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ABSTRACT::

Approximetely 38,000 hovely weather reports from aircmflt over
a selectsd area in the Eastern North Atlantic wers emaminsd and the
ocaurrence of turbulencs amslysed. The reports cover the twelve-
month psriod 1 October 1953-30 September, 1954.

_ Tmrbtﬂem@e w8 reported on approximately one per @m‘t of
cccasions, The varimtion of reports of turbulencé betwsan aircrafi
t:rpes stands at a highly significent level, .

About 38 per cent of the turbulences mp@ur&zs wore made in oold
air maszes and 20 per gemdt in clesr air. One third of the reports
of turbulsnce were associat@d with sircraft ie:eingo

MROIIIG!ION g

Turbulence in the atmosphere is caused hy eddy metions or randem
osclllations of air-surrents of dimensiens ranging from the scals of
molecudar motion to that of the broadseals fesatures of the general
eirculation., Turbulence sxperisnced by an aircraft at any time is
the resultant of the local effects of the random motions at each point
on the surface and causss stresses within the structurs of the airsreft
and irregular accslerations in the motiom of the aircraft. Eddies
within a limited renge of Eimensions (related to parmmeters of an air-
oraft) produce aircrafé responses which rangs from bslow the threshold
of perceptibility to bumpiness sufficient to endanger the safsty of
the aircraft,

Our knowledgs of atmospheric turbulence is not adequate to enable
weteorclogists to forecast accurately on all ocomsioms the location and
intensity of turbulence likely to be "felt" by the crew of the aireraft
in flight.

This paper gives an analysis of reporta of turbulsnce from air-
craft on a large part of the Bastern North Atlantic Ocsan over a 12-
menth period from October, 1553 to Ssphlember, 1354, in an effort %o
previde some informtion on ths mesteorclogical cemditions faveurable
for aircraft turbulence in that arsa and the f’reqmencey with which
various inteneities are repoxted,

A muber of the tebles and Pigures presented in this paper ars
gimilar to those in a peper by Rohen and O hhonghusa {1956) in which
en analysis along similar lines using the same observational material
was made of aircraft ising,

Aircraft Weather Reporting Progadure:

During the period of this survey, aircraft flying over the North
Atlantic Ocean and eperating in sccordance with ICAO procedures made
and recorded metsorological obssrvations at the same time as tha
position reperts were made. Thess cbasrvations wers sent with the
position reports via the air/ground comminications chamnels fo the
apprepriate Air Traffis Contrel centre and were passed immediately
te the associated Meteorolegical office. The time for reporting the
position and weather in the case of sach flight was at heurly interwals
from taks off time. With aircraft departing on transatlantic fiight
from different airports the reporting times for different aircraft
were scattersd over the hour apd with provisiom in the reporting pro-
cedure for indicating the time in the precseding hour at which tur-
bulence, icing, and other significant weéather features were cbaerved,
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the distribution of such phenomena could he well established in spacs
and tims,

The form of reporting was changed on lst September, 1954. The
new form restricted the classification of turbtulence to light, moderate,
anl severs within ten mimites of the times of cbservation and made no
provigsion for routine reporting the time during the previous 50 mimtes
at which turbulence (inter alia) was sbserved. This change was a retro-
grade step as reports in the new form left the meteorologist in doubt
as to the extent of the ares in which turbulence was experienced,
though, of course, with a mumber of aircraft reporting in a particular
area it was frequently possible t¢ determine breoedly the limits of ths
area in which turbulences was encountered. Even thizs ia no longer
possible in the North Atlantic Region of ICAO since 1956 under a pro-
cedure in which aircraft report at specific meridian lines spaced at
approximately hourly intersals of travel. Informaticm om turbulence
is now normally confined to strips in the immediate visinity of the
reporting lines or about 30% to 40% of the entirs area.

The reports were received in cods (POMAR) or in an abbreviated
Plain language forms They normally included obzervations of flight
conditicons, wind, corrected temperature, pregsure data, cloud and
weather as cbserved at flight level, as wall az details of position
and altitude and some cperatioml information of a non-msteorcliogical
chaTacter (e.g. fuel aboard), Reports of turbulence or icing en-
countered were addsd when either phenomensn was ebserved but "mil®
reports were not added when no icing or turbulence was cbserved,. In
. the period under review some, but not all, aircraft reported airspeed

and some reports included remmrks om wsather phencmena (e.g. frontal
passages) which are alwmys very useful to the forecaster.

