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by 
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Acce!eratmn records have been obtained of the turbulence encountered 
by B.O.A.C. Cmet aircraft in 660,000 mllss of Jperat2onal. flymg cv routes 
connectm& London with kmuth Africa and the 7~ East. It is shown that 
tw-bulewe decreases wrth xxx-easing altitude. Of all gusts greater than 
10 ft/scc E.A.S. 9l$ >puere armmtered balow 27,500. Above 27,500 ft, about 
75% of &sts &mater than IO ft/sec E.A.S. occur m cwnulifom cloud. In 
flight sectors where condztmns favour- tho formation of cumdd'oX?n cloud, 
gusts may be several times mcr e numerous on avaragc than over widespread 
routes. 
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1 Introduction 

Prom Kay 1952 to January 19% Counting Aocelerometers mere carried in 
3.O.A.C. Comet arcraft and acoeleratlon records were obtained of the 
turbulence encountered in 680,000 miles of operatlonsl route flying. 

The data are examined to determine the variataon of turbulence with 
altitude and the relative importance of the turbulence occurring in clear 
arr and m cumul~form cloud in the altitude bszd 27,500 feet to 42,500 feet, 
1.e. at crusmg slt3.tudes. A comparison IS drawn between the high-altitude 
twbulsnce in different geographioel locations. 

2 _Description of Equipment wd Flyin& 

4 2.; &xtrwnent and Installation 

The Counting Accelerometer' responds to the accelerations imposed on 
it in a vert]cii direction and records the number of times each of a series 
of acceleration levels has been exceeded. Successive counters represen'; 
levels at intervals of O.lg and readings are given for a range of 1.2g to 
2.9g for upward accelerations and from O.Sg to -0.9~ for downward. The shove 
values are normnal and have been corrected in the report except where rt is 
stated otherwise. An all;tictcr, Jirspe&. indicator and spring-driven clock 
are grouped around the counter dial and the whole assembly is photographed 
at regular intervals of approximately 10 minutes duration. 

For these experznents the Counting Accelerometer was rigidly attached 
to the airframe approximately 8 feet aft of the centre of gravity of the 
sircraft at tne forward end of the luggage compartment. 

2.2 The i?ying covered Ly the records 

TX records were made between Nay 1952 and January 1954 on 700 flights 
coverrng 630,000 miles of operational flying on routes connecting London 
with Johannesburg, Colombo, Singapore and Tokyo. Details of the routes are 
shown m Fig.1 and the distances flown ln indivldusl sectors are gven m 
Table I. The distribution of recording time between montas of the year is 
shown in Fig.2. Between London and Johannesburg records were obtained Ln 
al.1 months of the year, but on routes to the cast from Cam0 nearly all the 
recordmg tune lay betvecn Ii@ and November. 

3- Data 

3.1 Accelesometer data 

The accelerometer data consxst of a series of consecutive records of 
averago duration 9.4minutes. Each record contzLns the nrrmber of tvnes each 
acceleration level was exceeded and the speed and altitude of the awcraft. 

i in the sample sec;uenco of records @van in Table II each km records 
ths time, airspeed and altitude at th e end of an intervsl and the counts of 
accelerations exceeded during the interval. The values of aircraft wei&t 
were calculated on the baas of the t&c-off znd landing m?l&hts recorded 
by the tireraft oaptaxn. In the records made during clxr;o and descent the 
altitude reading 1s corrected for- ch‘ango o f altitude during the preceding 
interval with due regard to the probable variation of @st freguency with 
altltu6c. Rxnrds which include the effects of ground loads are discarded. 
On m average, the fzrst and last five m~nutos of each flight are, therefore, 
not mcluded in the data. T~L 6altltudcs affected are bclcfl about 12,500 fact- 

Detrals of tix tune speni at each speed and altitude during climb, 
muse aad descent are given in Tables IX, X and XI. 

A summaqi 02 the Counts of Acceleration is g~vac in Appendix II. 
-j- 



3.2 Weather reports 

For some flaghts B.O.A.C. provided copies of weather reports made by 
aircrews during fllji)Tt. Fig.3 illustrates the weather report which corres- 
ponds wvth the records or Table II. Such reports provide valuable information 
on cloud conditions at the eltltude of the aarcraft. The weather reports were 
available for V&j0 of the high altitude turbulence encountered. 

