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ABRCTRACT :

There is much disagreement as to (a) what causes clear air
turbilence {turbuiesnce which is not in or near convective clouds and
is above 15,00 feet inm altitude) aud (b) which t;;;teoréiogical param-
ev2>s can be used to detect and forecs  its occurrence. The approach ~!
to this prohlem has beer to relate not one parameter to clear air
turbulence but various paramecters, By summing these parameters areas
can be defined where there is a high probability of encountering clear
air turbulence. Each parameter has been based on a statistical study
which found a relationship with clear air turbulence. The parameters
uged were horizontal and vertical shear, curvature, kiaetic energy
and their derivstives.

The numerical forecasting program proposed hé;elcan be extended
to the stratosphere when more reliable height and temperature fields 3
are available. This program will have much mor; gignificance when
intermediate forecast height fields, temperature filelds and a grid of

much smaller mesh length are available. :
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1. DrreoduCTIOoN

The pbenomenon of clear sir turbulence (henceforth demoted as CAT)
appesrs 10 consist of randos three dimensional eddies that occur in
certain confined regions of the stmosphere. This phencmenon was first
reccgnized {n the esrly 1940's as "air pockete', and has gained in im-
portance axt depth of study with the development of fast-flying swept
ving and delte winged alrcraft. It is of prime importance tc the avia-
ticz industry decause it affects the safety and crmwfort of passengers
and crev, as well 23 operational costs. There have been several cases
vhere loss of coatrol of aircraft, structural damage, passenger and
crev injuries (even draths) have resulted from CAT.

Afrcraft manufacturers and the airlines are iancerested in CAT in
order to deteraine the strength of airframe design so that it can be
built to witustand all degrees of turbulence. Planning of supersonic
transport aircraft is considering the effects of this unexpected turb-
nlence occurring et auy flignt level {n the atmosphere. Therefore, it
becomes an ever greater operational prcvlem in the era of future design
of SST eircraft as to cost, safety snd comfort. CAT Is usually less
‘ntense than turbulence encountered in thunderstorms 1 . CAT may be
considered at times more Jangercus than "thunderstorm turbulence' as
it usually occurs with no visible warring.

The various =military agencies are deeply concerned with the under-
standing of CAT apd ite prediction so they may be better prepared to
take it into account operantionally in all areas of the world. Scleatists
are highly interested in CAY because it is a phenomenon of our environ-
ment that is not clearly uuderstood. We are faced with the problem of
heving to rely on mesoscale data while the phenomenon is of a microscale.

Because of the great differences in scales involved in the forecasting




problem, itsclated patches of CAT (in eithes space or tima) &re wary

difficult te identify. It is the intent of this paper to develop a

nuparical forecasting system of CAT whareby an empirical spproach has

been ‘uged to ezcomplish this end,
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2. T[ATA COLLECTION

The nature of clear air turbulence, its physics ard its meteorologr,
src still oot complet2ly wwerriood. More mesoscale /2@ to 10Cke
borisontal distance! and wicrosccle (less thasn 2km) stud.es wmmew be
made conceraing ¢he csuces and gereraticon of CAT. Any improve=ent io
forecssting skill that =uv be realized by this study will prcbably result
from iocresged mecoscaie input data into the forecest problem. 7The only
mzsozcale measuremects availsble operstioneily at this time which concere
the problem are rawinsonde data that give a neariy coocicuous 2easure-
went in the vertical of wind, pregsscure, temperature and humidity fzem
the surfacze to above Z0ke {r sltitude, aad satellite clowmd gicturas
thet deliseate clwd stroctures down to 8 scale of about m.

The uzual detinition of CAT ic "atmospheric turbuience whica is
not in cr near coovective clouds, including thuaders-orms, and is ot
below 15,000 feet in altitude', &) Thus, mechanical turdbuience induced
by rovgh terrain is exciuded. It is realized that thie is an extremely
srbitrary definition resulting from a desire to simplify pilot reporting
procedures.