In the Shammon/Prestwick Fiight Informetiom Region (FIR), the
baundary of which is shown inm Fig.l, the hourly aircraft weather
reports were received at Shammon either directly from the aircraft or
in collective bulleting from Prestwick, The vast majority of the
reports from the Shannon/Presiwick FIR were received either by direct
tranamission to Shammen or were intercepted by Shammon in transmission
to other communications centres. All reports received from the FIR
were disseminated in collective bulletins to other meteorclogical
offices,

Classification of Turbulence Reports:

Turbulence obserwetions from aircraft in flight are descrited in
terms of the effect of turbulence on the motion of the aircraft, They
may be reported as "light", "woderate®, or "sewere."

Light turbulence iz reported whem the bumps are perceptible but
are not uncomf'ortabls or alarming,

Moderate turbulencs is reported when crew of an aircraft finds
Aifficulty in wallking or & marked tendency to be lifted out of
ones seat,

Severs turbulence is reported when conditions mke it difficult
to walk about and/sr cbgerve instruments and are such that one
may be thrown cut of cnes seat and loose objscts becous
dislodged.

The criteria for the diffsrent intensities of turbhulence are intendsd
to relate to the vertical accelsmations which would bave the effsctas
described,

Light turbulense would be noted when the wertical acesleration
due to turbulencs was betwsen * 0,05 g and 20,2g.

Moderate turbulemce would be noted when the acceleration was
betwsen * 0.2g and 0,5g.

Severe turbulencs would be noted when the acceleration due to
turbulence waz 40,.5g and upwards.
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The criteria 1listed above give rough guidsnce on bhe meperting of
turtulence and are necsessarily subjecbive,

That these oriteris fall short of the Jealrsbile date on the
turhulence enccunbered is resognised hy the WMO end the Metecrclogloel
Divizicn of TCAD who st & Joint mesting heve stated "wope lndivatiom
of the fremency of burbalence expsricnsed by slroraft was desirebls,
but no dscision was reached concerning the precize fore in whish the
exizbing Classifieetions should be altered” and recopmended Shat
"Statbes continse studiss on the clagsificetion of turbulsmes Lo
aireraft reports so that sveabuelly 2 mors refined clawsificstion
than the exisbting one my be indroduced.® {WMD,19%4) .

Bunker {1955) shows that an airciaf® with suitsble insbra-
mentaticn offsrz a reliable method of dstermining the durbuisut come
pments of the atmosphere within a Iimitsd spectial rangs, Such
ingtrumentation is not fitted to civil aireraft operating over North
Atlantic routes. Even if suitable ingtrumentation was fitted to
these piroraft it is poseible thet during rerioeds of intenss turbulence
activity full reporting of cobservations of the instruments= by a pilob
my not he possible due to pressurs of other dubies.

The classification of turbulence intensgity in terms of the affect
of turbulence on the motion of the alromft ag sensed by the orew Is
subjective, being in terms of the degree in which movement withie the
airocraft or the carrying out of cther duties by the crew members is
hindersed,

Press (1948) comcluded as a reall of ths sluiy of zems of the
data from the U.8, Thunderstorm Projeet that the cherasteristios of
piled technigue appear to affest the influsnces of Surbulence on an
airoraft. Other results froao the sams Project indisats that the
thireshelds of intenaity of turbulemce, as weporbtsd by orews, bacoms
lower on an sbsclube scale with lengih of exposure o the burbulsnce.
Banncm (1952) suggsste that a pilot my describe turbulence as severs
at, say, 30,000 feet becauss he considers it severs compared with the
usual Llevel of turtulence at thet altitufe mathsr than zsvers om an
absslute seele indspendent of height.

There iz a szspicion that the peresphible durhulensce observed
when an aircraft is passing in and oub of mmll patches of sloud is
not always reported and the number of reports of light turtulsnes
received from the Shannon/Frestwick FIR in the year wndsr review may
substantially understate the numbsr of cccasions cn which perceptible
turbulence was encountersd.

