deing encountered
at the lsading edge of the roll cloud at sbout

N B
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of thermal convection and is best descridbed by the following excerpt of flight
report 2007 from 18 December 1951 by L. Bdgar, research pilot ol the Mountain
Wave Project in sailplane P-R:

The turbulence becaze more severe &s we progressed under the roll
cloud, It vas not possidble to keep the sailplane in level flight .
attitude even vith full comtrols being applied. The magnitude of
the vertical change of the position between the two aircraft was
very great. The rate at which these changes occurred vas amazing.
Too, the distances betwveen the two aircraft would change vith no .
apparent change in speed or attitude, The towplane would suddenly
loom larger and ve would be rapidly overtaking it with the sail-
plane,

This became quite disconcerting as an one occasion, when ve had
overtaken the towplane, the BT raised very suddenly and turned a
little across our path, Ve wvere nov looking up at the towplane at
about a 25 or 30 degrec angle with a large loop of slack towv line I
coming tovard the sailpiane. The rope came back across the top of
the left wing, over the canopy and then the right wing.

Before I could release, the rope wes yanked off the top of the
sailplane., The slack wvas then taken out of the line and there ap-
peared to be no damage done, !

We released under the roll cloud when the tow plane dropped,
pitched forward and disappeared from sight. The release vas mads
before the tov rope could become tight and jerk the nose of the .
sailplane. The time was 14:48 and altitude 11,000 feet. The max-
imm accelerometer readings on tov wvere found under the roll cloud .
with a = +5 and -2 G, :

The towplane came along beside us. To have the tovplane flying
beside us off to our right, really gave us a picture as to vhat vas .
going on, We would suddenly rise and the tow plane would drop out
of sight. Soon the towplane would come back up and we would be oo
our vay dovn, It reninded me of two elevators operating side by
side.

Most characteristic for this type of turbulence are the horisontal gusts.
Thay affect the aircraft's airspeed in a disturbing vay, quite different from
the vell known convective turbulence. This is, however, not surprising since
the rotor flov is alwvays connected with strong horisontal winds approaching Jjet
stream conditions. Maximal vertical accelerations during tov in the rotor
tone, as read from the sailplane's accelerometer exceeded 7 G, a value not
very reliable in viev of possible over-shooting of the instrument needle.

A more accurate record of rotor turbulence has deen odbtained by the
flight analyzer of the 3-29 during the joint operation of the Jet Stream and .
Mountain Have Projects in 1955. The case in question (1 April) was a powerful
mountain vave with average turbulence in the lower levels. The aircraft wvas
c¢ircling over Bishop about 15 miles dovnwind of the Sierra crest at 5.3 km
high in the general area of the rotor zone. As Pig. 10.1 reveals, vertical gust v
velocities of 30ft/sec (or more) occurred 13 times within 50 se.onds, the
maximum being 69 ft/sec negative, These are derived gust velocities according
to the present NACA formula vhich takes gust gradients (rather than sharp edge

D R ow
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gusts) into account.

While these swprisingly high values represeant only the aversge con-
ditions to be found beneath mountain weves, a certain critical arrangemsent
of the rotor flov (which is, fortunately, rare) display: & turbulence of
dsstructive magnitude. It can be recognized by the folloving character-
istics:

(1) BRoll cloud: Deep with tops unusually hizh, exceeding con-
sideradly the tops of the cap cloud over the mountains. [In the
Sierrs Nevada 30,000 ft (9 km) have been ocbserved. )

(2) Lsading edge of the rotar cloud system: Umusually far dowmvind,
(In the Sierss Nevada 15 miles distance from the erests have

bean cbserved, )

(3) Murricane force surface vinds betveen mountain range and rotor
zone carrying dust into the roll cloud.

(&) BStraight leading eige of the roll clowd not the bends
of the mountain rarge and great laterel extension. (In the
Sierra Nevada 0.1 clouds of 3more than 150 mil - lateral exten-
sion Lave been obierved,)

(5) Motor cloud extending far dowvnwind without periodicity,

(6) Turbulence ooncentrated in small cloud puffs ahead of the roll
cloud's leeding edge.

These conditions were fulfilled, for example, on 25 April 1955 whea

doth project gliders raa into emcessive turbulemce Detween 13,000 and 14,000

feet vhile penstrating the descrided amll cloud puffs at the leading of
the the town ormso;:ﬂ.c
vere msasured while 5 miles farther south the jroject glider PR (designed
120 ft/sec. Rwoerpts of

E
]
{
;
[
E
g

The flight path vent 1240 the very tap of the little clouwd
NIL. It seemed %0 swell \Pp before the moes in the last moment,
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I looked at the needle and ball, 35uddenly and instantancously the
needle went off center, I folloved with correction but it swung
violently the other way., The shearing action was terrific. I wus
forcel sidewayc in my seat, first to the left, then to Lthe right,

At the came tire wken this shearing force s.aoved me to the right, o
fantastic positive G load shoved ne down into the scat. This positive
load continued., Just as I was blacking out, it felt like a violent
roll to the left with a loud explosion folloved instantcneously with
a violent negative G load,

I was unable to see after blacking out fyrom the positive G load.
However, I vas conscious and I felt my head hit tue canopy vith the
negative load., There was a lot of noise and I felt like I vas
taring quite a beating ot tlis time., I was too stunned to make any
attempt to bail out,

Just as suddenly as all of this violence started, it becare gquiet
except for the sound of the wind whistling by. I felt I vas falling
free of all wreckage except samething holéding voth fect.

It is unlikely that eircraft can be designed strong enough to vithstand
these excessive loads. Like boats staying awuy from the iiiagara Falls, the
remedy for aircraft ie to avoid flights into the rotor ronc when the critical

signals are up.

Upper turbulence zone

It has been mentioned above that the air flowy in the mountain wave above
the rotor flov is laminar and exceptionally smooth. This is generally trus for
altitudes as high es the lower stratosphere. Frequiently, the tropopause is per- .
ceptible by a very slight rocking motion of the sailplane resembling a doat
drifting in a light summer breeze,

Occasionally, however, severe turbulence is again encountered at levels
above 10 m. This 1s especially true if the jet stream core is close and the
teaperature sounding shows the typical gradual transition between tropospheric
and stratospheric lapse rate (Pig. 10.2). It is not clear at the present tine
what the mechanism of this turbulence is and vhether or not the strongly
negative vertical shear gradient on top of the jet stream core is involved.

An example may illustrate this phenomenon.

On 18 December 1951 a strong mountain vaveallowed the sailplanes to reach
42,000 feet. The vertical temperature and wind soundings (Figs. 10.2 and 10.,) in-
dicate the closeness of the jet stream core with winds reaching 125 knots at
40,000 ft. In the stable transition layer between troposphere and atratosphere N
extending roughly from 33,000 to 38,000 £t (10 to 11.5 km) turbulence of un-
usual features and magnitude was encountered. Mg. 10.4 shows the vertical
motions of air within 3 minutes of flight time (lower diagram). Up and down-
currents of 3,000 to 4,000 ft/mir alternate in close succession rsaching at one .
point a total amplitude of 7,000 ft 'min (351/sec) within 5 seconds® of flight

'These are carefully evaluated mean values over several scconds and are not
to be interpreted in terms of accelerations which, generally, cover shorter
intervals and cannot be evaluated from altitude records,
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time, The corresponding altitude (center curve) is close to 37,000 ft.
That it is irpossible W keep airspeed constant under such conditions is
evident from the record of the P-R sailplane (upper curve), the variations
reaching 30 knots, In agreement with the pilot's i-pression, the diagram
seems to indicate the existence of very large eidies or twrbulence elenents
vhich, if drifting in the wind, should have a characteristic size of about
2 m (or LO seconds flight time). Maximum irdicated accelerations were
+4G/-2G. The correrponding (true) "derived gust velocitias" again exceed
100 ft/sec. Height and structure of this type of turbulence may represent
a serious bhazard to modern aircraft vhich crosz mountain ranges close to
the Jjet stream core and the tropopause. Not enough experience has been
collected so0 far 1o allov a generalization of this cbservation.

Note: The sailplane's flight characteristics are: Wingloading: 58 lbs/sq ft
Aspect ratio: 13

References,

Kuettner, J. (1952): A Note on High Level Turtulence Encountered by a
Glider. Air Porce Survey in Geophysics Fo. 29.
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1l. FLICHT HAZARDS OF THE MOUNTAIN VAVE

It nust te clear by nov that the combined phencuenon of wave and
rotor flov presents serious hazards to aviation. In the order of severity

these hazards are:

a. Downdrafts

b. Turbulence

¢. Local change of upper winds
d. Altimeter errors

thile each of these flow characteristics has been discussed at some point
in this report, a separate trsatment from a pilot's viewpoint appears ap-
propriate. The history of aviation is replete vith disasters of aircraft
in mountainocus terrain. liany of these accidents have been listed as
"pilot's error" for lack of better explanation. The more probable inter-
pretation is that the rclatively rare case of a very poverful mountain vave
has been encountered by an experienced pilot for the first (and last) time.

The significance of the four hazards listed above will now be dis-
cussed, first separatel;, tien in their critical :arbination.

a. Downdruftis

The wmore important locations of severe downdrafis are over the lee
slope of the mountain range and on th> downvind side of the rotor cloud
(Fig. 3.28). They are separated by an area of strong updrafts near the
leading edge of the roll cloud. The two main dovndrafts are adbout 5 to
10 miles spart. Here, 2,000 ft/min down are rather usual variometer read-
ings vhile in severe cases 3,000 to 5,000 ft/min have been observed,

These high values are centered around the height of the nountain crests.
Very few airplanes can metch such dowvndrafts with full pover. Any length
of tine spent in the vide dovndraft areas vill inevitably bring the aircraft
down into the layer of severe turbulence (See b.) and into close proxinity
to the mountains. This is especially true if airspeed is Xept constant.

Things are not less critical if the pilot tries to rexain on the
assigned flight level or if the aircraft is on altitude controlled auto-
pilot. Fig. 6.13 shows an ettempt of the Jet Stream Project's B-29 to
traverse the poverful mountain wvave of 1 April 1955 at 20,000 ft (=6km)
against headwinds. Intentionally, the pilot, Capt. Dowd, 4id not change
throttle settings and the aitopilot corrected automatically for loss of
altitude dy change of attitude. As a consequence, the aircraft lost speed
at a dangerous rate and approached stalling. This occurred in the very
smooth 1ave flow vhare such happenings may go unnoticed. Actually, the
autopilot was not able 10 keep altitude constant and over 500 feet were
lost in 2 minutes. Any further loss of altitude could heve brought the
slowly-flying aircraft into the turbulent rotor zcone vhere a flight with
marginal airspeed nay become critical. In this particular case the total
variation of true airspeed amounted to about 120 knots, part of which 1s,
hovever, due to a rapid variation in horizontal wind speed (See c.).
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2 ulence

Chapter 10 has dealt with this matter from a meteorological stand-
L ont. From a pilot's outlooii it is important to realize that this type of
clear .ir turbulence compares wvith tac most severe in-cloud-turbulence
esnocour :ered in thunderstorus.

At the present time, the specific characteristics of air flow and
Lynep ic veatiuer situation causing hcavy turbulence are not rell enough
under itood to permit reliable forecasts. As a comsequence, the pilot must
be a\ire of impending danger in every strong mountain vave. He has to follov
certi.in rules which will be diascussed at the end of this chapier,

As descridbed in the foregoing chapter there may be tvo distinct layers
of t.rbulence dowmvind of a mountain range under wvave conditions., With rare
exce tions, the lover one is alvays present in a more or less dangerous form,
TR frou the ground to above the mountain crest level. An aircraft
tly ag (according to present cafet) rules) at 2,000 feet above mountain
top will, in the majority of cases, run into this turbulence zone at some
pol t since thetop of the rotor flov exceeds the height of the mountain range
con iderably. The encounter 'ith tais turbulence i: quite sudden, after
o th flight, and 1f passengers aave not fastencd seat belts in time, there
my dbe injuriesz adoerd.

Besides this discomfort to crev and passer.gers, control of the air-
c1 .ft in instrument flight is quite difficult and, in severe cases, inpos-
siile, FEven structural failure aay result as indicated by the accident
de icribed in the foregoing chapter. Vertical and herizontal gusts may com-
%! 10 in such a vay as to cause G loads beyond the ultimate load factor This
it especially true if a high specd aircraft flies -rith tail wind into the
™ 11 cloud, The cases of excessive turbulence are rare and can be identified
a. the present time only from direct observations at the particular locality.

Some of the visible claracteristics are describ»d in the foregoing
caspter. The most impressive of these is a very high top of the stationary
roll cloud (cumulus, cumulus congestus or fractocumulus, in contrast to the
rmooth upper lentizular clouds). If this cloud cannot be clesred no sttespt
should be made to cross the mountain range at this specific point. Some air
lisasters have been definitely identified wvith an atteapt of the pilet to
sontinue flight through merked roll clouds at insufficient height. The saf-
est flight level from a vievpoint of turbulence is adout 25,000 feet. It
should be realized that even mountain ranges of less than 5,000 ft height may
cause a dangerous degree of turbulence.

A s0-called "dry vave" vhich does not give warnings by visible cloud
features may be almost as critical as the "obscured wave" vhich is hidden
in a deep overcast possidly containing precipitation and icing.

The level of turbulence is in all prodbadility connected with the
sxistence of a jet stream over mountainous terrain. As descrided in the
foregoing section, this type of turbulence may, in rare cases, be of destruc-
tive force, reaching vertical and horizontal gusts of 4,000 ft/ min. (Bee
Fig. 10.4) Fiights across extended mountain ranges close to the jet streem
core ard the tropopause (that is, vetween 30,000 and 45,000 ft) have a
certain chance to encounter heavy clear air turbulence. The usual high
level turbulence is sometimes compared to cobdlestone driving; this specific
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turbulence "feels" different, namely, like riding om powerful eddies of
a nile in diameter. Not enough observations exist to establiah reliable
criteria for this phenomenon which, hovever, is relatively rare com-
pared to the aforeuentioned lov level turbulence. Again a flight level
around 25,000 feet is recammended.

¢. Local variations of upper level winds.

Strong, but gradual changes of wind directions and speed bave been
observed over horizontal distances of 10 miles or less. They m&y be due
to a vertical variation of the vave pattern, or to lateral irregular-
ities of the mountain range. Ther: is also indication fram glider flights
that a jet-like increuse of vind velocity occurs at certain levels leeverd
of moumtain ranges. The ioplications for sviation are obvious:

1. Position errors .ay follov from the erronecus use of the last
vind determination.

2. Prolonged stz in lowniraft areas due to excessive head vinds
may cause rapid loss of z2ltitude.

3. The airspeed _ay (rop to urdesircble -a’ues in suddenly Jdimin-
ishing head winds.

‘Position errors of the kxind mentioned urder (1) have been definitely
responsidle for lei-dowms into mountain peals.

Loss of ground speed in downdraft areas, according to (2), will
bring the aircraft dowvn into :lose proximity to the nountain range. If
the vave crests tilt uprind vith beight (this is the coomon arrengement),
strong vinds will coincide irith downdrafts.

Loss of airspeed according to (3) may be critical® if the aircraft
is already slowing down to keep altitude in downdraft areas (see a. of
this chapter). The curves of Fi3. 11.3 give 2 more detailed amalysis of
the airspeed veriations depicted in Fig. 6.13. The aircraft agproaches
the Sierra Nevada from right to left (see lower cross section) at 20,000
feet against headwinds of 50 to G0 knots. On passing into the Owemns
Yalley the vinds diminish rapidly (lowvest curve) to about 20 Xnots and turn
35 degrees towards the right (second curve frox bottom). thile the head-
vind component drops alnost MO knots in less than 2 minmutes of flight
time, the aircraft bezinc to enter downdrafts of over 1,000 ft/ain (secomd
curve from top) slowving down further throush the action of the autopilot.
This combined effect of vind decrease and dowvndrafts causes the airspeed
to drop over 100 knots until stalling speed is almost reached (upper
curve). VYhen entering the updraft portion of the lee vave with over
1,500 ft/min up, vinds increase in less than one minute of flight time
by 35 krots and turn rapidly to the left. This combination raises the
true airspeed sbout 100 knots in one minute. Further sain is counter-
acted by another rapid drop ir head vinds, but the total variatiom of
true airspeed amounts to 120 kndots. Although the mein downdraft over the
oountain slope with 1,500 ft/min vertical velocy is subsequently entered
(second and third curvec fron’ top) the drcp in airspeed is far less then

“he adaptation of modern aircraft to borizontal vind variations (io
contrast to vertical drafts) is very slow,
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before since headwinds increase again by about LO knots. Also some altitude
reserve had been gained in the updraft wvhich is now sacrificed, thus counter-
acting the loss in airspeed. In this particular case total vind variations
reached about 45 degrees in direction and 40 knots in speed, which is a
large fraction of the undisturbed wind (60 knots) at this level. The case
is probably not unusual, but it is the first time that lee winds could de
Tecorded and reported in this detail. 8ince there is sometimes no varning
by turbulence of the rapid changes in air flow, only the dials on the
instrunent panel and the slowly changing noise of the engines may indicate
to a pilot that something unusual is happening. B8Sudden loss of control may
sasily follow from such a situation.