Turbulence intengities are, at present, designated as light, mod-
erate, severe &nd extreme. In recent yez.s seversl definitions of the
four cetegories of turbulence have been proposed. The current defin-
itions in officic! uge were develcped by the National Advisory Ccamittee
for Aeronauvtics {RACA) Subcommittee op Meteorclogical Froblems (1957).

See Table !.

o agrs

———e 4 A At o it




There are few quantitative measurements of atmospheric turbulence
at any scale. The bulk of the aircraft turbulencer;falévailable is.
banéd upon the four categories stated in Table 1, (4) , anﬂ, conse-
quantly 1is highly subjective and qualitative in na;ure.l Included in the
factors that affe:t the subjective decision cf the pilot when reporting
turbulsnce are the wing loading, the aircraft's speed and attitude, tﬁe
pilotfs trainirg, experience, and his psycholoéical réa:cio#s (1) .

Cbjective criteria for turbulence reporting must ;ait until moré
measurements are made »f the conditions existing in the turbulent eddies,
and uatil cockpit instrurentation includes a gﬁst load o£ turbulence
indicator.

Much time, eftort and finar-ial support have been expendgd in this
country by the goverament, the aircraft industry, and private énd public
research facilities to irvestigate the problem of clear air turhulence
and to find a good approach leading to & zeclution to this prublem., Thisz
research has gone forward in three broad categories: first. resear;h
coaceraing the correlation of CAT with macroscale, mesoscele, and/or
microszile atmospheric measurements; secend, research into instruomen-
tation fcr the detection of CAT sufficiently far in advance of the air-
craft to allow evasive measures (6) and third, resear:h by military and
airline organizations concerning the operacicnal aspects of CAT.

Various proliects such as HICAT, ALLCAT, and TOPCAT ha?e be;n unde ==
taken to study clear air turbulence. The problems encountered were many
but the results showed that it was {ndeed possible, with suitable in-
strumentation, to f£ind, track and record CAT. The use o cocetant level
ballons end doppler radar to detect CAT has met with some succeas, but

agaip ti:e lack of detall necessary in CAT studies leaves uuch to be

degired.
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- Measurements of the microstructure, which contains the perturbetions
of CAT dimensions (100 to 53N meter wavelength), have been taken by
specially fnstrumented aircraft. Until recenily the alrcrafi itseif
was used a3 a sensor to iseasure atmospheric gusta from the sircraft
acceleration dats. The Air Porce realized the danger of relying =clely
oo the accelerstion response of the U-Z aircraft as 2 measure of turbu-
lence at high altitudes. A full knowizdge of the alrcraft's responsez
to turbulence over & wide raage of wavelengths is required for msaning-
ful isterpretation of such data. 7This procedure usualily gives reliiable
results at short wavalengths up to a few hundred meters. At long wave-
lengths, this instrumentation becomes iesz sensitive. Accilerations in
longer waves are usually small and can be masked by pilot induced air-
crafi motions.

. A supersonic or hyperzonic craft of some radical shape, flying four
to ten times the speed of the U-2, will obviously have a somewhat dif-
ferent respouse to turbulence than the U-2. An aircraft flying st
<hese hig. speeds would be affected much more by longer turbulence wave-
lengths and ieass by the shorter.

As pointed out earlier, the meteorologist has few direct measvre-
meats of turbulence intensities and must depend upon the r.:curacy of
the intensities reported by pilots. In our study, we used the Colson
mouthly turbulence sumsariec which sere obtained from the Air Force
3rd Weather Wing at Offutt AFB, Omaha, Neb. This rep..’ suited our
needs most closely because the CAT reports were detailed as to locationm,
time, altitude and intensity, In the period used in our study, Jc:cember

1964 through March 1965, there were no less than 3670 CAT reports. The
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3. TER CLEAR ATR TUKBULERCE STUDY

Clesr air turbulence (CAT) is a microscale phenomenon (less than
2 kilometers in horiszontal extent) but the conditioms which are sympto-
matic of [t~ exietence are of snyopiic scale, Therefure, synoptic
scale permmeters may be uged to determine areas where CAT could occur,
that is forscesting areas where there {2 a high probability of CAT.