Digtribution of Alrcraft Reports in The Shanven/Presiwick FIR:

In the lZ2-month pericd under réview, reporbs were not at hand
for L full days (27th, 28th Octeber, 7th Novemwber ani 17th January)
bub in the remining 361 days 37,746 aircraft reports were regsivsd
at Sharmon dirset from aircraft in flight over the Shannon/Prestwick
Oseanic FIR. The distribution of these reporis over the sr=a iz
shomn in Figure 1. The figares on thes diagrem represent the tetal
muber of reperts for each l-degres space over the entire 12 months.
To facilitate extraction and tabulation of data, reports frem the
shaded portion on the edge of the FIR south-west of Jhammon ay shown
in Figure 1 were excluded from the survey,

No weather report was received from any aireraft above 25,000
feet which may be regarded az the cperating csiling of the types of
commercial alrcmaft opsrating over the North Atlantic at that tims,
Reports wers received from aireraflt at heighite spaced at 1000 faet
intervals firom 25,000 feet downwards, Westbound and Seouthbeund
aircraft cperatsd at even heights {2,000, k000, 6,000 faes, =bs,)
while Northbound and Eastbound operated at odd hedgrbs {3,000,
5,000 fest, ete.), Only a small proporticn of the Flights wers
Rorthbound or Svathbeund, the vast majority wers Bastbhound or
Wagtbonrd.,
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The reports havs a marked concentration in the ares betwsany
latitudes 50°N and 55°N where over 70% of ths total mumbsr ocour,
The density of repcar&g falls off to the North of 55°N and is consider-
ably lese South of 50°N. In thres l-degree spaces no aircrafd
weather observation was made in the entira 12 months.

The largest namber of reportas was recsived fron the degres-gpacs
bordered by 53°N, 54°N, 13°W, and 14°W. This maximm total of 1,066
reperts representing an average of a 1ittle less than 3 reperts per
day for all heights is due %o the fact that aircrafi departing Shannon
Westhound were very frsquently in this space at the end of the first
hour of fiight,

The frequency of aircraft weather reports on the Nerth Atlantic
haz a marked diurpal variation with a maxicuom mmber of reparts psr
hour being received in the houra between 0200 and 0600 GMF, and &
minimum in the early aftermcon (1200/1800 GMF.). Thers iu also &
mrksd variation over the year in the mumber of reports received per
day, dua to the seascrnl pattemn of trans-Atlantic flight frequenay
with heavy schedules in the Summer months and light schedulss in the
Winter months, The anmial wariation and the gsreral upward tzrend of
flight activity over the Shameon/Prestwick FIR iz shown in Takls 1
taken from data prssented by ICAQ (19%6).

Table 1 - Daily Traffic on North Atlantic (Northarn) Route

hvepuge fliights per day

Year Entire year . Months July, Aug. Sspt.
1948 29 &
12590 21 e
1951 30 39
1952 35 45
1953% 40 &L
19554 N 59
1955 Bl 70

Tha North Atlantic (Northern) route in Table 1 is represented by the
Shamnen,/Gandsr and more northerly routes as distinct from the Scuthern
woute vie the Agores and Bermuda,

Geographivml Distribution of the Turbtulencs Reports:

A total of 366 reports of turbulence were recgived from airsrafé
in flight in the Shannen/Prestwick FIR in the AZ-menth pericd. This
swall murber of turbulence reports representing 0,97% of the total
aircraft reporte suggeats that aircmaft turbulence is relatively ine
fraquent over the Easterm North Atlantic. Howewver, since a large
proportion of the flights coperate at heights above 14,000 fast, they
can frequently avoid flying through cuwmlonimbus in which the most
frequent and moat severs turbulense iz enccuntered, Byers el al,
{1949) found over the U,8, that in aversgs airmss thundsrstorm con-
ditioms, less than 10% of the sky is filled with scnvective cloud ak
20,000 faat, Even assuming coverags of the same oerder for convectlve
cloud over the Atlantie, it ias prohable that avoiding acktion can bs
and is frequently taken by crews when large cumulus development is
aighted,

Figure 2 shows the geographical diatribution of reporks of
turbulence over the Shannon/Prestwick FIR im the pericd under review.
The distribution shown in Figure 2 includes all cages of light tur-
bulence which is not regarded as a hazardous conditicn for flightsz
speratad under ICAQ procedurs.

Pigure 3 shows the geographical distributiom of reperts of
modernts and ssvers turbulence in the Shamnom/Prestwick FIR.