It should not go umentioned that a pilot crossing nountainous ter-
rain cannot put too much faith in the measured winds supplied to him by the
meteorologist. It is obvious from Piz. 1ll.1 that a rawin or pibal released
in the mountains will give entirely different wind values ¢apending upon
vhether it crosses a given level 5 or 10 miles farther dovmwind from the
mountain ranges.

4. Altimeter errors.

A more detailed discussion of altimeter erross in air flov over
mountaine is found in Chapter 9. As chown there, earlier claims that alti.
meter errors oy reach 1,000 to 2,000 feet in certain sections of the
mourtain vave have not been confirmed dy this project's flights. However,
it must be realized that in the maxioum updraft area vhere gliders spend most
of their flight time, dyramic pressure deviations are expected to de at a
niniram.

It should be quite clear tc the pilot that the "normal" D-value
(difference batween true altitude and the pressure altitude vhich is in-
dicated by the altimeter, based on the standard atmosphere) is not a special-
ty of the mountains but a texperature effect of the air mass in vhich he is
flying and that in vinterly weather his altimeter is grnerally indicating
higher than the aircraft is flying. Por lack of comparison this may not
ocour to him until he is fuced vith a mountain peak of a given altitude.
This is not the type of altimeter "earror" under discussion. It is common
knovledge tkat our altimeters are mesasuring pressure, not altitude.

It is the local deviation from this "normal” D-value vhich may bde
tarned "altimetsr error” due to a mountain wave. As discussed in Chapter 9,
this pressure disturbance is composed of static and dynamic components; the
first deing due to the complicated temperature field of the wave pattern
throughout the atmosphers, the other due to inertia forces such as centrifu-
6al forces oa a curved streamline. Both casponents tend to compensate each
other and the total altimeter error in a mountain veve does not seea to
exceed the order of several hundred feet. This has t0 be added (or subtract-
ed sccording to the sign) to the "normal" seasonal D-value and may, in
extreme cases, reach a maxizrm total of 1,000 feet, the major part of wvhich
is prodadly not due to the lee vave dut to the air xass temperature.

Az the nountain vave is a vinterly phenomenon, therc is a normal
tendency of the "seaso:al"” and the "mountain error” to coincide. This may
become somevhat criti-al iU the aircraft has been forced down in a strong
downdraft. If visidi_ity is rastricted, the pilot should alweys allov for
1,000 feet total deviation from his altineter reading vhen crossing a
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mountain range in winterly veather vith high windso,
llevertheless the altineter error over mountaing appears to have
been sanevhat over-estinmated. VYith vertical air motions of several
thousand feet per minute present, a sudden loss of altitude in severe dom-
drafts vill generally far outweigh thes error in altimeter resdings.

e. Combinationof hezards in a mountain vave,

It has already been pointed out in the foregoing paragraphs that
certzin canbinations of the listed hazards can become quite critical. A
very typical combination is the folloving:

Due to an upwvind tilt of the vaves, streemlines are packed on the
dovmvind side of the waves. This increases not only the downdraft velocity
of the air, bt also tie flisht tine spent in the downdraft area during
a hecdvind flight. The aircraft vill continue to lose altitude. Attempts
of the pilot to climb with full power will slov dovm the aircraft fuwrther
and trap it in the downcwrrent. In a matter of a ninute or two the plane
nay descend into the lov level rotor zone viere it encouniters excessive
turbulence with insufficient reserve speed. loss of control may follow
precisely at the moment viaen it is nost needed; narely, cduring flight
at mountain crest level. The situation is aggravated by unrelisble
altineter readings and a collision vith tle mountain may become unavoiad-
gble if visibility is restricted.

There are many other dangerous conbinetions conceivable vhich may
have caused alr disasters in ilue past, especlally if the aircraft vas in
instrument flight,

f. Sugpested rules for flyinz the weve.

45 long as the unsatisfactory sarety rules on uinimum height over
wountains are not changed, the responsibility rests vith the meteorologist
ard the pilot hinself. Although the presert safetiy nargin of 2,00C feet
nay be lost in less than one minute, a general change of ninimm heights
has not been adopted thus far as it would eliminate nost non-pressurized
aircraft from flying over the Rocky Mountains. Under these circuastances,
the pilot should observe certain flight rules after having been properly
briefed by the meteorologist that nountain vave ondition: nay be expected.
Pev pilots are avare of the fact that, in winter, this iz the case in
one out of four days.

The following ten rules are suggested as a guide:

1. If it is not feasible to fly around an area of cbvious vave
activity, cross the mouniain ronge at about 25,000 feet or at a level vhich
is at least 50% higher than the height of the mountain ronge above the
surrounding terrain.

2. Avoid all flights in the turbuleat rotor cloud (aiso called
"roll cloud").

3. Do not enter the "cap cloud” over the mountain crest vith its
severe dovndrafis,

l
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4. Do not fly high-speed aircraft into the wave below 20,000 teet,
particularly, do not fly downvind.

5. Do not penetrate a strong mouiitain veve on instrument flight.

S. If you are trapped in a severe dovndraft, change course quickly
to a taiivind direction.

T. Allow for 1,000 ft *otal error in altimeter readinge ncar sty
tain pcaks.

8. If flying above 30,000 ft, avoid levels with ragged edges of
lenticular clcuds; they may be indications of severe high ievel turbulence,

Avoid them by changing height.,

9. If flying egainst headwinds, use updraft arcas (especially the
one upvind of the rotor cloud) as an aid in gaining altitude reserve to
pass through the next downdraft area.

10, Cross a poverful mountain vave at right angles to the mountain
range in oxrder to keep flight tize in downdrafts to ¢ minimn,
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12. THEGRY OF STATIOKARY AIR FLOW OVER A MOUNTAIN

Introduction. 1In the final report of the Sicrra Wave Project (17]
a orief historical accow:t wvas given of the dcvelorment of the mathexatical
toeory for the flow of an air current across a mountain range, including
the contributions vhich were made under the sponsorship of the project.
In this chapter some of the salisnt features of the theory wvill be reviewed,
and the results vill be compared vith the observed flow patterns over the
Sierras.

Most of the existing theory har been derived under the assumption
that second order turms in the governing equations can be ignored so the
problem can be investigated with sufficient accuracy vith linearized
equations. It is generally agreed that this approxization is reasonably
good (except perhi s in the immediate vicinity of the mountain) if the
effective vidth of the mountain is mich larger thar its height, vhich
is usually ths case in nature.

It is further assumed that non-isentropic processes (radiatiom,
condensation, turbulent mixing, and molecular dissipation) can be ignored.
The air is considered a perfect gas of uniform composition vhose physical
changes obey the adiabatic lav. Apart from the condensation there ¢;pears
to bde reasonable justification for these approximations. However, the
cross-mountain flov is usually accompanied by typical cloud formations.

It wvould be very difficult to incorporate this condensation process in
the theory, and it has therefore been left out of the theory so far.

In the flov over very vide continental mountain systems vhich it
takes the air a day or more to cross, the rotation of the earth becomes
one of the dominant factors in the dynamics of the flow. The stresmlines

’ have large horizontal defelctions on the lee side of the mountain range.
Hovever, if the mountain is only moderately vide like the Sierra range,
the air will cross it in a fev hours. The dynamic effect of the earth's
rotation is then unimportant and may dbe ignored altogether. Within this
approximation the flov is two-dimsnsional in vertical planes perpendicular
to the mountain,

The linearized theory vith the above approximations is reviewed
in the first section delov. The elirination process lesding to the dasic
wave equation (13) is given in some detail. This is included since the
various investigators have derived the equation with different and not
altogether systemati~ additional approximations based on mmarical estimates
of atmospheric values of the physical parameters in the undisturbed flow,
The complete vave equation (13) cannot be solved vith present mathematical
knowledge. It is therefore necessary to consider simplified atmospheric
models vhich resesble observed conditions. The rest of the chapter re-
vievs the theory of some of these models, and campares the flow predicted
by them with observed flov patterns. It is shown that the agreement 1s
rather good in the most recent models.
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1. Stationary flow of a stratified atmospheric current over s small

litude two~dimensional wsountain file, - In the basic undisturbed state
'('!Pth the mountain absent) the m%:w steadily in the fixed borizontal
direstion of the unit vector § (the x-axis) with a velocity U vhich has
an arbitrary variation along the vertical U = U(z). The mass distridution
in this undisturbed current is hydrostatic vith arbitrary stratification,
that is, the specific volume ais an arditrary function of height,
a=a(z). The stratification is conveniently descrited by the relative
vertical gradient of specific volume

(1) s-u(z)-%(lnc).

The physical changes of the air (in the disturbed flow) are pre-
scribed to obey the adiadatic lav, vhich may be written in the differertial

form

(2) -g—t (density) = b %’é (pressure).

The parameter b is the coefficlent of pietzotropy. For adiadatic changes
b is the inverse square of the speed of sound. Its value is ottained from
the eq.tion of state

,_;__T,RO( -1k, - c/ey

by individual time differentiation, vhich for adisbatic caanges gives
1 La iDp 1

aDt"TPADt" " xp

and hence, by comparison with (2)

1l 1 1
(3) b*;a;-;ﬁ-gg.

The vertical stability of the current is determined by the gradient of the

potential temperature 9§, obtained by differentiation along the vertical of

the equation of state for ihe undisturbed fields. Thus, using the hydro-
tetic equation ve get

and hence
(%) fme-.Lma-vgasbgno.

In this system we introduce a smell amplitude twvo-dimensional
perturbation in the vertical zx-planes,

(5) v = !(x)z) - u(x,z)& + V(X,Z)E,
and explore under vhat conditions, if any, the resultant motion is steady.

Let the corresponding mmall local departures of pressure and mass dbe
denoted by a bar over the respective symbols, 30 the resuitant fields are

f
t
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p(z) + B(x,z) ; a(z) +8(x,2).

If the resultant motion is steady, the individual time derivative is the
convective change

D - ) 3 .
5y (ug +x)¥ ua-i"!!:

s0 the equation of pietzotropy (2) bdecomes
-(Usa; + v<7)(a+d) = b(u&)a(Ug; + ¥ 9)(Bsep),

or, vhen second order terus are ignored,

-U&a(& + bdzfa) = w(‘g_—: +b02§‘f) = av(e-bg) = civ,

Let ( dcnote the vertical displaceuent of the particle from its equilibrium
level, write v = 0%‘5, and integrate vith respect to x. l/e then get the
physical equation in its most convenient form

(6) -d/a sbad + Co.
The dynamic equation of the resuitant disturbed motion is
(Us2 + y-3)(Uf + ¥) + (a8)V(p+B) = o

The terms a¥p=g cancel due to the hydrostatic balance of the undisturbed
flow so, vhen second order terms are ignored, we get

Uy, +U'vi » (8/a)g = - alp = -Y(ap) + BYc.

Here partial differentiation on the perturvation velocity is denoted by
subscript, and the total differentiation with respect to height on the
parameters of the basic undisturbed flow by accent, The last term on the
right may be written f¥a = af(lna) = apsk. Substitute further for
2/a from (6). The dynamic equation then becomes

(1) Wy + U'wi + o(gi-ap)k = -7(ap),
or, vhen the local pressure departure is eliminated by Ux differentiation,

U(T*v)y + Ulkoy, + 1(U'w)d +0(gY + Uy, + U'vi) x k = 0,

All the vectors here are perpendicular to the xz-plane 80, taking their
scalar values, we have the corresponding scalar equation

U(ug-vy) o + Uluy + (‘J'w),‘ - O(GCx + Uy, +U'v) =0

Divide by U, change sign, and substitute { =w/U, thus




"

v’ u’ o’

(8) vn-un+(a-r)ux-b—vz+(§+—ﬁ--ﬁ—)v-o.
Prom this equation u, may de eliminated vith the aid of the equation uf
continuity,

9.y = -(aed) %t(p"ﬁ):
vaich, combined with the equation of pietzotropy (2), becames

W + vy = -b(eed )(Usg + ¥9)F + B),
or, vhea second order teras are ignored,

Uy + ¥ "busax'(ap) """% ‘

The local pressure departure nay dbe eliminated vith the aid of the horizontal
comporent of the dynamic eguation (7), so we get

Uy + W, = bU(Uu, + U'w) + bgv.

Introduce the non-dimensional parrseter
(9) M= 1-002 = 1-(U/C)R
and asscrble terms, thus
(10) “Hu, = v, - b(g' v,
Nov to eliminate v, froo (8), apply the factar M, vrite ‘

-mn+u(a-g—')u,--(h5),*(a'%l+§-:hx.. o
and then substitute for }u, from (10). The result is

Wiy + Vg - D(G' vy - [5(ci)w - (o - 3 o v -b(gm W)
"%“'z*“‘fﬁ“?%"‘g—.)”‘o'

After rearrangement this equation has the form

(11) Moy +V, - AV, ¢+ W =0

L e e -

where
SO L N LY

A=b(gsW') + (o u"u)"%"*u'

w'
v
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or, since YIS 1,
L 1)
n.ﬁ,‘,(a. 2w - v? + 3F) + vy -

+-‘-J-'-(c - 2W' -b'UR . bu%'-) - dW" -rﬂ: .

In the parentheses substitute from (9)
W' - b'U2 + BU2 (N'/M) = M'(1 + DUR/M) = M /N,

50 B reduces to
Be(o+M/MgR+(s+M/MU/Uu-vufu

With these values of A and B substituted, (11) is the differential equation
for the vertical velocity component of a small amplitude stationary perturova-
tion superimposed upon the stratified current U(s), namely

W + v, - (s +§!r'-)vz+[(c-. f’—')fi+ (s +§-:-)g—--u-':]u-0.

The parameters s and ¢ are the logarithmic vertical gradients of aspecific
volume and potential terperature as defined in (1) and (4). To simplify
notations ve may instesd introduce the composite gradients

(12) S-%;ln(uc)=|+:+'-

] -%’-M(HO)-G +:—‘.

In terms of these parameters the differential equation becomes

- B w' - U_“ |}

(13) mu+vl’ 8\1‘+(U2+T U)' 0.
let now the atmospheric current be bounded belov by an arbitrary

ssall amplitude mountair profile at the level za0, having the form

G=G(x). A stationary flov over the mountain must them satisfy the differ-

ential equation (13), the boundary condition at the ground
v(3=0) = Uy, /3x,

and the upper condition that the kinetic energy is finite at great heights.
The prodlem of finding this flov is solved by representing the mountain
profile as & Fourier integral of sinusoidal components, each of the form
wo = A(k) cos kx, where k denotes the vave number. Since the differential
equation (13) is linear, the solution may be represented similarly by an
integral, vhere sach component element shall satisfy the differential
equation (13) and the lover boundary condition for the corresponding sin-
usoidal component of the mountain, namely

w(220) » - Uk A(k) sin kx.

The compoaent solution accordingly is periodic in x at the bottom level and

‘-—»—...ummw._.

t
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hencz oust have the same periodicity at all heights. Therefore ve may
sistitute in (13) for the compoaent solution

(1%) v = /e, o(z) sin xx,

vhere the factor VMa/M, 0, is included to eliminate the v, term. The
subscript o denctes the values at the ground. IFrom (14), using (12), we
get

mxx/V = - 2
- S vz/v - - S(QS <+ ul/u)
Vooft = (38 + 0 /0)2 4 (36 + 0'/u)’
and hence
(mn + vzz - &z)/“' = (I)"/h) - i—sa + .%S| - )kz.
Vhen this 13 substituted in {13), ve see that the amplitude function ¥(z)

of the caxporent solution v vith the vave number k mist satisfy the dif-
ferential equation

(15) 0" + (P(e) - Mx%]o « ©
vith
(16) F(z) = pa/t? + U'fu - 52 + 35 - UM,
B = (1n no)'; S = (1n Ma)*; M= - (U/c),

and the lower boundary condition
o(z=0) » - U,k A(k).
The general solution of (15) has the form
Wz) = C oy (2) + Cy(2),
vhere ©) and @, are two linearly independent solutions and C, and Co are
arbitrary constants to be determined by the upper and lower boundary

conditions. If the upper boundary condition is applied, ome of theae
constants may be eliminated, and the solution may be written

oz) = C3us(2),

vhere is a linear combination of ¥, and ®, vhich remains finite at great
heights, The constant c3 is determined by the lower boundary conditiom, so

W(z) = - Uk A(k) u3(z)/u3(o).

If we return to (14), the vertical velocity of the component solution
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has the fora
(1) v(z) = - &7"030 Uk A(k) u3(z)/u3(0) sin kx.