From various reports and theil: comtradicaicus it appears that no
sicele parameter can detcet CAT. Certain parameters can detect the
possizility of CAT in some syneptic situationms but fail in others.

The approach used in this paper was to take statistical studies
made Ey previous investigators and to use the basic parameters which
they related to CAT (2,3,5,7,8). 1If the magnitude of any one parameter
becomes large or the sum of various parameters becomes large them there
iz 2 high probability of CAT in that area. Therefore, the problem is
oot one of forecasting actual CAT but rather to forecast areas of high
and low probability of encountering CAT. In this way flights may be
planned so as to expect least CAT.

The research program consisted of computing the equations showm
in Appeadix A, These equsations were computed using the CDC 1604 digital
computer, The program was written utilizing symbciic coded relocatable
assembly program (SCRAP). It was necessary to use fixed point fractional
mumbare in order that Fleet Numerical Weather Fucility (FNWF) subroutines
could be used. ALl finite differences were computed using standard FNWF
mesh length of 381 kilometers true at 60 degrees north latitude. There
are no time derivstives in the program. The research reported here 1is

accomplished usging analytical fields, Operational use would employ
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forecast fieids., Results would naturally not have been as good if fore-
caot flelds were used fin thie research. '‘Prog 24 hours"” printed st the
bottom of each field represents the practical forecast intervel to be
uszad operationelly,

The research program was written to compute CAI in trree lavers
500 to 300, 300 to 200, and 200 to 100 =miilibars. Computations vere
not made for the third layer since 100 millibar fields were not available.

The research program was written to cospute on the enrire €3 x 63
FNWF grid of the northern hemisphere., A boundary condition of zero was
used for the outside 7ows aed columms, The print routines are 22 x 12
extracts of the United States starting at FEWF grid point JOO8, IOD18.
The latitude and longitude ccordimates of the four cormers of the primted
fields starting with the lower lef: correr proceedirg clockwise ave:
9.1N 109.5#, 44.5N 165.5W, 57.7K 3.1E, 13.08 58.8W.

Ali printed fieids are pure mmbere and have oo dimersional
meaning. All scaled outputs have been chifted to the left end of the
register and the first three mumbers with sign bit 2re pricted out iz
decimal. Grid points caan tske on values from =999 o 4339 except tisse
fields which have been made all pogsitive. The decimal pcint doeg ack
appear on the printed fields., Therefore, the priated grid point valmes
are from -99% to +999.

In the research progras: the capital letters refer to the parsmster
as computed from the data., The small case letters wserving 28 exponents
represent the number of times and direction t e ragister has to be
shifted in order to place the significant portiocx into the first three
numbers., Thersfore, the two with exponants represeat the scaling co-

effictent., Since the computations were in fixed point fractionsl eil
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This term was computed for the layer by first calculating the
absolute vorticity of the upper end lower level D fieids. The Laplacian
was then taken of each field and a vertical average made of The upper
and lower . levels to obtain the Laplacise of vorticity of the lsgyer.

Thiz parameter has uepicted mnst of the CAT associated with the

I

trough over the western linited States. The gevere CAT near Kew Orleans
is in 2n area of very large negative numbers. The field is contoured
at intervals of 100 with the origin at zero.
THE SECCRD TEEM

The Second Term is 2P B where B iz the absolute value of the
vertical chenge in the vector thermsl wind. Omne of the parameteis
which Lake's (7) statistical testirg indicated was mssociated with CAT

wag the vertical gradient of wind shear. As showa by Richardscn (9)

the thermal wind shesr is proportional to the gradient of static ';

stabilicy.