In the oase of turbulence desscribed in the raporbs z¢ “marked®
and reports of turbulence which were not classified; it was assumed
in the preparation of Plgurs 3 and in the following enalysis of tha
turtulemce reporta that the turbulencs was modarate.
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Analysis of tha Reports of Turbulence:

Of the 366 reports of turbulence received, 7 were described as
severe, B3 as modsxate, 13 as marked, 17 without classification and
246 as light. Om the sssumption mde above, 113 reports were con-
sidered to be in the category of modemate turbulencs.

Table 2 gives a gummry of the reportsd corurrense of different
intensities of turbulence sach month,.

Table 2 - Summary of Reports of Turbulensce of Differemt
Intensitiss each Month (Oct.53/9epto.5h.)

[N@, of | No, of Rép@t‘ks‘ of Turbulence | Percentage| No. of Gy

alp- : Frequency | on whieh
eraft |[Severe Moderate Light: Total turbulence

eports "Yas e
ported

Oct, 2,820 il 0 12 23% 0,81 15 i

(29 days)

Nov, 2,367 1 9 14 2 1,01 16

(29 days) .

Des, 2,684 1 13 i3 27 1,00 16

Jan. 2477 2 12 17 1 1.25 11

{(30days)

Feb. 2,078] 1 6 6 13 0.62 8

Ye.r, 2,441 ] O 12 18 30 1,22 16

Apx. 2,909 0 7 15 22 0.75 12

My 3,588 +] 2 5 1 0,30 9

June 4,161 © 0 12 12 0. 28 Q

July b,C37| © 2 20 22 0. 54 13

Aug, how2| o 10 32 | 42 1.03 17

Sept. o 142 1 30 T8 i09 2,63 28

Total |37,76| 7 113 | 246 | 366 | 0,96 170

The high frequency in September, 1954 is believed to have been
abnorml for that time of yeax, An amalogous result in respect of
ieing in the mame ares was found hy Roben and O hAonghusa (1956).
Winston (1954) points out that at 700 mb. the strongest mean winds
in_the Northern Hemisphere in September, 1554 wers located near 50°N9
20°W which is near the centrs of the Shannon/Frestwick FIR. These
streng winds wenld be favourmble for the osourrence of proncurced
vertical wind shear with o resulitent incresse in the incidense of
turtilencs,

The reports of severe huwrbulence were confined to the months
September to Pehrusry,

Only Light twrbolence waz reported in the month of June.

No turbulence was reporbed om 191 of the 361 days., Ne
turbulense wis reported on 13 consecutive days (30th Dec, 1953 to
11th Jan. 1954, inclusive) while on one day (29th Sept. 1954) 14
reports of {urbulence were received; 12 of these being between
0000 and 0545 GMF. Figures 4 and 5 give the Surface and Upper
Alr flow over the area at that time.

A summary of the nusber of ocomasions on which different
numbers of turbulemce reports were recsived per day over ths period
is givem im Table 3.
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Number of days on which variocus mumbers of Turbulencs
reports were received from the Shanno stwick
FIR = pericd October, 1 September, 1

Table 3 -

No. of reports
of turbulence
per day, 0 1 2 3 L 5 6 7 8 9 10 11 12 13 4
No, of days on
vhich the given
murber ocourredl9l 90 36 17 11 7 4 2 © 1 © © 0 1 1

With an average of 1 report of turbulence per day the abovs figures indi-
cate coherence as ws would expect in the occcurrence of reports of
turbulencs.

Distribution of Turbulence Reports with Height:

The distribution of reports for different altitudes for each type of
aircraft operating over the North Atlantic is not uniform, as each air-
craft type has optimum operating altitudes in particular circumstances.

The vast majority of fiights over the North Atlantic and which
reported weather conditions in the period under review were made with
aircraft of six general types: Stratccruiser, Superconatellation,
Constellation, D0=6, DC=4, and Canadair. It is prcbable that a number
of military flights which reported weather conditions were operated
using these typsa of aircraft but the type of aircrafit used by military
flights were not lmown when the investigation was made.

Table 4 gives the distribution of reports for the more commen
types of aircraft at the various altitudes and the distributicn of
reports of turbulence from esach typs of aircraft.