The motion vhich is stationary relative to an arbitrary sountain is
obtained by integrating the component solutions (17) over all wave numbers
k in the spectrum of the mountain profile, We then see at once that the
character of the resultant motion will be decisively affected by vhether or
not .he component solution @ (z) has a zero at the mountain level for any
value of kK. If wa(0) ic not tero for any value of k, the integral is regular
over the entire spectrum, and the stationary flov over the mountain will in
this case have the character of a deformation of the streamlines which more
or less reflects the shape of the mountain profile delow. If on the other
hand the component wlutim(z) has & zero at the wountain level for a
certain value of k, this that a stationary free wave with this vave
nusber can exist in the current over level ground. The integral will then
have & singularity for this wave nunber and the main contribution to the
integral comes from the small spectral group centered at this vave numbder.
This contribution vill have the charecter of a sire vave vith the vave length
of a free rescnance wave vhich extends downstrean from the mountsain crest, so
there is a mountain lee vave,

It should de noted that the prodlem as formulated here as a stationary
flov over the mountain profile has no unique solution if a free vave exists.
The physical reason for this is obvious. Por suppose taat we have found one
stationary solution by the method just outlined. We can then find another
as the resultant of this solution and the free wave vith arbitrary amplitude
and phase. Mathematically this ambiguity is ~eflected by the fact that the
integral of the component solutions Tl";) is divergent at the singulari
unless the integration tarough the singularity is spacified. Kelvin [3 and
Reyleigh (2], vho first investigated surface lee-vaves mathematically, cir-
cumvented this ambiguity by different expedients. Kelvin defines the in-
tegration through the singularity by taking the principal valus of the
integral, vhich results in a solution vhich is symmetric relative to the
mountain crest consisting of sine wvaves in opposite phase upstreea and dowm-
stream separated by a central fringe. He then adds a free wave in opposite
phase to the upstream vave and interprets the resulting lee-wvave solution
as the correct one. Rayleigh avoids the singularity by introducing a ssall
artificial friction proporticnal to the velocity. This method gives the same
lee-vave solution as Xelvin's method when in the eni result the coefficient
of friction approaches sero. ILyra [3] and Queney [4), vho investigated lee
vaves in a simple atmospheric model vhich vill be descrided in tae next sec-
tion, adopted doth of the above methods in their derivation of the lee-wvaves.

Wo1land {5) pointed out that the ambiguity disappesrs and the solution
becomes unique 1f the prodlem is formulated as an initial value problem, and
he proved this for surface vaves. Wurtele [6] and Pelm [7] irdependen ox-
tended the proof to the Iyra-Queney model. Finally Eliassen and Palm (8
shoved that the stationary sclution decomes unique if the additional requirs-
ment is introduced that the mountain is the only source of eaergy. These
results have put the mathematical theory of lee-waves on a sound foundation.
In the models which have bdeen investigated, if the flow over the mountain
1. started from initial rest and quickly attains a consvant mean value U,
the motion as a whole approaches asymptotically a steady state vwith a lee-
vave extending downstream from the mountain if & free wvave exists. The flov
pattern of this asymptotic state is identically the s’me as in the stationary

e e . e e T e i
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solution desrived by Kelvin's and Rayleigh's aethod. I1f reasomsdle at-
mospheric values of the various parsmeters in the prodblems are used, the
time required for the motion to attain spproximately its permanent value
near the mountain is of the ordar of a fev hours.

The mathematical lador is much more formidable in the initlal value
approach than in the steady state formulation of the lee-wave prodlem.
Therefore, unless ve ars concerned with transient changes of the flow
pattern vhich are associated vith time variatigns of the basic flov, the
steady state approach as outlined above, vith Kelvir's method to attain
unigueness, represents the simplest mathematical procedure for the
derivation of the mountain lee-vaves. The probvlem is then to
fird the solutions &(z) of the basic mountain-vave equation (15) for all
vaijues of the vave mmber k, and then evaluate the Pourier integral of
the corresponding component solutions in (17). If the stratificatiom
and shear of the bdasic flow are arbitrary functions of height, the cor-
responding function F(z) in (16) is also an ardbitrary function of height
and no method 1is available to find the solutions of (15) ir this genersl
case, Hovever, in recent years several investizators have derived solu-
ticns vhich reflect many of the characteristic features of ocbserved
mountain lee-vaves by considering special sirplified atmospheric modsls
for which P is either a constant or a simple function of height. In the
following the theory of some of these models will be briefly reviewed.

2. Model vith constant stlbili_i_:i' ard constant wind. gm 1yre-
eney model) - The matbhezmti simplest atmospheric model is an 1s0-
cwrent vith no shear in the basic flov. The specd of sound (or
the coefficient of pietzotrcpy) is then independent of height and hence
the parsmeter M in (5) is a constant. In terms of the tempersture
gradient, v = - &'/dz, the gradients of specific volume and poteatial
taperature are
sefmas(eh-
(18) a
ceg o 0-5 (e/ep - V)1,

Jor an isothermal atmosphere w0 30 both these are constant. The fumctiom
F(z) in (16) therefuore reduces to a coastant, namely

(19) "W-}Saukf.

The wind speed in atmospheric flows is usually an order less than the
speed of sound, s0 20 great error is made by replacing M by unity in the
last term in the wvave equation (15). This arproximation is of course not
nec;znry since M is a constant and hence may be absorded in the definition
of The wave equetion far the isotherzal) current wvith no shear is

therefore
(20) o+ (x2 - k20 - 0,

vhere k2 {s the constant in (19).
The 1sothermal atmosphere has a much greater stadbility than the

B Y . e L)
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values actuslly observed in the troposphere. However, the equatiom (20)
is approximately applicable to any atmosphere with a constant lapse rate
of temperature wvhen the appropriate mean values of the parmacters o and

s in (18) are suustituted in the expression for k5. Typical mean iropo-
spheric valueg, ¥, = 0.006%n"L and ® « 250°K give 5 = 1.2 x 107% m"%,

0= 1.6 x 1077 m"L, If the flov has the speed U = 20 ms~l, the critical
vave rumber 18 ky = 0.6 kn'l, and hence the eritical wave length (see
below) 1is about 10 laz. The critical wvuve length increases wviia lacreasing
vind speed and decreasing stability, bdut 10 i apgen.rs to be a reasonable
average atuospheric value. lotc that the term $s€ in (19) is less then
one per cent of the term og/U° for the usual values of the wind speed ai
may for practical purposes be ignored.

The free-wvave solutions of (20), for wvhich w is zero at the ground,
are
o = sinh vk°-kS z; X >k,
(1)
o = sin kE-x2 z; k <k,

The short wave solutions, k > k., approach infinity at great Leights, so
these must be rejected. However, the long wave solutions are physically
possible free vaves for every wave nurber k < k,. They are internal gravity
vaves vith equidiastant horizontal nodal planes separated by the vertical haif
vave length 3H, given by

n2(x§ - %2) » 4R,

Substituting here k_ = 2«/1.5 and k = 21/L, wve get *he following relation
betwveen the vertical and hofizontal vave length

Ly H+1°
(22) EF -

which leads to a simple physical interpretation of these supercritical
internal gravity waves, Since they are stationary wvaves, they are all
propagated against the current vith the same constant phose velocity U,
Superposition of two such waves with equal vave length and amplitude prop-
agating in opposite directions results in standing oscillations relative to
the fluid in rectangular cells with vertical and horizoniul side-lengths §H
and 4L. The period of these oscillations is

T = L/U.
As the vave length is made shorter, the period decreases until in the limit
as L = L, the period approaches the rinimum value, obtained from (19),
namely
T, = Ly/U = 2njAfog
vhen the small term {52 is ignored. Comparing these with (22) we see that

T .L .D. ]
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voere 4D = éﬁmﬂ is tue 1tugoral of the cell, and © is the slope angl:
of the diagonal. Long and shallow cells oscillate slowly, stort and
deep cells rapidly, vhich iz just vhat should be cxpected. The shortest
cell compatible with the given phese velocity U has the horizontal wave
lengta L., and hence H = D = », The oscillations sce Lere strictly
vertical and the period is the well known limiting period of vertical gre
oscillations.

It 15 then quite evident that the subcritical waves shorter thar
L, cannot have 8 phase velocity as large a:r U and hence cannot appear as
stationan free waves. But all the supercritical vaves longer than L,
are possible free wvaves and vill appear as lee wvave: dehind the mountain
in the resultant flov pattern. These wvaves vill interfere and cancel
sonie distance dowvnstreanm from the mountaia crest, and the resultant flovw

vill be non-periodic,

Queney [9) has worked out the details for a symzetric mountain
rarnge vith the profile

(23) € =21 + (x/a)°r1 . haja:p(-ak) cos kx dk,

vhere h 1s the height of the crest and a is 3 meapure of the vidth of th
mountain. The Fouriler camponents of this profile have the amplitudes
A(k) = ha exp(-ak), and it is therefore evident that only components who
wvavelengths are comparable to the vidth >f the mountain {(2wa) contribute
appreciably to the resultant profile. Therelore only these mountain
components vwill excite appreciable wave comporents in the resultant
stationary flow over the nountain. The general aspects of the flov
pattern are determined largely by the width of the mountain (2¥a) as
compared to the criticel vave length of the cwrrent. The simplest flow
patterns occur vhen the mountain is either much narrover or much vider
than the critical wave length.

(1) If the mountair is mich parrover than the critical wave lecg
the “active" mountain components have wvave nusbers k>ok,. The solutioccs
of (20) for these components are approximately © = exp(-kx), and the
corresponding vave compocents (17) are

v=a-/a 7c° Uk ha exp(-ka) exp(~kz) sin kx.
The vertical displacements » of these components, since v = U3(/3x, are
. '\/“7% na exp(-xa-kz) cos kx,

and hence the vertical displacements in the resultant flov are approx-
inately

¢ = \/ah ha.é e X(842) o4 iy ax - / (-—-)[l + (5 ‘ )2} -1,

Ail the streamlines have syrmetric deformations vhich reflect the shape
of the mountain profile belovw, and the crest line coincides with the
vertical of the mountain crest. Since the critical wave length is of
the order of 10 km, this solution applies to parrov hills whose wvidth is
about 1 k= or leu.

N P A= A LN e A, DOV Ut o o ot
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(11) If the mountain is much wider than the critical vave length
(2m>>!.5 ), the active mountain components have vave numbers k<<tg, and the
solutione of (20) for these components are approximately
w a cos (or sin) kgz. The corresponding wave componsnts in (17) are

Ve - \/0.760 Uk ha exp(-ka) sin (kx £ k,z),
or in tezms of the vertical displacemants
b= \/&700 ha exp(-ka) cos (ix ¢ Kk, z).

Th> sclutions with the negative sign represent wvaves vhich transport the
energy downvard towerd the mountain and must de rejected to attain unique-
ness. The vertical displacements of the resultant flov are therefore ap-

proximately
€ = \/E]ao ha.é exp(-ka) cos (kx + k 2)ak

- \,’a7—z§ h (cos kgz % sin k. z)(1 + (-})2!'1.

This solution is periodic along the vertical with the vertical "wave length"
Lge It is nonperiodic in the horizoutal direction but has a characteristic
asymmetry relative to the mountain as may be seen in figure 12.1 (reproduced
from Queney's paper) vhich shovs the flov pattern over a mountain whose
wvidth {2m) is 10 critical wave lengths. At lov levels the streamlines have
a pronounced crest imsediately upvind from the mountain crest and a wveak
trough on the lee-side of the mountain, Higher up the upwind crest becomes
weaier and the lee trough more intensc, vhile both are gredually shifted
backvards against the vind, At the level one quarter of the critical vave
length above the ground the crest and trough have equal strengths and are
located symametrically relative to the mountain crest above the points vhere
the mountain has the steepest slope, At the level of one half the critical
wave length above the ground the urvind crest has disappeared, the trough
has maxims strength and has been shifted dack to the mountain crest. The
streanline is here an inverted imsge of the mountain profile. The same
trend is repesated in the next half wave length layer with the trough on the
upwind side and the crest on the lee side of the mountain. At the elevation
of a full critical wave length the trough has disappeared far upw:

the streamline is identical to the mountain profile. (The factor 3&7«0 in
the streanline amplitude, vhich increases uniforsly vith height, has been
ignored in figure 12.1.) This theoretical model should apply to relatively
broad mountain ranges (50 to 100 lm wide), and it does in fact shov some of
the charscteristic features vhich are observed in cross-mountain flow over
such rangee as the Sierras and the Alps. The speed of the flow may de
Judged in the diagram from the width of the stresaline channels, and since
the flov is assumed adiabatic, the streamlines are also lines of constant
potential *emperature. The model has strong varm downslope winds (foehn)
at lov levels beteen the mountain crest and the lee-side trough, and much
weaker cold upslope wvinds on the upwind side of the mountain crest. This

is in complete agreement vith the observed conditions in a typical Alpine
foehn situation 3 October 1941 descrided by Hoinkes [10) and further dis-
cussed by Bjerknes (11]. In the Sierras the stroag foehn wind down the

lee slope of the mountain is usually very pronounced, as may de judged from
typical situations 30 January 1952 (figure 3 22) and 16 Pebruary (3.28).
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The ¢louds, waizh rurm on che upwind side and cover tae divide ac a dense
vall, dissolve in a characteristic "cloud-water fall' along the lee
slope of the mountain. The cbrerved ficv over the Sierras also usually
shows a backward tilt of the lee-cide tro'qh =t lor levels n2ar the
mountain crest, But hizher ur the observed ti_t secis to te very

siight, certainly much wmaller thaa in Queney's theoretical model.

The model fails to predict the lee-vaves vhich are observed dovnwind
from the Sierra crest, Neither is the rertical periodicity in the xzodel
borne out by observations.

(111) If the width of the mountain is abcut the some as the
critical wave length, the active uountain components will excite both
subcritical vave cwaponents of the type in model (i) vhose amplitude de-
creases exponentiully with height, and supercritical comporents cf the
type in model (1i) which can exist as stationary free waves in the current.
The correspondins Fourier integral is then not quite so simple as in the
earlier models, but still it may be evaluated by stoadard methods. The }
result of the computation for a mountain which has exactly the wviith of
the critical wave length (212 = L) is shown in figurc 12.2 vhich is re- |
produced from Querey's paper. The flov pattern snovws some similarity to
the vide-mountain wodel ir fipgure 12.1, dut also soe significant dif-
ferenices. The entire disturbec peart of the I o7 has been shifted down-
vind toverd the lee-side of the rountain and contains a fairly well
developed system of lee-waves vith a wave lergth a 1ittle longer than the
eritical vave length. Thic is just what sho:1d be expectied: the main
contribution comes from the free super-criticzel resonance waves with those
close to the critical weve leugth predominsnt. These wave components are
in phase near the mountain, but increasingly out of phase downstresm. So
already the second resultant wave downstroaz from the mountain has s much
smaller amplitude than tie first. Sizilarly to the wvide-mountain model
in figure 12.1, the iee-wave trough has a strong backward tilt extending
obliquely upward against the wind, and the w.ole wave system has the
same tilt. The strongest dovnslope foeln winds are located some distence
atove the ground in this rodel. In the 3ierras the strongest wvinds are
usually found immediatcly ebove the ground on the lee slope. This ais-
crepancy nmay be due to the lack of symmetry in the Sierra profile. A
mountain vhich has some similarity to the Sierra profile is cbtained by
5011difying the streamline vhose xean elevation is one quarter of the
critical wvave length. The flow over this profile, as copied from
figure 12.2, is shown in figure 12.3. Tae Sierra profile is shown in
the lowver part of the figure. This model agrees ratasr vvell in the
lower layers with the observed flow patterns on January 31 and Pebruary
16, 1952 (figures 3.22 and 3.28). The strong foehn winds are located
irmediately above the ground on the lee slope. The isentropes are
closely packed, indicating a stable layer, immediately above the mountain
crest. But the structure of the observeld lee-wvave systen at higher level
18 quite Aifferent fram the model in figure 12.3. The odbserveld lee-waves
ustally have maxizrum amplitude at lov levels. They have very small if any
t11t with height, and they are repeated downstream without appreciable

change in ampiitude.

It is evident thcrefore that the theoretical model needs modifica-
tion in order to account for the distinct lee-waves wi:ich are observed.
Effective alterations of the model, leading to distinct resonance vaves,
have been proposed dy severzl investigators,
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3. Two-layer model with constant F-parameter in each layer,
(Scorers model), If we return to the complete wave equation in {15), with
the value of the F-parameter specified in 16), it i: immediately evident
that several simplifications can be made without changing the ccaentisals if
we consider the normally occurring values of wind and stratification in the
atmosphere. The wind is usually much smaller than the speed of sound, so
no great error is introduced if ve replacc M by unity and hence the com-
posite gradients B, S by the simple gredients o, s, It i.as already been
pointed out that e rarely excecds one per cent oY 0g/U<., Under normal
conditions the terms sU'/U and ¥s' are also much smaller thanog/U2. If all
thesc terms are ignored the wave equation reduces to

(24) @ +[P(z) - X%Juw = 0
with
(25) P(z) = ¢3/U% - U"/U.

A1l the models which have been studied so far are derived by considering
thia simplified version of the wvave equation., The models are specified by
choosing vertical distributions of temperature and wind similar to cbserved
condition, but at the same time such that the function P in (25) becomes

as simple as possible,

Scorer (12] has proposed a simple two-layer model with constant
values of P wvithin each layer, cee figure 12.4 reproluced from Scorer's
raper. The numerical values below are those of the mmerical example in
the figure. _The upper unbounded laoyer has a constant s wvind
(Ug = 25 ms~1) and a constant vweak stability (Y = 8° km"l), 5o the
parameter F has here - relatively small constant value

Fg = 055/V2 = k& (L ~ 11 k).