, 

4 - Variation in turbulence with altitude 

Using the methods of Appendix I the acceleration data were expressed in 
terms of the magnitudes and dxtrlbution of the gusts encounter&. Allana- 
taon factors were obtained zn terms of the mass parameter of the aircraft3. 
The gust counts calculated ~JJ this method are @vcn in Table III. If the 
mmbers of gusts in the two lowest altitude bands are increased in pro- 
portion to the lost recording time referred to in section 3.4 it is 
found tnat 91$; of gusts greater than IO ft/sec E.A.S. were below 27,500 ft. 
blg.4 shows the gust spectrim for each altitude bond from sea level to 42,500 
rt. Zig.5 shows the variation wath altitude of the average distance between 
gusts greater than IO, 20, and. 30 ft/sec E.A.S. respectively. The upper 
portion of the 30 ft/sec curve is extrapolated from the spectrum in Wg.4 end 
msy require to be altered when more information 1s obtained. 

As upward and downward gusts were found in about equal numbers, Figs. 4 
and 5 a-e based on the sum of the two. 

Fib.5 shows a rapid decrease in turbulence from sea level upwards. From 
sea levul to about 27,500 ft the distance between gusts of a given magnitude 
apxox;l?ately doubles during every 3,500 ft rise. Above 27,500 ft the vana- 
txon is probably snail and IS insignificant in the present data. The most 
reliable estimate of the turbulence at the high altitudes is that for the band 
centred on 35,000 i't m which most of the cruise was flown. . 

5 T_urbulence et hi& altitude 

At altitudes greater tnsn 27,500 feet, i.e. cruising conditions, the 
data consist of 8,080 records, of average duratxon 3.4 minutes, representing 
a distance of 527,000 statute miles. 

5.1 Locatron of turbulence of specific intcnslty 

Table IV snows the distribution of all records according to their 
content of acceleration increments numerically greater than 0.23g. Accelera- 
tions of this magnitude, which are the wellest recorded by the instrument 
used, corresponft to an average gust speed of 5.75f.p.s. E.A.S. and occur on 
only 6,g;io of the records. 
IO tmcs. 

In I.+ of the records +0.23gis exceeded at least 

Examination of the records m chronoloaodl sequence shows the bulk of 
the turbulence as isolated well-defined occurrences. Selections were made of 
ell records contaning IO or more counts of aoocleration increments numerically 
greater than 0.23g,and of all records contsxungarcelcrations Q-eater then 

I 

0.52g; more then half the records obtain& m this way satisfied both 
condltrons. 

The selected records were found to represent 81 separate oocurrences of 
turbulence. The total counts of the acoeleratlons which were experienced on 
these oocasions are shown an Table '.T to comprise alai-go proportion of the 
total counts made above 27,500 fzt. 
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5.2 The influence of weather oondltions 

B.O.A.C. orsw weather reports are avsdable for flights whxoh contain 
75 of the selecte?l occasions of turbulence. These weather reports cover 
9@ of 611 gusts greater than 10 ft/sec E.A.S. at hl& altitude. The cloud 
descriptions given in Table VI were derived from these reports at the appro- 
priate location slang the fll&t path, 

A bstlnctlon is &xwn between tne turbulence associated with cumuli- 
form cloud. that may be sntlcipated by the pilot on vu%zal exdence and 
avoid& to some extent, and the turbulence that is unexpectedly encountered 
in olcar au- or in non-convective cloud such as ouxus and stratus. The 
counts of acceleration made under these two sond~tuxx are ccmpared in Table 
VII. In all cases of turbulence for whhzch weather reports are avsilnble, 
oumd~fo?x cloud was assocxateci with about 7Fb of tk gusts vilth speeds 
@eater than 10 ft/seo Z B.S. ad Tnth all gusts gceazer than 20 ft/sec 
Z A S. * . 

5.3 Xoruontsl range of' the turbulence 

The horizontal extent of the turbulence along the path of the arcraft 
on the ocoaslons selected 1s represented apprownately by the number of 
consecutive records contaxnlng acceleration counts. The average distance 
covered by a reoor5 IS 65 miles. The extents were determined approxlnately 
in 77 cases and tnew estrmated relative frequency is shown in Flg.6. 

5.4 The infiuenoe of ~,eogr~p~csl looatron 

A comparison was mzde of the turbulence over different route sectors 
on the basis of the acoeleratron oodnts in Table VI. The + OJ+jgmcrement 
level IS the most suitable as sl~~d'lcsnt counts were made-in most sectors 
and Idle VI 0or;tains 97,~ of all courits made at tnis level. Smlar rendts 
were obtazxd, ncwevw, vihn the 2 0.23~ and + O.jjglevels mere used for the 
Oompan.son. 