Table 4 - Distribution of reports with hei ;_a from six types of
“sircraft ggemtiﬂ.&wer the Shemmen/Pr
FIR, October, 1953/3e ‘ Dy
of turbulence reports for the same aircraft
shown in brackets)
Height TYPE OF AIRCRAFT TOTAL
St’er. Sup,=-Con Con - DC=6 DC=-4 |CANAIAIR
7000 on ' ‘
below 60 (1) 9 96 (2)| 109 (4) | 817 (5) 5 1096(12)
8000 148 (1) 27 202 (7)|1036(33) |1714(11) AT 3168(52)
9000 23 12 116 (1) | 187 (2) {1983(10) 11 2332(13)
10000 911(10) 210 (2)} 615(29) |1377(31) | 181 (3) 75 3369(65)
11000 2l 17 101 (1)] 171 127 (&) 11 451 (5)
12000 583 (i)l 528 (&)| 307 (6) |1425(22) b U 2861(36)
13000 106 79 190 (1} | 561 (&) | 10 19 965 (5)
14000 613 (6)] 605 269 (1) [2863(25) L 82 3436(32)
15000 320 81 416 1433(23) 0 47 | 2297(23)
16000 183 119 542 (4) | 764 (3) 0 27 1635 (7)
17000 257 (1) 153 2453{13) |1200(21) @ 317 4380(35)
18000 184 294 3236(14) | 364 (4) 0 26 4203(18)
19000 850 (1) 583 (3)|1499 (9) [1423(19) 0 32 4387(32)
20000 33 (1) 2718 97 (1)| 58 0 1 467 (2)
21000 435 (2)| 646 (2)| 244 (5) | 546 (9) 0 1 | 1872(18)
22000 1 20 0 1 0 0 22
23000 157 115 15 30 0 o 2317
24,000 0 1 ) 0 0 0 1
25000 61 8 o 1 0 0 70
Total | 4949(27)| 3785(11) [10397(84)12549(200) 4840(33) 709
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Examination of the data from which Table 4 was compiled indicated
that there was & significant variation in the distribution of reports
in the different ranges of altitude throughout the year.
this, it was not feasible to test the significance of the observed vari-
ation of turbulence with altitude.

In view of

It can be& seen from Table 4 that the majority of reports of tur-

bulence were mede from sirecraft at even altitudes (westbound).

This

is an interesting result, as westbound flights;, being in the esarlier
part of their voyage when over the Shanncn/Prestwick FIR, would then,
in general have slower ailr speed and greater wing leading and should

respond less to turbulence.

However, when the westerly windz are

stronger than normel, westbound sircraft show a preference for lower
altitude and it would appear that, as the majority of the turbulence
reports in Table 4 are at heights below 15,000 feet, the high incidence
of turbulence with westbound flights is associated wifth occasions of
strong winds when the vertical wind shear might be such as to cauase con-
ditions favourable for turbulence.

A chi-squared test of the data in Table 4 indicates that the wari-
atioen of reports of turbulence hetween aircraft types stands at a highly
significant level.

Ne turbulence report for a Capedair aircraft wes received,
alrcraft were operated regularly until mid-Mey, 1954,

Thesze

Table 5 gives the distribution with height, of reports of moderate
and severe turitulence for the other 5 types of aircmft.

Table 5 - Diatribution with height of repcrts of turbulemncs

She,

termed "moderate” or "severs" by aircraft in the

eight TYPE OF ATRCRAFT TOTAL
Yer P’ son Con DG=6 DO=4;.
7000 or ' '
balow 60 9 96 (2) | 1209 (2} 817 (2) |1091 (5)
8000 148 (1) 27 202 (1) | 2036(12) | 1714 (3) |3127(17)
9000 23 12 116 187 1983 (4) 2321 (4)
10000 911 (2) 210 (2) 615 (6} | 1377(14) | 181 2294( 24.)
11000 2 17 101 171 127 540
12000 583 (1) 528 (1) | 307 (3) | 1425 (9} & 2847( L)
13000 106 79 190 (1) | 561 ()| 10 9ub (2)
14000 613 (2) 605 269 1863 (6) A 3354 (8)
15000 320 81 416 14335 (8) 0 2250 (8)
16000 183 119 542 (2) | 764 (1) 0 1608 (3)
17000 257 153 2453 (3) | 1200 (6) 0 4063 (9)
18000 184 294, 3235 (4) | 364 (2) 0 4077 (6)
19000 850 (1) 583 (2) | 1499 (2) | 1423 (6) 0 4355(11)
20000 33 278 97 58 0 466
21000 435 646 (1 24 (1) | 546 (3) 0 1871 (5)
22000 1 20 - 0 1 0 22
23000 157 115 15 30 ] 317
24,000 ) 1 0 0 0 1
25000 61 8 0 1 0 70
Total 4949 (7) 3785 (6) | 10397(25)] 12549(70)] 4840 (8)