The lower layer consists of two layers, both having the same constant value
of F which is larger than the upper layer value. Dynanmically these two
layers act as one layer. The bottom laycr has a constant veakx wind

(ug = 10 ue=1) and a constant stability greater than the upper layer

(Yo = 4¢ 17+), 50 F has here the constant larger value _

F, = 0,5/U2 = k&; (L, ~ b xm),
The central layer has a constant stebility and & wind profile vhich is @
smooth continuation of the winds above and below, increasing continuously
from the value U, at the bottom to U; at the top in such a way that the
F-parameter has the constant value F, of the bottom layer. 1is velocity
profile uay be evaluated numerically by proper adjustment of the depth of
the layer. The profile has a point of inflectign, U" = 0, somevhere in
the middle of the layer, and here og/U2 = 0,g/US. Since BU, it follows
that the central layer has greater stability than the bottom layer

(v~ 21° k1),

The wave equation (25) respectively in the upper and lower layer
of this model has the forms
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Upper layer: W' + (k%-kz); - 0,

lover layer: u” 4+ (kg-k‘)u = G,

If the lover layer is sufficiently deep, this model has & distinct
statioiary free vave over level ground vith a wave length L, somevhere
in the interval L <L.<L,. A'l vaves in this interval are subcritical
(k>k;) in the upper er ard rupercritical (k<k,) in the lowver layer.
With the origin at the interface, the solution of (24) in the two
1ayers which 1s contiruous at the interface is tiercfore

2

. Upper layer: o = exp{(-Az), A= \A:"-E:;.
(2C)

Lower layer: & = cos uz - (Ng) sin pz, TR \'is-kz.

with an arbitrar amplit:dc factor left out. If H denctes the depth of
the lover layer (bottoa laver + central layer), the bow:dory coadition
for a free wvave over level ground is w(-H) = (, and hence

(27) p cot BH = - A,

The solution of *his equation is found graphically by ploiting both sides
ac functions of Xx. The intersections of the grapis, if any, determine
the wave numbers k.. of the free resonance waves. If } is too small there
is no intersection of the cwurves and hence no free wavec., In his
numerical exarple Scorer zhose H = 2.7 'm. The curves have then one
intersection which dete:miines the free resonance vave L. = 6 km. 'Mhen
(27) is used, the lower laycr solution for the free wave nay be written

(28) w= A sin w/z+H).

Since this is a smooth continuation of the exponential decrease in the
upper layer, it is evident that the lower layer must include wore than a
quarter vertica. v;ve% k of tais sine curve, so BRwi.. Proc (26)
1s less than (X§-kS)2. If the depth of the lover layer is less than
W(kg- .)’Q there 1is no frec wave in the interval k,-k..

In his numerical exarple Scorer has taken a mountain with the
profile in equation (22) with a vidth (2m) about equal to the iength of
the free wvave. This mountcin excites the correcpending distinct rescnance
wave to about its maximun ampiitude. It appears as a train ¢f lee vaves
extending downstrean froo the mountain, starting vith a lee trough im-
mediately dowm wind from the mountain crest. The lee waves have no tilt
with height. The vertical velocit; amplitude (25) increases from zero at
the ground to a maxirum value a little above ‘he niddle of the lower layer
and then decrmeldnﬂomly higher up. {(Aguin, as in fizure 12.1, the
arplitude factor o/ d, has been ignored in figure 12.k4.)

The recaining contridution to the resultart cross-mountain flow
pattern comes nmainly from the lorg wave components PL, vhich are super-
eritical in boin rers. le recall thet all these supercritical wvaves
are possible free waves, and they appear as a contiruous spectrum of lee-
waves downstream from the wountain. Their axplitude is independent of
height. They are in paase at the mountain and ircreasingly out of phase
downstream, Their resultant contribution is quite similar to Queney's
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wide-mountain model (figure 12.1), In the upper these supercritical
wave components have the phase kx#iz, with A = \/k§-k€, Both these wave
types may be combined with lower layer solutions which satisfy the boundary
condition at the grow.d. However, the vaves with the phase kx-Az, which
propagate obliquely upvards through the air, transport the energy dovnwvard
since the vertical group velocity is negative in these waves, 4(Uk)/d\ =
~UNk. To obtain uniqueness these physically unreaiistic waves must be
rejected in the practical solution, just as in Queney's model. In figure
12.4 Scorer has used these vave components and has rejected the waves
with the phase kx+)z vhich transport the energy upwvards, As a consequence
his flov pattern is vrong in this respect, particularly at high levels.

If he had used the correct components, the high-level streamline crest
would lie downstream from the mountain crest vhere it is usually ob-

aserved.

This model represents the first successful theoretical attempt to
account for the observed lee~-waves vhich are repeated periodically down-
stream with large amplitude at lov levels and no tilt with height. The
model clearly exhibits the main dynemic prerequisite for such wavss, that the
dynanic parameter F in the wave equation has s smaller value at high levels
than at lov levels. The decrease of F vith height is prizarily due to the
increase of the vind speed, Ve are thercfore led to the simple qualitative
rule that & neceassary condition for s distinct periodic lee-vave i3 a suf-
ficient increase of the vind specd from low to higher levels, Scorer's
model 1s the simplest theoretical model vhich satisfies this requirement.

The practical applicability of the model is limited by the fact that it

calls for a sudden decrease of the F-parameter at some intermediate level,
Observations in the Sierra region indicate that the F-paraneter usually de-
creases rather uniformly with height. MNodels vith this property have been
discussed by Wurtele [13), Palm [14), and Zierep [15). 2ierep's modsl

appears to be less adaptadble to conditions in the Sierras than the other

tvo, and vill not be discusscd in this report. . ’

b, Model vith constant stability and constant vind shear. (Couetts
flov) - This mode]l vas sxamined by wurtele in 1953. ﬁmm&:

oretical interest since the vind spead increases to unrealistically large
values at great height., However it serves as a useful introduction to
Wurtele's practical twvo-layer model which will be discussed in the next

section,
At the ground level this model bhas the F-pearameter

¥ (ground level) = og/UZ = X2, (L, ~6 km)

If the wind speed at the ground is 10 ms~! and the constant lapse rate of .
tesperature is 7° km-1, the critical vave length I, is about 6 km, as in-

dicated. It is convenient to measure the height z in this model from the

level (below the ground) vhere the speced wouid be zero if the Coustte flow

vere extended downward., Let h_denote the depth of this reference level

belov the ground. The constant wind shear in the model is then U' = U /h,,

the wind speed at the level : is

U = U's = Uy(2/n,),
and the spproximate F-parameter in (25) 1s

Mo st = e g™ T AR - - g, <riose
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(29) z) = ag/ui (h‘,’/r.)2 - (kohojz)a.

It decreases uniformly vith height from the maximm value kg at the ground.

Ultimately at very great heights it drops down the same order as the
tvo terms vhich have been ignored, sU'/U and 8. So the approximation
in (29) 1s not valid here. However, even for extreme atmospheric values
of stability and shear the approximation is good well beyond the region
of practical interest.

The practical vave equation for this model is accordingly
(30) W+ [(Xoho/2)2 - X2)u = O,

At high levels the first term in the bracketr is negligible, so here the
bounded solution approaches the asymptotic value w~exp(-kz). The ex-

pression in the bracket changes sign at the level, z = h,(k,/k), and
the solution is oscillatory below that level. The short vaves K>

have this level belov the ground, so the vertical velocity ampli of
these subcritical wave components is non-oscillatory all the way dowm
to the ground, as in Queney's and Scorer's models. They can not appear
as ctationary free wvaves over level ground and hence not as lee-wvaves.
However, the supercritical wvave components become oscillatory
above the ground and a discrete set of thenm, ch bave a zero at the
@ound level, are possible free wvaves and vill appear as distinct lee
waves dehind the wountain,

To find these free uaves, substitute in (30) @ = :.h, vhich gives
2B+ 25 - [((k2)2 - 3]0 - O
vith
(31) v = (k8,02 - &~ (x5h,)2
This equation is satisfied by the Bessel functions of imaginary argument

and imaginary order n = iv. These Bessel functions have been tadulated
by Morgan [16], vho used the notations F, and G, for them. The general

solution of (30) is

(32) o = (A7 (k2) + B G (k)]

vhere A and B are srbitrary constants. At high levels P (kz) - x‘é exp{ks ).
In order that the solution shall remain bounded, A = 0, so the bounded
solution 1s i

o« 2% 6 (kz)

vhich at high levels approaches the asymptotic value exp{-kz). The free
vaves satisfy the boundary condition w(h,) = O at the ground. The vave
numbers of the free vaves are therefore the values of k for the zeros of

the Bessel function Gv(kho). From (31)
va~kh = tho/Lo ~ ho(in km)

:
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1f\nukoly)-6h. For a fixed value of the surface vind speed

(Up = 10 ms~1) b, 1s inversely proportional to the vind shear. The values
ususlly Jbserved in the Sierrs region lis in the range 2.5 km,<5 km. The
folloving table gives the wvave lengths Iy of the shortest resonance !uvn
for various values of_ the vind shear vhen the surface vind is 10 ms™* and
the lapse rate 7° k-1 (I, = 6 km). The longer resonance vaves correspond
to seros bayond the range of Morgan's tables.

by(km)  Free vave lengths (shorter than 10 &) in ka.
10 9.5 13 20 27 B 52 T0 %
8 0 B 25 I3 55 &

6 12 2 3% 60
| 15 3
3 8

2. 23

The first column gives the shortest resonance vave vhich has no nodal plane
above the ground. The second column gives the next longer resonance vave
vith one nodal plane, and 80 on. If the vind shear 1is very strong

(b, = 2.4) the shortest resonance vave is much longer than the critical
wave length L,. As the shear decroases the shortest resonance wave cokss
closer to the critical value and the number of resonance waves vithin any
given spectral interval increasea. Ultimately as the shear approaches sero
the shortest resonance wave in the limit decomes the critical vave wvith a
continuous spectrum of supercritical resonance waves beyond this t.

This wodel clearly exhidbits the dynamic effect of the vind shear on
cross mountain flov. The vind shear causes the continuous spectrum of
supercritical resonance wvaves in the Iyre-Queney model to be drokea up into
& Qiscreet set of distinct resonance wvaves vhich become more videly separated
the larger the shear.

Consider nowv a mountain vhich is effectively a little vider than the
critical wave length. If the wind shear is small there are a large mmber
of distinct lee-vaves vhose vave length are comparadble to the mountain width.
They are in phase near the mountain and increasingly out of phase downstream.
The resultant flov vill be similar to Quenay's model, figurel2.2. If the
shear is strong there is only one or two lee-wvaves comparsble to the vidth
of the mountain. The shortexr of the two has no nodal plane. It hos a max-
imm amplitude at & relatively low level and decays rather rapidly higher
uW. The longer lee-wvave has & nodal plane at some intermediate height and
its amplitude das a slowver decay beyond the second maximm above the nodal
planc. The resultant flov pattern should therefore have either ome distinct
lee-vave or at the most two, vith the shorter dominating at low levels and
the larger dominating higher up. This is actually vhat Wurtele found in a
mmerical exsmple vith a very strong vind shear, h, = 2.5.
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oo phe stratosphere is um
havin,, the constant t-z,cnturo Ty and the conatant rind speed Ug. The
P-paraaster in the wvave equation has bere the constant value

¥ (stratosphere) = k2 = 0,a/U3 = g%/(c T,UR)

The corresponding critical wave length is
L, - am,@/g = (0.3 U, in ms~1)im,

The troposphere is the same as the one layer model in the previous section.
Using the same notations, the P-parsmeter at the ground is

Fo(ground level) = 0,8/U3 = K2
and, as in (29), at an arbitrary tropospheric level

F (troposphere) = (koho/z)a.

The interface (the tropopause) is located at the height H sbove the ground,
or at the height h, = + B above the reference level. The depth of
+his reference level be the ground is given by the tropospheric

shear

U' = (Us-Ug)/H = Ug/hy = Ug/ge

The wave equation respectively in the strastosphere and the tropo-
aphere of this model has the foras

Stratosphere: ' + (kﬁ -kK)uas0

(33)
Troposphere : " + [(koho/')a -x2jue0

At the tropopause the boundary conditions require continuity of vertical
velocity and pressure. Since the density is continuous the latter con-
dition may be replaced by an equivalent condition as follows: the tropo-
pause 18 a vorticity discontinuity in the basic flow, so any displacement
of it represents the addition of the vorticity U' vithin the areas Letween
its equilibrium level and its displaced position. This vorticity increment
is equivalent to a sliding vorticity at the txropopause vhich, by Stokes
theorem, has the value

Au = U'{ = USC/h‘.
Bere & denote- the difference between the values over and under the tropo-

pause, and | its vertical displacement. Application of individual time
differentistion D/Dt « U3/dx, gives

buy = v/bg,

T .- T L A gy
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Ve have already igncved the compressibility in the dynamic equations (33)
30 ve may write u, = -v,. Thus, recalling the kinematic condition 48« 0, ve
have the combined b condition at the tropopmuse. .

(3%) ~hylnw)’ = 1

Returning nov to the vave equations in (33), we note that the short
waves are subcritical in both layers. Their amplituds dacreases ex-
ponentially in the stratosphere and is non-oscillatory in the troposphere,
and therefore none of them can exist as stationary free wvaves over level

ground.
In the intermediats spectral interval Lb<lad.htr vaves are sub-
critical in the stratosphere and supercritical (oscillatory) belov a certain

Aevel in the troposphers. 80 there is at least a possidility for lee-wvaves
4n this interval, just as in Scorer's modsl. The solutions here are

Stratosphere: ® = C exp(-\z), ) g m
Troposphere : @ =¥ [A P, (kz) + B G (kz)). vebk
The combined boundary condition at the tropopause (3k) gives
(\og - 4)(A P (xhg) + B G(khy)) + b (A Fi(kh,) + B Gy(kh )] =0

vhere the accent denotes differentiation with reference to the argument. If
the solution is a free wave over level ground, its boundary conditiom at the
ground is w(h,) = 0, or

AF,(knh,) + B G, (kb)) = O

Blimination of A and B giver the folloving equation for the determinatiom of
the wvave numbers cf the free resonance vaves,

(357 SOy - DI (ny) 4 xnpy(ang)) Y X% 5
= Py(kh,) [(\n, - $)0y(Xhy) + kn Gy(kng)). v S Kby

This eguation cor. :sponds to cquation (27) in Scorer's model, and may de
solved graphically in the same vay vhen the values of the basic paremsters
are specified. It is fairly cleawr that the necessary condition for the
existence of a resonance vave is that the spectral interval 1.01 is sur-
ficiently wide. And further, since the zeros of ¥ and G, are videly
separated the larger the wind shear, thke interval needed % includs & free
wave must increasc with the shear., Wurtele found that a sufficieat coodi-
tion for a lee wave is that the ratio L,/I, exceeds a certain mmber which
1s a function of the vind shear (or more precisely a function of

v ~ 21, /1)

If a free vave exists in the L L interval, it vill appear as a
Alstinct resonance lee-vave down wind’frém the mountain starting vith a lee
trough at the mountain. It vill be most strongly excited if its wave length
1s comparsdle to the effective mountain width, The ;wmaining contridution
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to the flov pattern comes mainly from the long wave camponents L>L. vhich
are supercritical in the upper layer and hence s continuous spectrum of
possible free vaves. 7o attain uniqueness the components vhose phase

in the upper layer is kx+)s are used, as in Queney's and Scorer's modsls.

Palm [14) solved (35) graphically for seversl numerical exsmples
vhich were chosen t0 resmmble cbserved conditions over the Sierras om
days vith wvell developed lee-waves:

(1) December 18, 1951 (8ee figures 3.1l and 3.lh.) The height of
the tropopause . ground was about 8 km. In the troposphere the
vind could be roughly approximated by a constant vind shear vith
Uy = 10 me~1 at the ground level increasing to U, = 50 ms-l at the tropo-
pause. The average tropospheric lapse rate was about 7° per kn. These
valuss give

L‘-lﬁh, I.O-Skl, h°-2h, v = 2.1,

The -Oh interval 1s 2\ut vide enough to include a resonance vave. 7The
pahc solution of (35) gave Ly = 14.7 km vhich is near the upper snd
of interval. This agrees rather well with the vave-length of the ob-
served lee-vave vhich vas a little longer (betwees 15 and 16 dm). The’
les-vave vas strongly developed from early morning till late aftermoon,
vith vertical velocities in excess ofl5 ms-1l. It persisted with consider-
able intensity well into the stratosphare. One sailplane rose to 11.5 km
above the valley floor at adbout 10 a.m., and anotiuer t0 10 Xm at & p.m.
The strong development was probably caused by the cambination of two
effects: (a) The resonance vave langth is comparsble to the “effective”
vidth of the Siwrre profile iuc figure 12.3) and is therefore excited

to considereble amplitude. (b) The resonance weve w very close to
the critical wave length in the stratosphere, so A = =k€ 1s very small.
The asplitude therefare decresses very slovly vith height in the strato-
sphere. The contridutiods from the supercritical components near L, may
also be quite signilicant in this case, particularly in the stratosphere
where their asplituds ia indapendent of height. A model vith the same
vind distridution and stronger stability in the troposphere has & smaller
rate of 5° per kilometer gives I, = 4.0 km, and the resonance vave length
is Ly = 13.3 ku, well inside the intexrval.

(14) J 1952. (See figures 3.22 and 3.2k) The tropo-
pause ws also on s any ated about 8 kilometers e the floor
of the Owens Vallay. The vind incressed from U, = 7 ms™" at the ground
1wdtou,-30u‘1attb¢w,mmwmmunum
sbout 7° per km. These values give

e = 9 km, I, = 5 km, By = 2.0 kn, v = 3.,

Again the Ly+l, intervel is just vide enough to include a free resonance
vave, namely I = 8.3 In. As shovn in figure 3.22, the cbserved rescnancs
vave consists Of a well dgveloped train of lee waves extanding down wind
from the Siarra crest vith nearly uniform wave length and amplitude.