The u apd v componencs of the thermal wind were computed froy the
upper and lowe:r ievel temperature fields. The difference betveég.the
upper arnd lower level values of the u component was found and facg
difference was squared, Thig was also done for the v component. The
square root of the sum of the squarea differences givés thé magniiude
of the vector difference. According to Endlich and McLean (3) the
largest values of the thermal wind shear appear on the warm side of thé
jet. This wag found to be true throughout the four months. The contour
intorval for this field is 25 and the corigin 1; zeré.

THE THIRD TERM

The Third Tere i{s 2€ C where C is one half the geostrophic wimd T

velocity squared., C therefore represents the épecific kinetic energy

or in other words the kinetic energy per unit masre

16
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Clem (2) found that most cases of moderste to severe CAT were
associated with areas of isotach maxima.

Thisz term was computed for the layer by calculating the u and v
components of the gecstrophic wind at the upper and lower levels. The
upper and lower level u comporents were vertically averaged to obtain
an average u component for the iayer, The average v component for the
layer was obtained by a similer process. The wagnitude of the velocity
sqﬁ#red'is just the suvm of the squared components.

In the research program this field is contoured at intervals of
100 with:the origin at zero. Contoured at this interval the kinetic
energy field clearly depicts the isctach maxima regions. The kinetic
energy field in Appendix C shows this field depicting the CAT in the
west;rﬁnégf; of the United States occurring in areas of relatively
large wind speeds. The xinetic energy fieid fails to indicate the
seve}e CAT near New Orleans because it occurs in an area of relatively
light winds.

THE FOURTH TERM

The Fourth Term is 29 D where D is the absolute value of the
derivative of the kinetic energy with respect to pressure.

Lake's (7) statistical testing indicated that the gust intensities
aré rel;ted to the vertical gradients of horizontal kinetic energy.
This ﬁérﬁ washhomﬁuted for the layer by first calculating the velocity
squa;eawgg tﬂe uﬁper and lower levels. The vertical gradient for the
layer was theﬁ ;btaiﬁed by computing the difference between the upper
and lower level values of the velocity squared. The absclute value was

taken so as to have all values positive., CAT should be associated with

17
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large values of this field. Large values of this field were found
only in areas of large values of kinetic energy. This field was
therefore redundant and vas eliminated from the CAT forecast program.

The ccoatcur interval was 100 with the origin at sereo.

THE FIFTH TERM

The Fifth Term is 2% E vhere E is the absolute value of the
Laplacian of kinetic energy. The statistical survey made by Endlich | i
and Mclean (3) shows the maximum occurrence of CAT along the edges of
the isotach waxima, The Laplacian of kinetic energy shows large
horizontal changes in kinetic energy, both positive and necgative. |
Therefore the absolute value of the term is taken in order to give
only positive mmbers. The contour inteival was 25 with the origin
at zero, i |

This term was introduced te depict the areas of iarge horizomntal !
chanée in kinetic energy. However, there was no relaticnship with

reported CAT. This field was therefore eliminated from the CAT fore-

cast program. : !

THE SIXTH TRRM

At this point in the research program it was necessary to sum the
first five terms due to computer memery space. This term, zeferred to
as KAT1, was the Sixth Term, The contour interval was 250 with ghe
origin at zerc. It was found that this term did no:t supply signif-
icantiy new information since it was domipated by the kinetic energy

k3

and the two associated terma,

THE SEVENTH TERM
The 8eveach Term is 2f F where F 1s the Jacobian of tezmperature

and omega (component of the wind normsl to the pressure surface). This

18
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tecm wex developed by Dr. Koore of Douglas Aircraft and Dr. Krishnemmarei
{X3. The latter vae ag3ociated szt that tise with the University of
Celifernis, Los Aageies &nd cocsultant to Douglas Alzcraft. The term
vas Zeveleoped 25 the Jacchian f Lezpersture and three dimensionsl
édivergence. As shown in their peper this is proportional te thz nega-
tive of the Sacobiss of tempereture and omega. This term was computed
fcr the rower ievel cof eazh layer in the research program. The comtour
i=terval for this zere was 100 with cthe origin at zero. Iz this pro-
grza o significen: rrlaciouship wae found with large unegative or
Positive =mmbers ower the four month period., This ternre was therefore

eliminz>ed from the CAT forecast program.