The seven casss of severs turbulences were reported by Constellation
(2 cases), D06 (3 cases) and DGk {2 cases) aircraft and oscurred at
heights ranging from 4,000 to 19,000 feat.
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Assewiphion botween Icing and Turbulencs:

In the data examined, 582 cases of icing were snoounitersd and 121
of these cases were reperted simultaneously with turbulencs.

Table 6 which is mproduoéd from an earlier paper (Rehan &
0 hhengwsa, 1956) shows the frequency of icing reperts in relation
to turbulence.

Tadls 6 - pengy of simyitaneous ocourrenos of Icing and

Ne_iciax 1gdng Total

Ne turbulwase  ..ocoo 36,919 461 37,300
Purbul ence 245 _azn 366
Potal: coveso 37,164 582 37,746

Table € shows that a third of the reports of turbulence werse _
associated with aircraft icing. A Chi-squared test of the data, coupled
with the fact that the first colum of Table & includez a very coasider-
able mumber of reports from airoraft flying in conditions where no hydro-
meteors were present and a nusber of reports at temperatures which would
not admit of icing, confirm that this association wax significeant, Two
of the cuses of reported severs turbulence were associated with reports
of heavy icing. Icing was not associated with ths other cases of severs
turbulense. One of these reports was at a temperature which did not
admit of icing R B o

Sumpmzy of Synoptic Situations in which Turbulence was reported:

An sramination was made of the mynoptic situations in which turbulence
was reported. A summry of the results is shown in Table 7.

Table 7 - Summry of ocourrence of turbulemce in differsnt synoptis
situations in the Shennon/Prestwick FIR, October, l§§57

September, 1954

Intensity of Turbulencs
Syncptic Characteristios Total
Light Modsrate Savers

Warm Front a8 3L 1 120
Cold Front 35 21 2 58
Oceluaicn 21 3 0 2L
Warm Air Mass 18 & o 2
Cold Air Mass 8 52 4 140

The classifications in Table 7 snd in Table 9 ares necessarily sub-
jective being based on inspection of the Surface and Upper Air charts pre-
pered at Shannon. Six casez of turbulence (5 light, 1 moderate) reported
in Secondary Cold Fronts embedded in a celd air stream wers classified as
Cold Air Mass turbulence. About 38% of the turbulence reports cams from
aireraft in Cold Air Masses, Four of the seven cases of severs turinilence

were reported in Cold Air Masses. The turbulemce in Cold Air Masses ia
" generally associated with cumuliform cloud. As aveiding action can
freguently be taken by crews when large cumilus or cumilonimbus development
is sighted it is probable that the figure for Cold Air Mass turbulence
givem in Table 6 understates the existence of perceptible {urbulence and
my be regarded as representing minimum probability for the phenomenon under
such conditions.

Ne oase of severe turbulence wae reported in an Occlusion or in Warm
Air Messes:. As a considerable rnumber of fromtel systems over the Kastern
North Atlantic have reached the occlusion atage by the time they reach
30°W, the small number of cases of turbulence, and particularly of medernte
turbulence, in ccclusions covered examination of a large proportion of the
frontal systems. The cases of moderate turbulence associsted with an
soclusion ocourred inm August and September,.  The cases of moderste
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turbulence in warm fronts occurred in October, Noveuber, August and
September.

Reports of turbulencs frequently were made in areas in which cther
aireraft at approximetely the same height and time did not ezperisnce
turbulence, This haphazard ccourrence of turbulence which has also been
noted by writers investigeting turbulence in other geographicael regions,
suggests that forecasting of turbulence shouid be in terms of probability
or as a statement of risks,

4 possible association between the location of pronounced centres
of cyclonic vorticity on the 700 mb, and 500 mb, charts and the location
of reports of turbulence was explored. The vorticity at the location
of the turbulence report was measured on the nearest appropriate chart
using a celluloid template after Sander and Kesaler (1955). Examination
of a few months' data showed a number of cases of turbulence where
vorticity was zero and an almost exactly equal number of cases where the
vorticity mas cgyclenic and anticyclonic. In view of the indications so
obtained, the remaining cases were not examined in this light.