The observed vave length is adout 8 km, vhich again agrees very wvell vith
the value predicted by the theoretical model. The Rierved waplitude

is smaller than oo December 18, probadly because the resonance vave is

T ey,
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so much shorter than the effective vidth of the mountain.

(131) Ped 16, 1952, (Bee figures 3.28 and 3.30) The 21002-
sounding from ced shows tropopause ut 9 km above the Owens Valley
floor with a temperature lapse rate of 7., 3 per kilometer in the tropo-
sphere. The rv!md sounding at Marced shows a practically uniform wind
shear of 6.6 ms™* per kilometer as far as it went, Ptupohtiun upvard
vith the same shear gives the vind speed U, = 67 ms™" at t&a tropopause.
The speed at the level of the Owens Vu.uey 18 Uy = 7.7 ms"", These values
give a model vith

L.-aoh, lb'“agh, ho-lvz h’ V-lcuo

The L, + L, interval is rather wide, but not vide enough to incilude a free
resonance vave since the value of v is so small in this case. Equation (7

is not satisfied for any wave in the interval. The linear extrapolation ot
the vind profile in the upper tropocphere probably gives an overestimate of
the vind at the tropopause. The analysis of the geostrophic wind field and
the thermal vwind on the upper level maps suggests & much ssaller wind shear
a8 indicgted by the dotted extrapolition of the vind profile in figure 3.30.
This extrapolation gives U; = 50m8™ and a smaller value for.the mean
troposp eric vind shear, -o ve get a model with

LB L 15 h, Ib -lh9 k‘, ho - 1.6 h, V = 2.1.

The model is in fact rather similar 'to that of December 18 in (i). But
(35) gives no free resonance wave in tiuis case. The observed flov pattern
in figure 3,28 shows a strcngly developed lee-wave with a wave length of
2] km. According to the interpratation of the theoretical two-layer model
this wave can not be a distinct resonance vave vhich is repeated periodical-
ly downmstream. Rather it must be the resultant of a contimuous spectral
band of supercritical wave components with L>L,. Since the critical wave
length is nearly the same as the effective width of the Sierra profile in
this case (see figure 12.3), we should expect that the shortest of the
supercritical components near L; are most strongly excited. The observed
flov pattern agrees rather vell with this interpretation. Ye also note
that the amplitude of the observed wave persists vith practically undimin-
ished intensity at high levels, vhich is a feature characteristic of the
supercritical vave components,

6. Mutiple-layer model vith constant stability and constant wind

shear in each layer (Palms model). - Let the interfaces be labeled consecu-

tively upvards by the nmbers n = 1, 2, 3. .. As in the earlier s

n = O represents the ground level. Let U, denote the speed at the n== interface
the constant temperature lapse rate in the layer above it, and H, the

tﬁ:lcknou of this layer. The F-parameter is discontinuous tt the inter-

face because of the chenge in lapse rate. Its value on the upper side of

the n-— interface is ,

= 2
Fp = nB/UE =kp .
The vind at the level z in the layer above is

U 2 U'z = Uy(z/hy),

L i A~ T




n o s iR . NS

29

vithzmed{rmarormcmlutmmgmmé
interface vhere the speed of the axtended layer is zero. (This ref-
erence level is different for each layer.) The corresponding J-
parsmeter in the layer, as in (29), 1s

Ks) = aa/V2 (ny/r) o (phy/s)2

and, as in (30), the vave equation is
¥ [(kn%/z)z - xJua0

vhich has the genersl solution in (?:', namely
(32) ws bz (k) ¢ BG (ks))
vith
v e (gh )P - &~ (phy )2
The sliding vorticity at the o interfece is
bu = - CAU's -C(Up/hy = Upay/Bp.y)

vhere again 4 dsnotes the Aifference between the values over and under the

_interface. Application ofindividual time differentiation and seguent

substitution of u, = -v, gives the boundary conditions at the intex-
face

(%) - (poy + Bpe)) (20 9)" & X ~(Bgy + By 3 )y
dv = O,

Vhen the difference A is evalugted, it must be remssbered that differemt
reference levels 3 = O are used in the solutioas (32) above and bLelow
the interface if the shear is discontinucus at the interfece. In
the upper solution the interface lies at 2 = h,,. In the

lower solution it lies at x = hy 3 + K,

In an n-layer model there are two boundary conditions (36) at
each of the n-l intarfaces. These together vith the boamdary conditions
at the ground and at infinity give a system of 2n homogesous linear
equations for the determination of the an constants A,, B, in the a
solutions (32). The vanishing of the dsterwinamt of s system givos
the equation vhich determines the vave mmbers of the Iree resomance’
waves, if any.

Any cvserved distribution of stability and vind alung the vertical

. may in principle be approximated as accurately as desired by choosing e

sufficient number of layers. Nowever, the equation vhich determines the
TesOnARCe Vaves must be solved grephically, and the mmerical lador
becomss almost prohidbitive for a model with too maay layers.

As a first test of the m:ltiple layer model above, FMalm considared
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a four layer approximation of the situation on December 18, 1951, the
situation vhich.was compared vith the two layer model in example (i) in
the preceding.section. The 0700 P - sounding at Merced (Fig. 3.14) shows
e pronounced inversion layar a short distance above the mountain crest.
This appears to be a rather typical feature of situations with lee-vaves
in the Sierras. To take account of it, thc troposphere was represented
by the followving three laysars:

Bottom layer: A, = 1.5 kn, Y =& 'l
Inversion layer: Kl = 0,5 Im, Y = -5° kn"l,
Third layer: B, = 6 kn, Yo = 7.8° wm*l,

These give the average temperature lapse rate 7° per kilometer for the
entire troposphere vhich was used in the two layer model. The model is
othervise the same as the earlier two layer model., The dynamic parsmeters
at the bottom of each layer are

hy = 2 km, Ly = 7.% xm, Yo = 1.6
hl = 3.5 h, Ll = uo’{ m, Vl = l‘c?
hp = 4 kn, L, = 13.3 lm, v = 1.8
hB-IOIGI, Ls-l'jh, vs--.

For L, the solution is @ = exp (-2z) in the stratosphere, and it
1s given by (33) in each of the three iropospheric layers, The combined
boundary condition at the troposphere is -h A(ln w)' = 1, as in (3%). At
the two tropospheric interfaces bounding the inversion layer, since the
wvind shear is continuous, the boundary conditions are Aw= 0 ard &v' = O,
Yor a free vave the boundary condition at the ground is @h,) = 0. These
give six homogenous equations which determine the constants A, of the
solutions (32) in the three tropospheric layers. The vanishing of the
determinant of the system determines the wave number of the free resonance
wvave. Solving this equation graphically, Palm found L. = 13.3 km. We
recall that this is the same as in the two-layer model if the average
tropospheric lapse rate is changed from 7° to 5° per kilometer. The in-
version layar appears in this respect to have the same dynamic effect as
an increase of the tropospheric stability.

Falm tried out a further improvement of this four level model by
assuming that the wind decreases linearly with height in the stratosphere,
Since no wind observations were availeble from the stratosphere on Descember
18, 1951, he arbitrarily chose a wind shear or -2.5 ms”* per kilometar,
that is, one half of the tropospheric value. Aside from this feature the
20del vas the same as the four level model above., The solution of the
wvave equation is nov given dy (32) in all four layers. The reference level
=0 for the three tropospheric solutions is at the depth hy, = 2 km below
the ground as before. JFor the stratospheric solution the reference level
is 20 kilometers above the tropopause and Vv, = 8.3. If a smaller wind shear
had been chozen the reference level would be higher up and v, would be
larger (beyond the range of Morgan's tables). The solution an oscil-
latory singularity at the reference level vhere the basic flow is zero.

The supercritical wvave components I>L, remain oscillatory all the vay down

"
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to the tropopause. But the suberitical wave components Decome non-
oscillatory same distance adbove the tropopause.

The vorticity discontinuity at the tropopsuse is 50% greater in
this model, 80 the boundary -ondition 1s now -h,4(ln w)' = 1.5. The other
boundary conditions are the szne as belore. The graphical solution of the

- equation vhich detarmines the free rescnance vaves gave two values, namely

& subcritical rescnance vave vith = 13,2 km and a supercritical res-
onance vave vith L, » 20 km. The st is the same as in the four layer
model without shear in the stratosphere. 7The supercritical resonance
vave is 2ue to the stratospher!c vind shear. The continuous spectxrum of
supercritical resonance vaves in ths models vith constant vind in the .
stratosphere is replaced by one single supercritical resonance vave in
this nodel vith decreasing vind in the stratosphers.

Palm evaluated the contridution to the resultant flowv over the
Sierras from these two resonance vaves if the 8iarrs profile is agpron-
imated by the curve

(37 Co = ~(B/¥) tan"i(x/a),

vhich represents a smooth Jownwind slope from a plateau to a level plain.
A rough fit of the Sierrs profile was odbtained by choosing for the he

of the plateau h = 2 km, and the effective "width" of the slope 2% = 6 km,
(see Figure 12.3). The vertical velocity down this mountain slope is

(38) Yo = U2 = - 2201 4 @22

which has the Fourier integral representation in (23). The vind speed at
ground level on December 18, 1951 was sdout 10 ms~1l, vhich gives a maximm
vertical downdraft half way down tke slope (at x=0) of about 7 ms-1,

The contribution to the vertical velocity from the tvo resonance vaves

is shown in Fig. 12.5, reproduced from Palm's report. The short wave
dominates at lov levels. Itnurtsvithuluwhdtvrymm
slope and has maximum vertical velocities in excess of 6 ns”! about one
kilometer above the mountain top. This is the region vhere the saximm
vertical updraft wvas encountered on the sailplane flight 2006 at the
time 0900-1200P, see Figure 3.11. But the observed vertical velocities
vere much greater than the values predicted by the thearetical model.

The loug supercritical resonance vave predominates at higher levels,
vhich also seems to agree ir a Qqualitative way vwith the observed flow.
But again the vertical velocities in the wmodel are nmuch ssaller than

the observed valuas.

Paln did nct evaluate the contribution to the resultant flowv pat-
tearn from the remaining part of the spectrum, the Fourier integral deing
too complicated. The main function of this remoining part of the field
is to remove the discontimuity in Fig. 12.5 along the vertical at x = o
and give the appropriate downdraft in (38) along the mountain slope. It
is rather unlikely that this part of the field would help to account for
the discrepancy betwveen the cbserved and predicted values of the vertical
velocity mmplitude, A more plausible explanation may de that the curve

in (37) is a poor approximation of the Sierra profile. We Mave already
noted that the amplitude of the resonance vave is most strongly excited
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when its wave length is comparablc to the effective mountain width. It
would therefore be of interest to repeat Palm calculation for a profile

with a wider slope, say 2Wa = 12 km.

Palm evaluated the contribution to the pressure pertir. ation from
the two resonance waves. He found a maximum amplitude of 1.2 millibar at
the ground with lov pressure under the streamline troughs and high pres-
sure undsr the crests. The pressure field has a nodal plane at the level
01 maximum vertical velocity and the horizontal pressure gradient is re-
versed above this level with lowv pressure at the streamiine crests and high
pressure at the troughs, This is of course in agreement with the general
results derived earlier in chapter 9. If the amplitude of the resonance
vave is augnented by a factor of 3 s0 as to br it up to the cbserved
value, the maxirum pressure amplitude becomes 3,6 millibars which would
mean maxizum altimeter exrrors of ebout 230 meters in this very strong lee-
vave. This sgrees vith othar numerical estimates of the altimeter errors

in chapter 9.




10~
km

- — - ———— -

e -PU-.. od S PO BEL e 0 R trte it 2t

- —

e g e - - ——— e —— - ——
[ § \\ “
< N
/ ~ .
\
7/ N N
/ \ ~ \
// \ \ \
/ \ v )
’ AN ;|
/ N / /
/ /s //
/ —— b
— -
// ,” \\\
-~ —— e oo
// ———— = O - —
// el e ~.
( /”‘—- \\\ -~ \\
e - ~
N A
\\ ! ~
~ / /
~
/ /
’___——--—.---_5\ ‘\\§_~ /
_ - ~—a —— /,
- ‘\\‘ -
Y nubhanfantntiand PN - ——
”’—— - ~- e e R NP
- ™~
P —— -
pd - [~
-, s N ~a
/ ~ \
| N \ \
v s -
\ Y
~ 4 "l
-~ /
~ P V4 /
\§ _" I
_J——————
- -~~~ P4
S~ ——— -
[ RPN Iy ISR SpESPESEEETpERS Y PRSP .4....*
T~ ~
-
- - - \\
——— - - \\\ \
rd
. -~
7 \ '
/ .
\ / /
\ -7 //
\\ \\ // -~
- —_—— -
\\\ ,” e e e e [ ©
\‘__- e - J—
\\\ _ ”— \\
-~ =g
-~ e [ \
———e—efe—— s
_ - \ \\
e \
Pl . -
// ]
7 ) !
"\\ P4 /
{ ~——. // //
\ -
AN P
\\ ’/’ e e o e O e
\ -
-, \\ ”’ ”
~ -— - -~ ~
“ — - rd ~
N\ V/ AN
I\ - 7 AN \
\ I'd /

40 km

35

(Palm}

seters/sec. )

(Unate of w:

The vertical velocity fisld due to resonance waves end the resultemt streamline field.

Fig 12.5.

253




10

11

13

1h

255
REFEREXCES

Kelvin (1886): "On stutionary waves in flowving water." Phil.
Mag. (5), 22 353-357, uk5-452, 517-530.

Rayleigh (1883): "The form of standing waves on the surface of
running water." Proc. London Math. Soc., 15, 69-78.

Iyra, G. (1943): “Theorie der stationaren Leevellen-stromung in
freie!' A‘m‘pme," zeitn f. qo &th' e u&h, 23‘ l"zet I

Queney, P. (1947): "Theory of perturbations in stratified cur-
rente with application to air flov over mountain barriers," The
University of Chicago Press, Misc. Report No. 23.

Eoiland, B (1951): “"Fluid Flov over a ¢ ted bed," Appendix
A, Pifth Progress Report, Contract No. AF 19(122)-263. Air
Force Cambridge Research Center, Cambridge, Mass.

Wurtele, M. (1953): The initial value lee wave problem in an
isothermal atmosphere,” 3cientific Report Ko. 3, Sierrs Wave
Project, Coatract lio. AF 19(122)-263. Air Force Cambridge
Research Center, Cambridge, Mass.

Palm, B. (1953): "On the formation of surface wvaves in a fluid
over a corrugated bed and on the development of mountain
vaves," Astrophysica Norvegica, Vol. V, No. 3.

Iliassen, A. and Palm, E. (195k): ‘"Bnergy flux for combined
gravitational sound waves,” Institute for Weather and Climate
Research, Oslo, Publ. No. 1,

Queney, P. (1948): "The prodlem of air flow over mountains: A
summacry of theoretical studies," Bul. Am. Met. Soc. 29, 16-26.

Hoinkes, H. (1950): "Pobnentwicklung durch Eohentiefdruckge-

biete,” Arch. Me v « U, Bioklimat., ser. A, vol. 2,
%o. 1, 8-95, : l o

Bjerknes, J. (1956): “Dynamic Meteorology and Weather 7orecast-
ing, Chap. 16." Carnegie Institution, Waverly Press, Baltimore.

Scorer, R.S. (1949): 'Theory of weves in the lee of mountains,"”
wn Jo no’d hto SOC. v°10 75} kl‘%o

Wrtele, M. (1953): "Studies of lee vuves in atmospberic models
vith contimuously distriduted static stadility,” Scientific Re-
port No. 4, Contract No. AF 19(122)-263, Air Porce Cambridge
Research Center, Cambridge, Mass.

Palm, E. (1955): "Multirle layer mountain weve models vith
constant stability and shear,” Scientific Report No. 3, Contract
No. AP 19(604)-T28, Air Purce Casbridge Research Center, Cambridge,
Nass .,

¢ & ol Fad s 3 "
[ Mw.u’.‘ o, m‘




16

)

Zierep, J. (1952): ‘“ieevellen bei geschichteter Anstrosung,"
Ber. Deutsch. Wetterd. U.S. Zone, No. 35, 85-90,

Morgan, S.P. (1947): '"Tables of Bessel functions of imaginary
order and imeginary argument,” Caliivenia Institute of Tech-
nology, Pasadena.

Holmboe, J. emd Klieforth, H. (1954): Pinal Report, Contract
No. Af 19(122)-263, Air Pewce Cambridge Research Center,
Mri“', Mass.




-

X \

APPRNDIX A

REIUCTION OF TRACKING DATA

Photo-theodolite tracking data.