Table VIII lists the sectors in &scenting order of turbulence. The 
turbulence IS expressed in terms of the averege &stance to exceed 4 0.43~ 
OIlOO sad also as a r&tio to the avera@ turbulence over all routes. It is 
aspsrent from the table that m 5 sectors tfic turbulence exceeded the 
average value appreciddy. Of thase sectors, 4 he to the east from Carro 
snnd the relatxvely strong turbulxxe rnw, to some extent reflect the uneven 
szaaonsl distrluution of the rzcorting time on these routes (section 2.2). 
Tl?e turbulence on the remsxung sector, Lxvmmtone to JZntebbe, is a more 
reliable estLnate as tee records were more evenly &strlbuted throu& the 
year 2nd tile mileage 2nd acceleration counts were much gJeater. This sector 
contrasts Ynt:? tne adJoirilng sectors, Livugstone to Johannesburg snd 
Khartoum to Zntebbe, both of wxn are below average. The weather reports 
show that the predomlnent cause of turbulence in tnxs sector is cumulorumbus 
cloud which IS probably associated with Lake Tanganyika, an extensive pound 
featme. 

At the other extreme the sectors Csaro to Khartoum, Cau-o to Bahxein 
ad Bshrexn to Karachi are sigrufioantly lackxg in turbulence. These 
sectors 611 lie over desert. 

6 Conclusions 

The acoelcratxw records obtaxned from &met aircraft during 685,000 
riles of'cqsat~onal flying on routes connecting London with South Africa and 
the Far %ast estsblld the following conclusions. 
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(0 

(ii) 

(iii) 

(iv) 

With increasmg altitude there is a continuous decrease m the 
QxbPr of gusts. Above 30,000 ft no significant variation is 
shoivm by the present data. 

915 of 611 gusts greater than 10 ft/sec E.A.S. were encountered 
below 27,500 feet. 

Yeathar cond~tmns are lmown for 9E$ of the gusts gevtter then 
IO f'~/sec E.A.S. encountered above 27,500 ft. Cumulifom cloud 
was associated mth p~$o of these gusts and all those greater 
trim 20 ft/seo E.A.S. 

In flight seotors where condlttlons favour the fomatlon of 
cmul~form cloud gusts s.re xmre nmero?x on the average than 
over all routes. 
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Distances Flown in Eli&t Sectors 

Average Total 

Number Length Distance Distance 

FL&t sector FlOWIl FlOWn 
of of Sector 

Flights Miles 
Above Above 

28,000 Ft. 28,000 Ft. 
&Ues 1000 E/iiles 

iondon - Rome 98 925 640 62.7 

Rome - cm-o* 103 1385 f 1095 112.8 

Cairo - IrnsrtoLlm 59 992 740 41.9 

Khartoum - Entebbe GO 1090 810 48.6 

Entebbe - Llvmgstone 57 1320 1030 58.7 

Llvmgstone - Johannesburg 46 610 330 15.2 

Cairo - B&rein 4-L 1175 885 38.9 

B&rem-Karadu 48 1045 760 36.5 

Karachhl - Calcutta 6 I 34 1125 1135 38.6 

Karachi - Bcmbay 13 550 275 3.6 

Bombay - Colombo 8 970 680 5.4 

Calcutta - Ban@Lok+ 34 1005 720 24.5 

Bangkok - Smgapore 14 900 620 8.7 

Bangkok - Xmila 14 1375 1090 15.3 

rhnila - OkLna~~a II 960 680 7.5 

Okmma - 'Tokyo 11 1035 755 8.5 

Totsls 654 527.4 

*< alternatively Se3.rut 

id via Delhz. 

+ sometimes VI..FA R.mgocn 

Itote: The above ud'oxmatlon relates to 712 fll@ts. The combmation 
of certaem short sectors for the purposes of tnas report, as 
mdxated, accounts for the above total of 654. 

-7- 



0717 

0718 

0719 

0720 

421 
0722 

0723 

0724 

W25 

0726 

0727 

0728 

429 

0730 

431 

0732 

0733 

0734 

073 5 

0736 

m37 

W3@ 

omcte: 
.lU Wd3 
“C I..h 

,a;0 I%) 

17 

2,* 

:T 

31 

20 

11 

Mh,ber af t!mel each accelarat!on 19) was arceeded 
.Itl tude 
.C.A.N. 
lGG0 It) 

03 

13 

21 

27 

31 

31 

31 

32 
32 

33 

33 

33 

34 

34 

35 

35 

3 

37 

37 

25 

17 

07 

04 

IfWv) 

I 

I 

31 

I 

----A 
9f.4 

96.3 

95.2 

94.1 

si3.0 

97 .v 

90.8 

85.7 

68.6 

87.5 

es.4 

X5.3 

84.1 

83.3 

61.9 

60.6 

79.7 

78.6 

77.5 

76.4 

75.3 

14.2 

73.1 

00 

1038 23 

1048 22 

1059 20 

Ilog 19 

1718 22 

1120 22 

113E 22 

ma / 22 

11% 22 

1208 22 

1210 22 

1226 21 

1238 21 

124s 21 

12% , 21 

1308 / 21 

1318 

1328 

1338 

134Y 

1359 

14w 

21 

20 

22 

21 

21 

00 

4 

I3 



. . 