Tarbulence in Clear Aix:

An examination of the "flight conditions" reported in association
with reports of turbulence gives an indication of the cases of the occurrence
of turbulence in clear air. Unfortunately not all reports of turbulence
were accompanied by reports of flight conditions and as the reports of
turbulence often referred toc a time up to one hour previous to the time
referred to under flight conditions, it waa net possible to establish in all
cases if the aircraft was or was not in clear air at the time the turbulence
was experienced.

The reperts were checked against other available information and it was
established that at least 71 cases of turbulence were encountered in cleer
air. This repreaents about 20% of all the turbulence reports. Scme of the
reports were specifically deacribed aa "clear air turbulemcs" in the reports
while others merely gave the intensity of the turbulence in conditions in
which there was reasonable certainty that the aircraft was neither in cloud
nor flying through precipitation associated with cloud at the time the tur-
bulence was experienced.

Table 8 gives a summary of the ocourrence of turbulence in clear air and
the different positions of the sircraft in relation to cloud cover.

Teble 8 - Summary of reports of turbulence in clear air, with
different positions of the aireraft in relation
%o cloud cover, in the &mnnon]ﬁeshuok FIR,

~ Dotober, 1953/Sept ember, 1954

Cloud conditions Intensity of Turbulencs Total
at flight level Light Moderate Severe
No cleud in vicinity '
of aircraft 8 4 , 0 12
Airoraft betwsan o
layers ' 13 2 _ -0 15
A/¢ over pll cloud 30 1k 0 Ly

Cases where the aimﬁ. was raportinz flight conditim "in and
out or cloud” were exluded from the category of turbulence im clear air
even though in some cases may have heen emporimood outside the edgs of
the aloud,

Turbulence reperts in clear air were 'rép@rted in all menths except
hyo . . . ‘ o . .

37 of the reperts including 11 cases of moderate turbulense scourrsed
in csld air masses.
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19 cases (13 light, 6 moderate) occurred in the vicinity of
surface marm fronts.

11 cases (9 light, 2 moderats) occurred in the vicinity of surface
cold fronts,

3 cases (2 light, 1 moderate) occurred in warm air msses and 2 cases

of light turbulence in clear air were reported in the visirity of a surface
occluaion,

Purbulence in clear air was reperted at heights ranging from 6,000 to
21,000 feet. In view of the geographical region under discussion the
turbulence at the low level could scarcely be associsted with orcgraphic
effects. 4O of the reports wers received for aircreft at even (westbound)
altitudes and 31 at odd (eastbound) altitudes,

The general flow pattern on the 700 or 500 mb, chart {0300 or 1500
GMP,) nearest each report of turbulence in the clear air was classified
in an effort to glve an indication of the frequency with which clsar air
turbulence is encountered with different flow petterns. The results are
sahown in Table 9, -

Table 9 - Summry of occurrence of turbulence in clear sir at
different heights in relation to the flow pattern

‘Hedght

in feet
Positi
in flow 8888888898888 8888
pettern Cigigididg gl g dy g9 88 d
On oold side ! -
of Jet 31 U 2111 3 1, 1| 1} &) 27 4 1
Enbedded in
Jet 1l 1
Warm side of
Jet 13 2
At Jet intake 1
At Jet outlet 1
Uniform flow 1 1 7 1i 2 11 3| &) 2 1 2
Slack area 2 1 1 i 1i 1
Near centrs ‘
of Liow 1 1

In classifying the reports in relation to jet stream fiow the gradient
wind in some cases, particularly on 700 mb. charts, was below ths 30 m/a
specified for a jet stream in Recommendation 38 (56 - CAe) of the W.M.O,
but where the flow had a boundary that wes well defined by a change of
gradient the flow was classified as a jet stream: On the other hand bread
belts of uniform flow which had no well-marked boundary were classified as
uniform flow even though on occasions the velocities in the vicinity of the
position of the turbulence report were quite high. Slack areas were
usually weak highs, The vast majority of cases of turbulence in clear air
asscciated with a jet stream occurred on the low pressure and cold side of
the jet. This agrees with results obtained by Bannon {1952) and others
investignting severe turbulence. Some cases of moderate clear air turbul-
ence not associated with jet stream were encountered at heights above
15,000 feet which differs from the experience of United Airlines over
America es reported by Harrison (].95x§1