Q?. It vas the reduction of the tracking data vhich posed the
biggest obstacles to the project and upon vhich the greatest effort vas
expended, The attempts to derive useful space positions from the tiacking
data extended over a period of four years (1951-1955). The many fa’lures
and frustrations vhich preceded eventual success vere due primarily to the
inherent complexity and novelty of the task, aggravated by & saries of un-
fortunate developments. It had been hoped that the firist test flig its over
the Naval Ordnance Test Station (N.0.T.8.) rocket range nesr Inyoke m in
early 1951 would provide a bas’s for comparison of relative accurac r betveen
Mitchell and Askanis phoi~ thecdolites but the Asianias vere nevar sed, The
later flights of Phase I over the Owens Valley in March and April 1951 were
intended in part to furnish (a%a for a sample reduction routine vhich could
be tested and necessary improvements in the techaiques campleted b« fore the
start of the 1951-2 season; tne first attempt falled and further ei'furts wvere
discontinued vith the wvithircwal of N.0.T.S. from active participstion in the
Project because of the demands of more urgent research. The loss of the
NBavy's assistance in data reduction was & serious one since they possassed
all the experience and technical krowladge needed for evaluating the tracking
data. later vhen the computing task wvas undertaken by the Institite of
Rmerical Apalysis at the University of California at Los Angeles (U.C.L.A.),
work vas interrupted scveral times for long periods vhen the tracking network
was re-surveyed, vhen funds vers temporerily unavailable, and vhen the In-
stitute undervent a change of administration from the Bureau of Standards to
become a part of the University ss Bumerical Ana'ysis Research (N.A.R.),

The vork vas resumed in 1954 by project personnel of the Msteorology Depart-
ment under the guidance of Ix. Thomas H. Soutbard of N.A.R. Publications of
the Alerdeen Proving Ground and of N.0.T.S. on ballistic trajectary computa~
tions irom tracking data and results of the 1951 e tracking tests

by ¥.0.T.3. vere made available to the project in » having deen unknown
earlier or unavailadble as "restricted” informstion. In the coding of the
prodles for the SWAC® electronic computer much credit is due Dr. Southard
and ). James Dowvd.

The method proved to be swrprisingly complex. In the following sec-
tions are descrided the rav data from the theodolites, how the camerss were
timed and orlented, and the system of coordinates chosen. BEvaluatiocn begun
vith the msasurement of the position of the image on the film. JFrom this,
azimith and elevation angles were determined after a series of corrections
hed been applied--campensation for tracking errars, instrument errors, curv-
ature of the earth, the reference system, etc., The space positions were then
computed from the corrected angles by triangulatios. I.B.M. (Intermaticnal
Business Machine) punch cards were used for coding the routine and the dats,
the camputations vere performed on SHAC, and the final results giving positinns
and an estimate of their accuracy were printed in tadular fomm,

ALl of the high speed computing machines used in the Unite! States have
abbreviated names. SWAC stands for Bureau of Standards lVester: Automatic

Computer.

c e ot MR S ekl o A - . o rr. X o
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The photo-theodolite. A photograph of one of the three Mitchell photo-
theodolites use tracking operation is shown vith its crev at one of
the stations in Fig. A.l. A schematic draving of the instrument is presented

in Fig. A2, wvith the lettered parts corresponding to the following namen-
claturs:

stationary horizontal wormwheel
arimuth handwheel

movable vertictl wormvheel
elevation handwheel

telescope eyepiece lens

telescope crosshairs

telescope prism

telescope objective lens

camera filter

camera lens

camaras light stop

camera right-angled mirror or prisa
azimuth and elevation indicator unit

O = t X o4 H m Q W M O O W >

large prism of indicator optical system

”

lens of indicator optical system
mmall prism of indicator optical system
ocamere shutter

camera film aperture or mask

o v = o

film

The instruments were manually operated in tracking the sailplane. The
cemsrs vas operated electrically by pulses which at regular S-second intervals
recorded piotographically on 35 mm film the image of the sailplane and its
vicinity u d the frese number and the azimuth and elevation indicators of the
optic axis of the theodolite. A sample frame of theodolite film is shown in

Pig. A.3.

There are three effects of the optical projection of the sailplane
image on the film that are briefly noted hers and discussed in more detail
below, Pirst, since distances on the film represent various angles in the
sky vhile azimuth refers to the horiion, and elevation to great circles through
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Fig. A1 - Mitchell photo-theodolite mmd operator at Ball Park, Iadependence.
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Fig. A.2 - Sclematic drewing of Mitchell photo-theodolite.
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the zenith, true vertical and horizontal lines with respect to the theodolite
vere rotated on the film by an amount equal to the elevation angle of the
optic axis. Second, "left" amd "right" along the true horizontal plane .
were reversed in the film from their relationship in the sky with respect to
the observer, Third, the saiiplane which appeared to the observer at some
point in the spherical coordinate aystem of the sky wvas projected onto the

- flat plane of the film, thus involving a certain smount of measureble distor-
+tian. Consequently, when resding the film and caputing the "trus" or mast

probable aziruth and elevation of the sailplane from each theodolite, one
had to make allowances and corrections for these effects., These were known
as tracking corrections and would all have deen ocbviated had it deen possible
to keep the sailplane exactly in the center of the crosshairs.

The theodolite network and track eduwres. Oao the map in Pig..
1.2 are shown the location of the three %to—theocbﬁtcs. The station des-
ignated Seven Pines (7 P) vas at an elevation of 525k feet, that at the Ball
Park (BP) in Independence at an elevation of 3904 feet, and the third at
Manzanar (M) at an elevation of 3836 feet. The three stations were comnected
by wire land lines with each otler and with the synchronous-motor timer in
the control van at the launzanar airstrip. Electrical Impulses originating
at the timer were used to actuate the opersting so.enoid on each photo-
theodolite at 5-second intervals. Intercammunication by radio and telephone
vas also maintained a:aong the stations for coordination of the trecking effort.

At each of the station sites a stout 16 inch square wooden post vas
sunk deeply and firmly with its top about 4 feet above the ground (Pig. A.l).
Prior to and immedistely after the tracking flight, orientation photographs
vere made at each station by focusing on a signal mirror or light flashed
at a refarence station in direct line of sight. These recardings of the )
azimth and elevation dials were made in both the forward and Amped (reversed)
position. JFrom both Ball Park and Manzanar it wes possidle to see the Seven
Pines theodolite and vice versa, so that the operators at the first twvo made
two sets of orientation readings for each flight while the crew at Seven Pines
made four sets; the reference station for Seven Pines vas Ball Park, Films
were identified by flight, date, and statiom.

During the tracking run, time correlation was maintained by periodic
"blackouts" which were effected simultanecusly at each station on a count-
down from the flight control by placing an object over. the telescope lens
of the camera. .

-

Some fallures and errors of the to-theodolite track method, The
limitations and mcnﬁona in the use of pww-mﬁm vere many, and
ranged in order of magnitude from those unfortunate catastropbes and unfore-
seen circumstances that prevented the securing of any useful data and null-
ifried the entire flight to certain exrors vhich were either soc small that
they could be neglected or were of such & rendom and indeterminate nature that
they could not be corrected for. Between thess extremes in limitations were
some errors, many of vhich were vather large, which could be corrected for
in a satisfactory manner. The various defects in these three groups vill be
considered briefly here.

Of the gross mechanicel failures that prevented tracking coverage of
whole flights or parts of flights, one that was quite commcn vas the failure

- il EE IR B P L S : - DL A o SN _,.q..A...l_m;-:
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of pulses at ocne or more of the stations. These were usually a result of the
land lines having beun severed by predators or by snov removal equipment.
Another common resson for no theodolite tracking data, and the only cause not
preventable, vas the obscuring of the target by intervening clouds or bloving
dust. A fev operations had to be cancelled for this reason vhile on many
others, parts of the flight paths could not be tracked., lLater in th~ season
dnstallation of the elactronic "Raydist" system served to overcome these gaps.
Whils black and vhite film vas used gensrally in ths theodolite cameras, color
filn vas employed on the last several flights of the season. It had an ad-
vantage over black ard vhite film in makiag it easier for the film readsr to
locate ths orange sailplane against the sky or clouds, but the serious dis-
advantage that the dials photographed indistinctly and for large portions of
some flights vere unreedable. Alsc & real disaster and cause for anguish
occurred vhen a rather important flight was nullified decause the color film
was ruined by incorrect processing. The inability of the thsodolite operators
to remein on target at all times, especially vhen the sailplane was near the
direction of the sun from the station or at low angles, vas responsible for
some gaps in the theodolite tracking data. Fiually, some infrequent “stutter-
ing" of the pulsing mechanism and the consequent exposure of more than twelve
frames per minute caused some data to be discaried.

Certain errors vhich vere peculiar to each instrumsnt or vhich vere de-
poMnt on the mounting of the theodolite for each flight could be effectively
msasured and corrected for. These were:

1) Llens collimation correction. This was a constant error of the
optical parts of the instrunent which affected the meesurement of the image
on the film. Because of a certain lack of alignment of the optical parts,
the "base of the film"--vhere the film was intersected dy the line through
the rear nodal point of the lens--did not quite coincide with the center of
the frame as defined dy the cross bairs imprinted on the film by a pressure
plate in the camers and defined by the notches of the mask. These exrrors vere
dstermined from the forwvard and dumped orientation mesasurements. The vertical
torm vas a constant correction to elevation vhile ths horisontal ters vas a
varying bhut systematic correction to azimuth,

2) Zero-point correction in asimuth, The "zero" asimuth resding for
both the Ball Park and Manzanar theodolites vas along their lines of sight to
Seven Pines station vhile that of the latter wvas along its line of sight to
Ball Park. That this reading wes not exaotly tero could be corrected from
the forward orientation readings in arimuth,

3) Zero-point correction in elevation. Whatever amount the zero read-
ing of the alevation scale was different from that when the instrument was
sighted horizontally, wvas determinable from the arientation readings in
elevation corrected for collimation error and the computed elevation of the
reference station from survey data taking into account the curvature of
the earth and the direction of local gravity.

Those errors vhich vere knovn to exist or were possidble dut for vhich
corrections have not been made are listed below. These errors could not be
corrected for practically because of their random nature, but they were be-
lieved to be small in most cases; all vere smaller than estimated film resding
errors.
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1) Lag cr "backlash” occurred vhen the gears of the wormvheel did not
mesh perfectly with those of the counters. Thus the instrument might have
moved slightly before the counter moved and this wvould have given two dif-
ferent readings for the same fixed point depending on the direction of sweep.
The occasional difference of one or two mils in the corientsation azimuth
resdings of an inatrument suggested this pcssibility but because of its in-
consistencies and infrequency it could also have been caused by a slinht
"play" in the bolts attaching the metal base to the woodsn post, Als: & move-
ment of the portable signal light at the reference station by several feet
would have caused such a discrepancy.

2) Leveling and gravitational error. Since great care vas taken to
mount the theodolites by spirit levels and they were believed to be leveled
to 0.02 degree (0.35 mil)™ maximm error, this systematic but smell error
was igncred. Variations in the collimation and zero-point corrections to
elevation between flights suggest that the leveling error was on the order
of ¥0.2 mil. This, too, could have been corrected for had there been addi-
tional surveyed reference marks for each station. Correlated with the
leveling error is the neglect of the var.ation of the direction of local
gravity caused by the pruximity of the great rock mass of the Sierrs Nevada,
Present geophysical datas indicate this to be negligib.e. The carrections
for variation of the direction of local gravity associated vith the curvature
of the earth wvere mcde and are treated belov.,

3) Effect of atumospheric refraction. A correction based on the
assunption of a Standard Atmosphere can be applied (McShane, 19%2), but cal-
culations have shown this effect to be very small even at lov angles which
were infrequently recorded. Bowever, since refraction is greatest vhen
sighting along or at a small angle to & tempersture inversion, and it is
known that lee waves are of.en associated with a strong inversion which
layer partakes of the wave form, it is quite possible that this effect may
have been important in certain flights along certain lines of sight. But
it could not be solved for, practically, in the routine computations
because 't depended on knovledge of the temperature field wvhich could only
be approaimately known after all the sailplane tracking data computations
and synthesis had been completed.

Notatfpn. The symbols used belov have the following meanings:

a azimith angle.

% reading of azimuth dial and counter.

oy corrected azimuth of theodolite i (1 = 1, 2, 3)
[ elevation angle.

% reading of elevation dial and counter.

#1600 mils = 90°, or 1° = 17.778 mils.




corrected elevation of theodolite i,

messured distance on film of sailplane from vertical reference
line, + l.tt, - ri‘bto

measured distance on film of sailplane from horizontal reference
lme. + me, - bem-

primary tracking correction in azimuth.
primary tracking correction in elevation.
final tracking correction in azimuth,
azimuth corrected for tracking error.
elevation corrected fur tracking error.
adjusted reference azimuth.

arimuth measured from reference azimuth, positive clockwise.

A,B,M,N constants for flight or portion of flight.

b

4

0

angle between the reference azimuth of the theodolite and the direction
of the origin from the theodolite,

azimith of sailplane from the reference line joining the origin with
the theodolite.

the angle the line joining the center of the earth with the theodolite
nakes with the line Jjoining the center of the earth with the origin
of the reference system.,

azimuth correction for curvature of the sarth.

elevation correction for curvature of the earth.

azimith collimation correction.

elevation collization correction. ®

ar ‘e between the reference line Joining the theodolite T, with the

0. 1gin O and a north-south reference line from T; measured in the
horisontal plane of O,

elevation corrected for tracking errors, curvature of the earth, and
collimation error.

azimuth corrected for tracking errors, curvature of the earth, collima~
tion error, and rotation of the reference lins.

origin of x, y, z coordinate system.

T(X,Y,2) rectangular coordinates of the theodolite.

P(x,y,z) rectangular coordinates of the sailplane.
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Py(x,,y4,24) rectangular cocrdinates of projection of P on ray defined

by 8, &.
8:994084 direction cosines of rey defined by theodolite.
y altitude above mean sea level.
I3 vector from Ty to Py.

ry slant range of "sailplane” from theodolite.
Ax;,8y;,4z; residual components x -x, y;-y, aud z.-z, respectively,
representing the vector betveen P and Py,

Filn re and measurement. The films frca the photo-theodolites
vere processed ln% developed at the Kaval Ordnance Test Station, Inyockern.
Most of these films were read and recorded bty the tracking team in Independence
later at U.C.L.A. many of the films were checked and re-read. Reading wvas
done on & Model C Recordak Film Reader. From knowledge ¢! the focal length
of the cameras, & circula- grid was constructed on a transparent overlay for
the vieving screen so that anguiear distances of the sailplane from the
center of the film could be read when the periphery of the grid circle of
50 mils diameter wvas aligned exactly with the notched references of the
projected film frame. This relationship is illustrated in Pig. A.4.

The readings for each frame for eu:h station had five psrts: the
n'lle nusber, the complete azimuth (@,) and elevation (¢,) dial readings in
and the uanrotated primary trl.ckgng corrections to these readings
(Aa"‘ qo) consisting of the distances in mils of the sailplane image "right"

1ert." lnd abovc and belovw the crosshnirs. The grid vas scrided in mils
nnd the Aao and “o readings vere recorded in mils and tenths of mils, the
tenths figure being estimated. T.e accuracy end reproducidbility of the
corrections thus depended on the ca-eful adjustment of the film frame
and its mask to the grid circle on the screen. The position of the sailplane
or the filn wvas defined as the center of the cross formed by the wings and
the fuselage.

The aximuth and elevation indicators consisted of two parts which
together vere the complete "dial"” reading. The counter mumbers indicated the
values in tens of mils while the other part, the sawtooth scale and pointer,
indicated nils and tenths of mils. BEach tooth represented two mils, so that
it could be read to the nearest mil and estimated to the nearest tenth of
a m1l. Estimated reading accuracy vas about ¥0.2 mil average. This wvas
attributadble not only to the 0.1 mil accuracy in interpolating “etwveen lines
on the grid but also to the error in aligmment of the film mask and the gria,
and, perhaps, by slight differences in focal length of the cameras. Reading
of the fila for the orientation sequences at the beginning and end of each
flight required particular care and the accuracies of these readings wvers
prebebly 10.1 =il as they vere re-read and checked several times. Also,
certain selected frames used for sample calculations of positions vere
treated similarly and reead and re-read with extra care.
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Recording of data on punch cards. The dats for each frame and from each
theodolite vere recorded on s separste I,B.M. card, On each card vere punched
1) an identifying code number giving project, flight, station, and frame
: bers; 2) the azimuth and elevation dial readings in mils; and 3) the two
tracking corrections in mils, After all the data to be used in position com-
putations had ~en punched they vere listed togethear with the first and second
differences o. ccessive azimuth and elevation dial readings. The latter
figures enabled one to detcct gross errors csused by 1) misreading the count-
ers--vsually by 10 mils as a result of its lag vith respect to the pointer; 2)
miscounting the savteeth; }) vrongly recording the reading, e.g., by trans-
position; L) misreading the data sheet; or 5) a mistake in punching.

The reference systeri. All of the station locations, including the
pboto-tﬁeodolitn ’ the radar set, and the Raydist units, were determined by
first-order surveys by the Navy in 1951 and by the U. S. Coast and Geodetic
Survey in 1952. The results from the two surveys were quite close; those from
the U.5.C.0.S. vere used in the camptations. The geographic coordinates of
the theodolite stations were given tn an estimated accuracy of 1 foot in
altitude and ¥0.1 foot in latitude and longituda,

The reference system chosen for the reduction probiem was one with the
origin st a point® in Independence which point was the location of the central
unit of the 5-unit Raydist system, A rectangular coordinate system was pre-
scribed such that the (x,y)-plane was tangent to the earth at the origin O with
the positive y-axis pointing to true north and the positive x-axis in the east
direction., The vertical coordinate z was parallel to the direction of gravity
at O,

Geographical constants. In order to compute the space position of the
sailplane vith respect to the reference system chosen, it wvas necessary to
make appropriate corrections to the measured angles for the effect of the
curvature of the earth. This effect can be appreciated upcn considering that
the theodolites were leveled by spirit levels according to the direction of
local gravity, and in the tracking network distances were of the order of
five miles, (As an illustration of this, the difference between the absolute
values of mutual orientaticn elevations between 7 P and M wvas about 2 mils,
that from the higher station being the larger since the curvature effect
augmants a negative angle.,) The correcticn to the measured angles wvas a
varying but systematic one dependent on the constant angle c defined by the
theodolite, the center of the earth, and O, and on the arimuth from the sta-
tion. The accurate computation of ¢ taking into account the eccentricity of
the earth's shape is discussed in a special pudlication of the U,8.C.G.S.
(1946). The values for each station are given in Table A.l.