TSE IICETY TENM

Tae Zighth Term i3 28 G vrere G is the absolute value of herirzontal
Ziverge=ce. It wvas compoted by taking the derivative of omega with
respect tO pressere. As previovslw srated the entrance and exit regions
ef {scxach naxims areas have heen found to be associated with CAT.

These areas are 2lso assoclated with horizonmtal convergence at the
ezzrance &nd divergence at the exit regions. Therefore the abeolute
value of the chemge in omegs vith [ressure represents the convergence
end divergence f= the layer parzllel to the pressure surfaces.

This rerm vas compated by subtraciicg the lower level omega value
from the wpper eve: amege valve at 2ach grid point. Areas of con-
vergesce rod divergrace of the height field are cuite wividly depicted
by the divirge. 2o fleld, Bo significant relaticmskip was found between
the ecivergence field &2 the CAT -~ currences, therefure, i1 vas elimin-

stec from t2e (AT forecsast program.
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THE KINTH TERM

Thz Ninth Term was KAT2,the summatioa of all previous terms. No
significant relaticnship was found with CAT oeccurrences since sevsral
terms tended to cancel each other out,

. The progrsm then goes into the second layer from 300 to 200 wmillii-
bars. All terms were computed and scaled the same, except the diver-
gence term., It could not be computed because the 200 millibar omega
field was rot available.

The third layer from 200 to 100 millibars could not be run for
these time periols since the 100 miilibar fields were not available.
There were very few CAT reports above 200 millibars, therefore, the
loss was insignificent.

In all three layers the lower level height field s éfintéd oué
fi;st. This gives a general impression of the synoptic situation and
renders more significance to the patterms devéloped in the other fields.
Tﬁe contour interval for the 500 miilibar field 1is 60 meters Qitﬁ éhe'
origin at 5580 meters. The contour interval for gﬁe 300 millibér field
is 120 meters with the origin at 91é0 meters. The centour int;rvél for
the 290 millibar field is 120 meters with the origin at 11,760 meters.

The CAT forecast program appears in Appendix D, fhe first fﬂ;e;
terms of the research program are used with miﬁor changeé. “Iﬁ gﬂe first
térm "a" is'changed to minus one and the centour 1nterva1.has be;n
changed to 150 to give better defined patterns. The second ;erm has
been.used unchanged. The third term 1is unchanged'éxcept fordfhe cén-
tour interval which was changed to 50 t§ incrense Qhe patt;rn sige.

The KAT field itself is the sumation of these three term; ;nd gives

quite reasonable patterns and pattern sizes.
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The pattern area dapicting 2 high probability of CAT would neces-
sarily be larger during a more active CAT period. The most active
part of the year was the four month period December 1364, January,
Pebruary, and March 1965. During these months the wmost active three
day period was the tenth through the twelfth of March 1965, Therefore
the EAT fields have quite lerge pattern sizes in Appendix E since they
repreeent the most active three days of the year., The XAT field
pattexrns were smeiler for less active periods. The total area covered
by theee patterns is much less in the KAT field than in the other three
parameter fields.