-1

There were not enough cases te indicate any difference; as regards
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clear air turbulence, between conditions at the entrance or exit of a
jet. More cases of clear air turbulence were assoclated with uniform
flow than with any other configuration. The 28 cases of clear air
turbulence in uniform flow wers associated with gradient wind speeds ranging
from 25 to 100 knots, measured from the nearest upper air charts in each
case. In addition, as shown in Table 9, seven cther cases were reported
in slack areas. It was noted that in the case of a number of turbulence
reports in uniform flow there was no noticeable vertical wind shear or
abnormal vertical temperaturs gradient between the 700 and 500 mb, levels,
A comparison of the gradient wind at the 700 and 500 mb., levels and the
overall temperaturs lapse between the levels iz net detailed enough teo
give a relisble indicetion of the vertical wind shear and temperature lapse
rate at the location of an individual report of turbulence. Wind and
temperature profiles (mainly associated with jet streams), produced by
Scorer (19563J and others, indicate the existence of shallow layers of very
great wind shear and low static stability which in certain circumstances
are favourable for the ocourrence of turbulence. These shallow layers
would not be evident from the data on the charts at the 700 and 500 mb,
levels. Consequently, nc attempt wes made to amalyse the turbulence
reports in terms of the Richardson number.,

‘The musber of c¢lear air turbulence reports near the centres of low
pressure was reamrkably smmll but this may be due to the fact that most
low centres at the 700 and 500 mb, levels are associsted with active surface
aystems giving extensive sloid development at the gentre, and aircmft
balow 20,000 feet in the area would frequently not be in clear air,
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I wish to express my thanks to the warious members of the staff of
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of the work, ,
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Pig.2 Distribution of reports of Turbulence experienced by aircraft in the
restwick Flight Information Region for the year October,

Sha
1953/Septeuber, 1954.
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Fg.4 Surface chart 0000 GMP, 29th September, 1954, showing positions

at which Turbulence was reported by aircraft.

1.
2,
3.
I
5.
6.
7o
8.
9.
10,
11,
12,
13.
L

2230 GMT, 28th Sept. Light Turbulence at 195000 f'¢,
2342 Gr, 28th Sept. Light Turbulence at 17000 ft,
0002 GMI, 29th Sept. Light Turbulence at 21000 ft.

0242 cMT, o . Light Turbulence at 21000 f't.
0255 GMr, * ® Light Turbulence at 15000 f't.
o35 GMT. . " Light Turbulence at 14000 ft,
0345 GMT. ® 0 Light Turbulence at 8000 ft.
0,07 GMT. " " Light Turbulence at 8000 ft.
0430 GaY. L Light Turbulence at 9000 fit.
Ohhs GMIF, "  ® Light Turbulence at 8000 ft,
o445 GMT. . " Light Turbulence at 17000 f't.
0520 GMT, " " Modernte Turbulenoe at 10000 ft,
0545 GMr, " " Light Turbulence at 8000 ft,
] n

O054L5 GMT. Moderste Turbulence st 1LD00 f't,
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500 wb, chart 0300 GMT. 29th September, 1954, showing positions
at which Turbulence was reported by aircraft.
1, 2230 GMr, 28th Sept. Light Turbulence at 19000 ft,
2. 23,2 QMr, 28th S3ept. Light Turbulence at 17000 f't.
3. 0002 GMI. 29th Sept. Light Turbulence at 21000 ft,. .
4o 0242 AT, . . Light Turbulence at 21000 ft.
b. 0255 GMI. " b Light Turbulence at 15000 f't.
6. oS aur, * ¥ Light Turbulence at 14000 ft.
7. o5 Gar. v " Light Turbulence at 8000 ft.
8., oo7CM., "~ " Light Turbulence at 8000 ft.
9, OL30 GMT. . w Light Turbulence at 9000 ft.
10. OLL4LS GMT. " " Iight Turbulence at 8000 ft.
11. o5 omr. * " Light Turbulence at 17000 ft.
12, o520 GcMr.. % ¢ Moderate Turbulence at 10000 f't.
13. 0545 GMT, " n Light Turbulence at 8000 ft.
4. 0545 GMT. " " Moderate Turbulence at 14000 ft.