Coordinates of the stations with respect to the origin of the reference
system were computed from the U.5.C.G.S. survey results assuming the earth to
be & Clark spheroid. Other geographic constants resulting from the definition
of the reference system and the geometry of the tracking network and required
fcr the computation problem are certain angles for converting to north-south
veference azimuths as defined above in the list of notations and evaluated in
the table below.

®Latitude 36° k7' 53.935"; Longitude 118° 11' 46.531"; Elevation 3,938 ft.
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Table A.1

Station X, Ys 2, (£e)
;P -18,99C.943 - 8,€29.Lk24 +1305,947

BP - 2,177,706 + 4,236,582 - 34,639

1 +14,779.092 -22,510.813 - 113.75€
Staticn o ¢ GL' (radians)
7P +0,226,7C2,7  +0.000,999,9  +l..144,291,2

BP -1.392,351,7  +.000,228,4  42.006,329,4

M -3.539,309,3 +0.001,290,9  -0.530,960,1

Determination of flignt constants. In order to apply the necessary
corrections to the elevation and az.rmtk dial readings one nad to determine
the flight constants from the reference readirgs and acsign certain other
limits which wvere prescribed by the geometry of a particular flight. The
first group vere the flight constants ag, ¢_, and cg--the reference azimuth,
the collimation error in azimv'ti, and collimation correction in eleva-
tion, respectively. » Cqs 804 cg were determined from orientation measure-
ments and vere corstant for each station for each flight. They were com-
puted from the forvard (F) and dusmped (D) and bccim:in‘ (B) and end (E) read-
ings in the folloving manner:

‘1‘0'4-“0

g = a; + 4a, sec &

(These vere nearly exact since the clovat.on angles were quite small and hence
there was little rotation or distortisn of the image on the film.) One
computed L values of each angle for BF, 3D, EF, and ED., The values for

og vere cooplements as the elevetion counter numbers increased as
the theodo ite w7as rotated through 130° (3200 mils) or more in elevation to
the reversed position.

Then ag = } (app + opp) = Ty
*sp - ¢gp) = -3 (ep - ¥p)

app) = ¥ (ap - 3p)

ct.-,} (spp + ¢gp -

-4 (agy + azp - opp -

A further refina}ent of c¢ to include the zero point correction in elevation
was defined by ¢, = ¢, + 8¢ where 8¢ was the difference bétween the measured

reference elevation corrected for collimation error and the angle that should
have been measured according to the survey data.
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The sec~nd set of fligh. constants A, B, M, and ' were required in cod-
ing the problem for the SWAC hign speed computer so the. all angles would be
less than 27 radians or 360°., These were also needed t> resolve possible am-
biguities in the azimuth readings which vere ir mils. Sirce C4OU mils cor-
reeponded to one revolution in azimuth while the count r readings continued to
3999.9 nils, it was necessary to know whether the inst ument spproached a givexa
line of sight to the sallplane in a clockvise or a couiter-clockwise rotation
from the reference azimuth, whether it made more than jne revolution in either
direction, etc. The coastants A, B, M, and N wcre de ermined from an approx-
imate plot of i1he flight path.

Corrections to the measured angles, !Many of tne necessary corrections
to the dlal readings--vhich computations contributed at least half of the
complexity to tne problem of determining the spaze p sitions--have been dis-
cussed qualitatively above and are outlined below ir terms of their quantita-
tive treatment. They are grouped according to tracl ing corrections, flight
constants, and geometric (geographic) constants, Tie cerivations of these
equations are given by Trirble and ‘eller (1)51).

a. The iritial (punch card) data., T.e d-al readings ¢, and G, and the
unrotated primary tracxing correctlons Aa; and Ac; ere first coaverted to
radians. In that carputation and in all subsequent operations the results were
obtained to six decimal pluces,

b. Tracking corrections, The correcilons “or the tilt of the true
vertical axis on the film were given by the follov .ng equations:

Aa, = Aa.; cos @y + At sin €,

»
bey = Oty cos €5 - Aa sin e,

The smaller effects of converting the position of the sailplane image on the
flat plane of the film to its position in the splerical coordinate system of
the sky were corrscted for by the formuilas

tan 82 = (tan 83 )/cos - e 48¢,)

aad ap = a5 + 8a
sin &p = sin (e +be ) o8 da, (0O<&<n/z)
c. RMight constants. Correcticn for refere:ce reading:
op=op-gg if ASap-og<B

otherwise ay = M (Gp - Gp) + N

I'4
Collimation corrections: c and c d’cos ¢ (both addel),




269

4. Geographic constants. Correction to reference line to the origir

T = oy - o

Correction to N - S reference azimith: + of

Corrections for curvature of the earth:
4a, = ¢ zin io tan ep

Aec = ¢ cos &, (both added)

e. The corrected angles. The final computations giving the most
probable (or best determinable) azimuth and elevetion angles measured in the
horizontal and vertical plares of the reference system for each frame were:

€ v tp + AE, + c:
- »
a; =T, + g, + o + cg/fcos &

vhere 1 = 1, 2, or 3 according to whether the station was 7 P, BP, or M.
These equations were specially coded for rapid camputatior on the electronic
computer., A sample calculation for each flight wvas performed on a hand
calculator to check the SWAC routine and the flight constants. In the SWAC
computations the decimal data were first converted to binary notation. The
flight constants werc puiched on other cards, coverted to binary form, and
inserted in the deck of command cards cons!sting of the routine and the
geographic constants. The values £ and @; were stored for the second phase
of the computation, that of obtaining space positions.

Computation of apace positions. If there were no errors in measure-
ments, ¢ and @, would be exact and the determination of the position
P(x,y,z) of the sailplane in the reference system could be computed sizply
and directly from the angles ¢;, a; of one theodolite and one other angle
from another theodolite. 1In reality, however, there vere random errors in
the mecsurements so that the true line of sight and the computed line of
sight to the sailplane from each station both lgy within a cone-like ray;
the computed lines of sight did not intersect in a point except by rare ac-
cident. What one wished, then, was to determine the most probable point,

a more reliable approximation to the true point, for which a more eladorate
computation method was required. The aethod chosen was oue described by
Trinble and Weller (1951). The solution is given by two steps:

1. Determine a set of points, one on each of the lines of sight,
such that the sum of the squares of the distances from each point determined
to every other such point is a minjmum.

2. The position of the sailplane is defined by the arithmetic mean
of each of the coordinates of the points determined.

As an aid in estimating the reliability of the final result and as
a check on the consistency of each theodolite, the residual differences of
the coordinates of the point and those on each of the lines of sight were

computed.,
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The procedure for three sets of data ves as follows with all computa-
tions carried to 6 decimal places:

Given:
o, & (4=1, 2 3)
O<ajsan; 0 e cn/f2
Computation of direction cosines:
aj = cos t; sin &
by = cos ¢ cos &

cy = sin & for 1 =1, 2, 3

Computation of Agy = njay +biby + c4¢y 143andi, yJ=1,2, 3

thus obtaining Aoy A13' and A23.

3 3
Computation of By = ag [3X; - £ X3) ¢ vy (3Y; - = Yy}
J-l J-l

3 .
+ ci [ﬂi - J%l ZJ] thus ‘.tti‘n.“ Bl’ 32, ‘nd 330

Solution of the values of the distances ry from the following set of
equations;

= 2r) + A, r2+A13r3-Bl
A12r1-2:-2+A23r3-32
A3 T + Ap3 rp - 2ry = By
Specifically:
ry = By (Aip Agy + 24)) + By (Ayy Ayy + 24,9) - B}ikfz
2 (Mo + Aj3 + Ap3 + A1 Aj3 Ap3 - b)

'2'252'A12A13r}*ﬁ231'2A23r3
2

A, - 4

- 1)

ry = } (A].Z Ty +Al3 X‘3 - Bl)

*In the computations a scale factor of 25,000 vas used to reduce the mag-
nitude of the terms in brackets,
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Soiution of the set:
Xg =Xy +7y 8y
Yi =Yy +rgdy i=1,2,3
24 =2y + Xy Cy
Cocputetion of:

3
x =1/3 a X

1/3 é
y J=1 b

z=1/3 ¢« z.
=2 Y

rounding off to one decima. ,lace. The z value is tie height above the (x,y)
reference plane tangent to t.e earth at 0. To correct for curvature of the
earth and to obtain the geametric aliitude, 2, above mean sea level, the fol-
lowing correctiors ware applied:

Z =z + 3939.7 *K‘fx%fié
t ?

Por two sets of data, say 1 = 1, 3, the procedure was:
Given (¢, &;) and (33, c3), 84, by and c; and A}y are defined as above
Computation of: By = a;(X;-X3) + b;(Y;-Y3) + €3(2;-24)
By = a3(X3-X;) + b3(Y3-Y;) + C3(23-2;)
Solution of: =T} +Aj3r3 =3

B + Al B‘l
by r3 - _3_zr__;__=

4 -l3
rl = Al3 r3 - Bl

Xy, Yj, and z; were then computed as described above and x, y, and
Z vere cumputed as means of these with Z determined as above,

For each flight one complete calculation was carried out by hand
calculator beginning with the carefully read dial readirgs and primary track-
ing corrections for one frame and ending with tae spcce position and resicduals,
These results were then campared vith the saue corxputation mede oz the SWAC
electronic camputer. If the results vere not the same, the calculations and
coded values were checked to locate cnd correct the erzors., A three-dimonsional




ry(]

model of the theodolite tracking system was an aid in studying the relation-
shipe of the three rays from the camputed position and residuals. Where the
latter were large in the sacple computation and certein flight constants

(GR, vay ::) were suspected and liable to adjustment, those values were varied
experimentally to effect a closer grouping of the points on the rays.

LRI S0 priag ™

'lhile it required at least one day to compute one space position by ..and
~alculator, the SWAC corputations were performed in several seconds per point.
3ince some of the f{rames had data from three stations arnd some from only two
stutions, a "compare cormand” was used ir the coded routine to allow SVWAC to
make the proper choice of procedire, The values of x,y,z, anc Z and corre-
sponding frame number were listed., 3By means of an ingenious supplementary
codiag routine prepared by Dowd, }etcoroiogy Department, U.C.L.A., the residu-
als, xy - x, etc,, were listed in three columns according as they applied to
X,¥, or z and plotted rs numbers i (=1,2,3) according to station. Each number
vas printed a distance from the cen.er liie representing its value pluc or
minus in units of 5 feet., These ulifercices were quickly and easily graphed,
thus providing at a glance the relative accuracy of any position determination.

Evaluation of the reduced ditau. The overall accurucy of the computa-
tions is unlnowvn becuusc of wae randon errors and tuae lack of a standard system
aguinst vhich to compare results., However, o very reliable computation of the
mest probabie positior and the degree of maximum error invoived were obtained
by the above procedure, It is reaxonable to assune that the probable position
of the sailplane so calculated 1s clcser to tue indeterminable true value than
are the points determined on each roy; certainly this is so in the average,
The resicuals, then, ure extremely conservatlve as estimates of the accuracy
and prenent the near-maxinum error. large values of the resfduals are of the
order of 2.0 feet; some are lnrger, especially at greater distances from the
network., But these are, of course, absolute errors which do not affect the
derivatives; the re.ative errors fram point to point are much less and can be
nearly eliminated by smoothing. For the horizontal plot of the positions and
subsequent determinations of the path and the velocitles, the accuracies eare
entirely satisfactory. For the plot of the altitude in a vertical plane or
in a tine section, the relative values of Z are generally of sufficient ac-
curacy for rout subsequent coxputations, especially when smoothed curves are
drawn, but for certain determinations such as D values, the uncertainty in
the absolute value of 2 is imporiant and must be considered. The residuals,
in all cages, give an estimate of the magnitude of the possible error.

Radar data,

The intended use of redar in the tracking operuatiois vas to provide
continuity in the measured flight path of the sailplane during those portions
of the flights when clouds or dust interfered with optical tracking. It was
hoped to have three radar sets as illustrated in Fi;. A.S, but only one was
provided as there was greater demand for them in military operations elsevhera
Cameras pulsed by the same gystom of the theodoiites recorded the dial read-
ings of time, elevation, azimuth, and slant range, A single radar unit is
capable of de‘ermining the position in space of an aircraft vwith a degree of
accuracy dependent on the digtruice of the object ana rather more on the recency
of the particular model, For aiy distance from the object tracked, the

-y
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accuracy in slant range was much greater than that in angular measurements
of azimuth and elevetion, Much difficulty was hal by the operetcrz in
remainirg on target, probably because of the mountasinous terrain and the
limitations of the wodel., Perhaps the inefiectiveress of this set could ve
ascribed to its age. Most of the scanty data obtained wvhen the set was be-
lieved to be on target were not useful because the dial readings were in-
distinct on the film or because the results were doubiful., However, scme
use vas made of the readings recorded marually vhile tracking the power plare
on sanme of the meteorogram flights. For this reason a brief sumuary of the
reduction procedure is given here,

The notations used are:

t time

Q ezimuth

e elevation

r slant range; distance toO target along ray described
by a and ¢

8 horizoatal distance to target projection in horizontal
plane neasured along a

H neight 2bove station

h altitude of station

Z altitude above mean sea level

Then the required results, knowing the location end reference azimuth
acourately, are:

§ =y cos ¢
H=rsint

2
Z=H+ht S feet

Raydist data.

The Raydist system and data. As a supplement to the theodolite netwcrk
and as a substitute fur unavailable late-model radar sets, a Raydist system
was installed in the Owens Valley in Jaruary 1952. Raydist is an electronic
system consisting of a central recording station, a transmitter carried in the
object being tracked, and severa) receivers placed at verious surveyed loca-
tions in the tracking region. The central Raydist van vas near the Marzanar !
contrel van and the five robot units were placed at tiae locations shown on !
the map in Fig. 1.2. Signals from the transmitter in the sailplane were .
received by the five units, pairs of which formed the various baselines. A '
phasemeter at the master station measured the difference in phase of the
signals received at four peirs of receivers and recorded them as sawvtooth

e
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traces on a revoliving chart. The length of each sawtooth is proportionsal to
the distance travelled by the sailplane along that baseline in the correspoad-
ing time I1:terval indicated by the chart; wher the sailplone vas flying
essentially parailel to s baseline the sawteet. were closely spaced and vhen
flying perpendicular to a baseline the trace was essentially a straight line.

During the period from 29 January to 30 March 1952, Raydist was used on
9 tracking flights; some of the data duplicated the theodolite coverage while
some of it covered interesting portions of the flight during which the theodo-
1ites were off target. The raw Raydist dats consist of the brush recordings of
sawteeth traces for 3 or 4 baselines, a time-base tracing synchronized with the
theodolite pulses to produce "pips" at the same S-second int : vals of theodn-
lite photopraphs, all supplemented by the notes of the techi .ian in the van
giving identity of baselines used, time correlations, approximate positions of
the sailplare, pover failures, etc,

Reading and messurement of the dsta. Even more than the reduction of
the theodolite data, the Raydist reduction problem required a pioneering ap-
proach, Raydist had previously been used for surveying, measuring the speed of
ships, and othexr two-dimensional prcblems, but was relatively untried in
three-dimensional track: ig; it had never been used in mountainous terrain or on
such an eratic target a3 a sailplane. The uncertainty co.cerning the accuracy
of this method and the task of dariving and coding a routine for computing
space positions were lesser problems than the more basic one of how to obtain
relevant numerical data from the brush recordings. Since the Raydist method is
based on the measurement of differences, its recordings are relative values or
first derivatives and the assignuent of absolute values depends upon knowing
an initial space position rather accurately.* Hence, one of the limitations
of the method is that it is dependent on the results ¢f some theodolite com-
putations und, therefore, the solution of the many Raydist problems had to
wait upon the completion of the theodolite camputations.

In order to calculate the position in space of the tranamitter at a
particular time, it was required to know the exact locations of the receivers,
the frequency of the transmitter, and a numerical value from each of the four
savteeth truces at the appropriate time. This value consisted of a whole
nurber pertaining to the whole sawtooth and a fractional part determined by the
intersection of the time line with the sloping side of the asymmetric sawtooth,
The complete figire represented the distance in terms of wave lengths along or
parallel tc that baseline; the direction of the sloping swiface of the tooth
indicated vhether the sailplane was moving in a positive or negative sense vith
respect to taat baseline, From the values one could cbtain slant ranges from
each of the receiver stations and eventually the space coordinates with respect
to the reference system with its origin at Raydist #1, Independe.ce. Computation
of successive positions of the sallplane was dependent on assignment of the
correct whole value to the successive sawteeth and { 3 continuity of a distinct
trace, i.e,, no ambiguity in the identity cf an individual tooth because of

"noise."