This is exactly vhat was attempted in order to cbtain optimum
size of the forecasted danger areas., If the KAT field patterns zre
too.iarge, flights will be rerouted unnecessarily. On the other hand,
if the KAT field patterns are too small, there Is a reai danger of CAT
occurriitg outside these areas. Therefore, the restraint of the KAT
field pstterns is necessary ir order to have an operaticnally useable

preduct,
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4.  DISTUSSICH AND PECOOEMDATION FOR FUIURE STIDIRS

The period used i{n this paper was chosen beceznse of the larpest
number of reported CAT occurrences. Of the four =enth pericd (December
1964, Janusry, Pebruvary and March 1365) there ver: scattered pericds
where & large mumber of cccurrences were reported. This four-month
period was used to determine which parameters were beet saited for
forecastiag purposes. The three-day period of 19-12 March 1965 wes
selected for a correlation astudy in ozrder to find out how successful
our forecast method is. Tables 2, 3, and 4 show the various fields
used and the resuitant KAT fleld for tne 10thR, 11th and 12th 4§ Marchk
1965.

The use of the temm "percent correlation' as used in this study
does not mean to imply a statistical correiation. The ideal forecast
vérification makes use of those cases where CAT is forecast, but does
not occur, and where CAT is not forecast and does not eccur. Ia our
study it was impossible to take those cases quantitat’vely into account.
Therefore, it is to be understood that "correlation'" as used in this:
study was a general comparison of those reported CAT occurrences that
fell within the delineated area of ﬁigh probability of CAT against those
that did not. For example, if there were ten reported CAT occurrences
for a given layer and time reriod and six of these reports fell inside
or on the line delineating the CAT urea and four reports i=il outside
the area, then for that field, layer and time period we would list it
as six occurrences correlated or a sixty percent correlation,

Listed are the names of the fields, the number of occurrences
of CAT for each field aud the percent correlation by field. Also shown
are the number of occurrences and the number of occuxremces that cor-

related by field aml CAY intensity,.
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TR T

After rombipieg the iaplscian of Vorticity, Vertical Gradiemt of
Therael Nimd snd Kinetic Emergy we arrive &t thke KAT Ficzld which is gux

end product for the axea of high probability of CAT occurremces. XEwes

———

though ¢ higher correlaticn mey be seen in asome fields otber tham the

TAT f£ield, cee should realize that these flelds enccmpassad a larger

than avezags irea. In such ceses oue wmusT expect & high correlatioe.
Tha high correlstion 1z then not due to the finesse of the forecast

metbod, bt zather dus to the fact that for most af the [S4& there wac

& forecast of high probsbility for CAT. Theoretically, it would be a

E good fdse To divide the percemt corrzlatica (such as we competed) Ly

the size of the area for which CAT wa:r forecasted. ¥e did mot foliow

this ides quantitstively, but omly qualitarively. Therefore, ome finds
that the percenmt correlation for cur ultimate iforecast (labeied EAT)
- i8 samstimes lower thac tbe perceut correlation for ocve ¢f the thres
| sepaxate forucastimg fielas.
Table 5 is s sumesyy for the three day period. It shows the total

Sgl numbaxy of CAT occurreaces by turbulence category, pezcemt correistiem

T A et

ty field and turbulesmce category, #nd the three day percent carrziaticm
by field.

The xesults were most emcouraging and we fecl thar our enmd prodect
was a substential step irn at least the right direction toward foreesmsting
clear air turbulence. Our knowledge of the meso- snd micro- structure
of f1¢ ~atterns in tie free atwosphere, especially sbove the trowopause,
i8 rrill rather poor. A stromg need still exists for a well organized
and well equipped acesurement program, especiallw at fiight levelas of

i the future supersonic transport aircraft. Measuiement progremsz uring
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THE FIFTR TERM 2°F (p. 18)

e=1 E= |V

THE SEVENTH TERM 2°% (p. 18)

£f=11 F=J[T,w]

JT, v, « V] = iﬁ}.}[T,m]

3
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d

THE EIGHTH TERM 28G (p. 19)
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THE NINTE TERM (p. 20)

,
KAT2 = KATL + 2°1 J[T,0] - 213128

PROG KAT PROCEAM (p. 20)

2
AT = 271 2y - }-‘g—l| ¥
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