Early attempts to lahel savteeth by hand and to compute positions at

"It was attempted to satisfy this requirement by bringing the sailplane to a
surveyed reference poirt on the Manzanar air field at the beginning and end of
each flight, but the portion of the Raydist traces racorded at those times vere

garbled due to the proximity of the terrain,

LA
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the Institute of Nuserical Analysis (I.X.A.) in 1952-3 failed to give reascn-
able results. After the coogpleticn of most of the theodolite camputations

in 195k, the Raydist problem was again attacked by the project team. James
Dowd undertook to code tkhe routine for computation on SWAC and Robert
Cayouette, who had moritored and maintained the Raydist systes in the Owens
Valley, vas hired as a consultent in preparing the routine and in reading
tae records. By courtesy cf the Benson-lshrer Company of Los Angeles, an

. "0OBCAR" (oscillogrem analyzer and recorder) data reduction systec was loaned
to the project. This innovation mede possidle the reccrding of the useful
Raydist measurements in a very small fraction of the time required by

manual methods,

Data chosen for reduction vere those for vhich there vas same over-
lapping with theodolite trackirg and for vhich there was simultareous cailplene
camera data. From several known positions the slant ranges and finally the
sarteeth values vere coxputed =nd the teeth labeled. Often there vere dis-
cgreements, usually by one ccunt, and those vere resolved by choosing the
most reliable theodolite fix 2s the starting point and all teeth ladeled
consecutively on either side of that time,

Reading was performed Uy advancing the clurt in the "OSCAR" viever,
moving the reference line to iie pip marking a theodolite pulse, punching
out on the keybcard the "whole count” figures of Lhe sawteeth on each of
the four base lines, and,by bringing each of the sloping reference lines of
the machi=s in conjurction with the time and the sawteeth curves, allowing
the machine to measure und record tne fractioral readings. The work proceedsd
rapidly as the machine automatically recorded the data from the four baselines
together with the frame number on a punch card, and similtaneously typed the
same information on a sheet of paper for proofresding.

Computation of space positions. The following notation and formulas
explain the reduction procedure,

¢ speed of transmission = 186,218 miles per second.

£ frequency of signal = 1,7h2.k kc.

A wave length of the signal = 564.297 feet.

z/2 half wave length = 282.148 feet alonz the bascline.

Ry 3 phasemeter reading (sewtooth nurber) along baseline i,J.

(i =0,1,2,3,b crid 1 £ J).

d 4 linear dictance (baseline) between two receivers i and j.
(1 =0,1,2,3,h and 1 4 J).

Uiy = dyy - MRy

Pi(xi,Yi,zi) position of receiver i wvith respect to receiver O at 0
(origin of coordinate system).

P(x,y,z) position of saiiplane with respect to O,




X.¥.2) approximate position of callplane with respect to O.

P,P = mngnitude of position vector (or slunt rauge) of
sallplane frorm rcceiver {4,

baseline to origin ¢ (receiver O) from station 1.
= OP = nagnitude of pocition vector of seilplane frou origin C.

-dj-miﬂ!’i-roc
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n,AY;AZ’ = regsiduels of » - X, y - ¥, and z < Z,

RLITR deterninants defined in equatiors below.

With refersnce to the definitiorn of terns in the above list, the

e e

saputational steps vere:

Y, Meverminatize of values Ry from date Rjj, the constants N and dy ,
ad the geomeiric constants Py {Xy,Y4,24).

1i. Ui a di - kRi. (2)

iii., ¥rom the law of cosines:

(Ti')e = (ro')2 +(84')% - 215 ay' cos ¢

{sther S Pu¢Cch prrojection on ths (x,y)-planc), and from

¢ priaes
he geomeury of the probl

ri2 = 12 + ;2 - 20X + yY¥y + 224)

nen, from the 1dentit§ Uy = ry - ry,

.. . ) 2. .2y,
X+ YYD+ 22+ Ty ug 3 (di uy ) AF,

If P(x,y,z) were known exactly, i.e., if it represented the true space
sosition of the sailplane, 4F; = O. However, because of inevitsble errors in

che techniques of meagurcrent AF ¢ 0 and the X,¥,2 values determined in
zhe problem are actually some approximate values ¥,¥,Z. So the equation used

a8
- - - - [a] o— .
KXy + 5 Y 45+ Fouy - (42 - v,®) = 0F, (3)

iv. From Maclaurin's Theorem, retaining the first order terms of the
series and considering the total differential dFy ¥ 4Fy:

aFi/am AX + aFi/ay Ay + OF;/dz bz = AF,

Now, AF;, bx, 8y, and 8z exist vhile (X,¥,2) # (x,¥,z). Then XFy ap-
proximates the change in Fy resulting from addition of increments dx, 4y,
by and ;

(aF;/ax); ax + (arl/av by + (dFy/ac); Az = Xfi (L)

gy s
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v. Using %,%,% in (3), solve for BF,. The value of F(x,y,z) used
for the first point is that of a theodolite caputation.

vi. In (4) solve for:
s = (ari/ax)i =Xy +u, x/ro
b, = (”1/3”3; =Y, +yu ¥/,
ey = (aFi/az).i =2y +u "z'/x'0
thus getting four equations with taree unkaowns in the form:
aiAx+b1Ay+ciAz -Ui
and solving these by the method of determinants.

vii. Then putting X + &x = X, etc., the problem beginaning with (3)
vas iterated with (X,¥,z) until 8x, 8y, Az, and AP;— 0. After a sufficient
nunmber of iterations the resiulting values of x;, yq, and z4 were tabulated
together vith their arithwetic means which values x,:,z were considered to
represent the most probable position of the sailplane or nearest possible
approximation to the true positiorn. This position wes then used as the
P(X,¥,z) for the computation of t..e next 5-gecond point, and so on, vith a
further refinement presently described, to the end of the data,

It was known that there were certain errors in the phasemeter ard
recording apparatus of the Raydis®t system that affected the reliability of
the recorded data. Further, a possible error in nuxbering a sawtooth would
be propagated through the entire proviem thus resulting in serious errors
in the nositions. Thus it was necessary to heve sare check on the relative
accuracy of the determiration as vell as some means of correcting for an
error in numbering. These requirements made the coling problem especially
dirficult and involved, Dowd coded an elaborate sub-routine vhich
computed the corrections to be applied to the valves Ry in order that
P (xﬁ,yi,zi) = P(x,y,z); and applied those corrections ’éo the values Ry
of the next 5-second point. The process wns repeated fcr that point, tﬂe
corrections determined, applied to the next point, etc. The values x,y,z and
X4,Yi,24 were tabulated togetner wvith the flight and frame" numer.

Accuracy of results, It was found that the path of the sailplane
hased on Raydist, and determined by SWAC, differed from that determined by
photo-theodolites by 100 to 1000 ft in x or y but by 100 to 3,000 ft or
more in Z. It vas believed that the large errors in Z were caused by the
fact that the hyperboloids, described by the phasemeter readings and
treated by the above equations, intersected in a very small angle in the
vertical, thus making the determination of Z extremely sensitive tu inevitable
errors Of measurewient, Also, the occasionmal choice of regative values of 2
or of an abrupt displacement of the path in the (x,y)-plans appear to be a
result of such ambiguities of the computational technique. Gaps in the

*in continuity with theodolite frame numbers for the same flight.
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Raydist path appeared vhere the data could not be recorded because the brush
recordings vere indistinct. A punching error in the fractional part of the
phasemeter (savtooth) reading resulved in the point being displaced frox

tae emooth curve Joining adjacent poirts and could be corracted for. ‘“here the
path vas abruptly displaced by 1,000 or 2,000 ft. parallel to itself, the
usefulress of the data vas relatively unimpaired sincz it still provided
velocity data of & sufficient degree of accurecy., The ke 'dist data, then,
provided tvo-dimensional® trajectory data that veresdequate for position and
velocity determination in the (x,y)-plane but not in the vertical plane.
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APPENDIX B
ALTIVOTRY
Introduction.

Appendix B Jas been added as a background and supplecent to Chapier
9. Pressure parsmeters and the methods of pressure-heipht computations are
discussed vith examples, The final section describes the effect of lee waves
on radiosonde balloon measurements.

ALt met! ! .

Svandard atmosplere, nressure altitude, and D value. Ore of the most
useful and intultively satisiying concepts in meteorology is that of a
realistic stand=rd atrosphere to serve as a reference for the changing rela-
tions among precsure, temperst.re, and altitude in the verticel. The U.S3.
Standard Atmosphere ics summarized as follows:

Pressure © at mean sea ievel (2,p = 0) = 1,013.25 mb or 29.92 in.
Temperature T, at mean cea level (Z.p = 0) = + 15°C,

La;&se rate of temperature in troposphere = + 6.5°C jer km.
Tropopause at Z, = 35,332 ft, p = 234 mb, T, = - 55°C.

Lower stratosphere: T, = - 559C (isothermal),

Acceleration of gravity: gp = 980.665 cm sec™2 at eny ¢ and any Z.

The air is assumed to be a perfect gas, to contain no water vapor, and to be
in hydrostatic equilibrium, Pressure altitude, 2., is sirply the altitude
at vhich a given pressure 1s found in the U.S. Stindard Atmoaphere; any
pressure is uniqueiy defined by its pressure altitude and vice versa. A
similar one to one relationship exists between standard temperature 'r and
either p or Z in the troposphere,

Bellamy (1945) has intioduced the paraueter S¥, the "virtual
temperature anomoly” defined oy

»
s* - .T...:.?E vhere ™ = .‘_d_. 5 T
'l’p Eg

where m' = moleculer weight of air
nq = molecular veight of dry air
g = acceleration of gravity

e
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By this means the actual height difference or thickness between two isobaric
surfaces caAn be expressed as

82 = (1 +3%) (Z’Pz - zpl)

Bellamy also introduced tae "altimeter correction” or D value defined
by D=2 - to represent the difference between the actual beight of a
pressure surface at any point in the real atmosphere from its _.eight in the
Standard Atmosphere. As such, it is an extremely useful parauetar in both
meteorological analysis and eircraft flight operations. It simplifies and
coordinates three-dimensional pressurc analysis: on isobaric charts contour
lines of constant Z can be made more weaningful vhen re-labeled according to
their equivalent D values; and in a vertical cross section it i3 the bdest
representation of the pressure field, contours and isobars both being ime
practicable. This single parameter, vhile defining the three-dimensional
Fressure field, carries in its analyzed pattern of isoline. inferences of the
temperature and wind fields as vell, In this connection the following famil-

iar formulas have been derived by Bellamy:
Hydrostatic equation: BIJ/ESLp = ¥ ana

Do Dy syt T (g, - )
Geostrophic wind equation: Vg = - (glzasm;)(an/an)p

In the horizontal plane or on a constant pressure (isobaric) surface
above the friction layer the geostrophic wind blows along the D lines with
low values of D to its left (northern hemisphere) and with a speed propor-
tioral to the isocbaric gradient of D.

In the vertical plane, D increases with height when the mean tempera-
ture of the layer is varmer than that of the Standard Atmosphere and de-
creases with height wvhen the mean temperature of the layer is colder than
that of the Stendard Atmosphere and at a rate proportiona. to the difference.
Maxima and minima of D in a vertical air column are found where the actual
sounding crosses the Standard Atmosphere sounding. The speed of the geo-
strophic wind component normal to the vertical plane is proportional to the
isobari: grudient of D in the plane, and its direction into or out from the
plane is determinable from the direction of the isobaric D gradient in the
plane.

Two graphs for determining D values from surface and upper air pres-
sure data are shown in Figs. B.l and B.2. In Fig. B.l the relationship among
surface pressure (p), pressure altitude (Zf)’ D value, and altimeter setting
(A), at the Bishop Weather Bureau station 1s plotted in such a way that given
any one of the fcur quantities the other three can be readily found. In Pig.
B.2 the D value corresponding to any height of the standard isobaric surfaces
can be quickly determined from the coded values of the heights as given in
teletype reports,

Gravity variations. At 45° latitude the value of the acceleration of
gravity at sea level has been determined equal to $30.616 cm per sec. From
the Smithsonian Tebles (1951) the following formulas are applicadble to the

.
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In general, K = R /g vhcre Ry = specific gas constant for air, If
g is taken equal to $80 cm 52, K = 96,0949k geopotential feet per °K.

T use of geopotential units, in which gravity is ass'v.ed constant =
% :m =2 at all latitudes end all elevations, has been adopted by the
U.3. "'esther Buresu to sirplify the calculs tion of heights from radiosonds
data. All contours on upper air isobaric charts are labeled in units of
geopotential feet, The relationship tetween geopotential height and geo-
metric height in meters is given by

(2) ZG = 1/9.8 /OZ 8 42

From this equation it can be seen that if g is less than 980 cm l"2,
the true (geometric) heizht is greater than the geopotential height; and if g
1s greater than 980 cm 8™%, the true (geometric) height is less than the geo-
potential height. As a corservative illustration of tais the following rela-
tionship, derived from page 222 of the Smithsonian Tabies (1951), holds for
latitude 370N, that of the High Sierra region; for camparison purposes,
values over the equator and poles are given for the same S5 altitudas:

Table B.l. Geopotential Height vs Geocuetric Height

; = %0° o =37 o=0°
Z, 2 2 2
aprt ft £t e
10,000 9,974 10,006 10,023
20,000 1).954 20,022 20,059
30,000 29,94k 30,045 30,105
Lo,000 39,944 ko, 081 40,158
50,000 k9,954 50,125 50,223

Over the United States the differences between geometric and geopo-
tential heights are relativ~ly negligible for all practical purposes, the
error due to the variations of g probably being of the sane order of magni-
tude as the error in determining ™ from texperature and hunidity measure-
ments.,

Since pressure altitude in the Standard Atmosphere is actually in
terms of a special unit of geopotential (g, = 980.665 cm 5-2) the thicknesses
for the Standard Atmosphere are also s t different from geopotential
(radiosonde) heights and rather more from true (geometric) heights even if
the mean temperatures are those of the Standard Atmosphere, To summarize
these somewhat trivial differences by means of equation (1) the following
formulas are listed:
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True or geametric height: 82 = Ry/C T 1n £1/p2
Sta: dard Atmosphere: 22, = 11\1/:;P Ep 1n pl/p2
Geop tential or radiosonde: AZ8 = R,/9.¢ ™ 1n /P,

Tae much more important relationship tetween geometric altitude (or
ceopotential altitule if g = 980) and pressure altitude can be represented by

(2) AZ = (’I"ﬁp)(gp/gfﬂzp

In the real etmosphere the effect of tecperatire on actual taicknesses
betwezn pressuwre surfaces is for greater than the effect of differences of
gravity. Some implicetions of equations (1), (2), and (3) relevant to
aircraft operations and meteorological measurear.*s are:

1, If the txrue jeocmetric height above sea level of a sailplane or
radiosonde balloon were precisel; determined by triang:lation at latitude
379N, and altitude 44,0.0 ft, if furthermore t.¢ vertical temperature-oressure
counding from the ;rond to the sailzlane or t2lloon vere precisely knovm, and
if there were no vertice. accelerations in tie alr cclumn, the reometric height
wvould exceed the carmuted gecopotential nelght Ly coout 102 ft.

2., If in the ebove exarple the temperature~pressure curve were exactly
that of the Standard Atmospherc the geopotentisl altitudes and the pressure
altitude vould be rearly ejual (32 ft) at all levels while the geametric
altitude would exceed them by the amounts in Teble B.1l. Thus the D value at
45,000 £t determined bty a t:acked radiosonde balloon would be either O or
+102 £t, depending on waether z‘ or Z vere used. (In general practice it is
za that 1is used.)

3. Neglectingz thr small diffe: ence btetweern true gravity and a standard
gravity, in equation (3), if *he mean temperature of the air column betweern
twvo isobaric surfaces is varmer (colder) than that of the Standard Atmosphere
the geometric or geopotential distance or thickness betwveen those two
surfaces is greater (less) than that of tie Standard Atmosphere by the same
proportion a3 the respective nean temperatures.

Effects of lee vives on radiosonde asc-nts. If a radiosonde balloon
velre released <ro: the cast slor: of the Sierra into tae streamline and
<emperature fields of a stronj . 2e wvave, it vould encounter successively a
dowvndraft, a trough, an updreft, a crest, a downiraft, and so on, wvhile
gererally risiig and érifting dc mscreain. The reculting "sounding”™ would bde
s 1blect to misinterpretation if :nsidered tc be ve: ‘:al. To see this,

0:e can imagine that in its traverse of the downdraft resion the balloon

v 11 encounter each successive @ :urrace at a lover zliitude vatil it reaches
t. 2 trough and, concequently, thie 9 ascendant is exaggerated so that the

" ounding' appeers more stable thaa is any true vertical sounding in the
vuve flow. X2 the balloon'c %raverse of an updralt rezion, the reverse is
true; each successive @ swrface i: encounterel at a higher altitude until
the crest is resched and the "souw.ding" appears rnearer to the adiavatic lapse
rate than any true vertical soundiny in the flow. The computztion of heights
of pressure surfaces from these L:ta, however, lezds to values which are
cornservative with resrect to tiosc vhich would result from vertical soundings
in either a trouzh or crest, and theefore would not differ greatly from
th:se of nearby (upwind) stations in uncisturbed flew.

e oo e