T 

O-2.5 5 
2.5-7.5 61 

7.5-12.5 104 
12.517.5 87 
17.5-22.5 109 
22.5-27.5 ll+2 

27.5-32.5 334 
32.5-37.5 
37.5-42.5 / 

803 
129 

Totals 1 1774 

Smm2sy of Gust Speeds Encountered 

I i I 

%c! 10835 
?3615 22980 

28230 2b280 11 2 

2%765 28765 

36235 36235 
49015 lk9015 

128800 128800 

341200 341200 

57090 57090 

683860 703200 / 

Estmated. Ntiber of Times a Given Gust Speed was 
Exceeded in the Recorded Dxstance Flown 

Verticd Gust Speed ft/sec E.A.S. (+Llp, -Down) 

-30 -25 

2 5 
5 

i 

3 7 
2 

1 1 

1 

- 

-20 

--ii 

14 
"7 
7 
6 
1 

1 
11 

- 

L - 

15 15 20 25 30 20 25 30 35 35 40 40 

3-I 3-I II 2 II 2 

208 208 50 14 4 50 14 4 

119 119 23 7 23 7 

23 23 3 3 

33 33 8 21 8 21 

5 5 $1 $1 

12 12 2 2 

58 58 18 3 2 18 3 2 

3 3 I I 

I I , / 



TABLE IV 

Freq~uenc,y of Ocourrence of Acceleration Increments 
Exceeding O.?&between 27,500 ft and 42.500 ft 

/ 
: 6x1 of the number of 

upward ma downward 
acceleration morements 

Number of Records Number of Records 
Contammg at Contammg at 

I I greater than 0.23g greater than least this nmber least this nmber 

0 8080 
1 558 
2 335 

t 
247 
204 204 12 182 182 
112 112 

15 
20 57 :s 43 43 

35 ;: ul 2 2 
13 13 

i 

TAaL3 v 

Proportion of Acceleration Ccunts on Turbulent Occaszons 
between 27,500 ft and 42,500 ft 

7 -- 

: Aocd. lncrment g 

Total counts 

Counts occurring on 
selected occasions 

Not trccounted for on 
selected occasions 

Ditto as percentage 
of total 

3282 

90: 

22 

%.m.ber of Times each Acceleration 
Increment was Xxoeeded 

I I 
0.33,0.43 0.33,0.43 0.52 0.52 0.62 0.62 0.72 0.72 0.82 0.82 0.92’1.02~1.12 0.92’1.02~1.12 

’ ’ 1515 495 1515 495 230 230 107 107 64 64 32 32 17 5 2 17 5 2 

13691 431 13691 431 230 230 fO7 fO7 64 64 32 32 17 5 2 17 5 2 

14614 14614 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

IO/ 3 IO/ 3 0 0 0 0 0 0 0, 0, 0 0 0 0 0 0 
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TABLE VII 

Aocelerationc in Clear Air and 0.xml.ifom Cloud on rUrbule& 
Occasions between 27,500 ft and 42,500 ft 

1 Nmber of Times each Acceleration Incranent was exceeded 

ClOUd 
Condition 

&zi;lt g i 0.23 IO.33 IO.43 
/ / 

omulirorm I 
c1wr air1 
Cirrus 1 
Stratus 

Ii Not known i 
/ 

IQ' 661 53 1 ' 30 17 5 ' 2 

42 2011 2 

=I -1 I I I 2, I , I / I 

/ ; 3282'1369i ! 
I 

Total 431 23~' 1071 64 1 32 1 17 I 1 5 1 2 

Counts occurring in cuml~form cloud aa clear am 
as a 5 of those ooowrmp under known conditions 

Turbulmoe in Fli,&t Sectors Between 27,500 ft and 42.500 ft 

Sector 

Bangkok - Smgapare 
Yanila - Okinawa 
Xntebba - Llvzng3tone 
Okinawa - To&y0 
Calcutta - Bangkok 
Ban&ok -Manila 
Khartoum - Entebbe 
Bombay - Colcmbo 
Livmgstone - Johmnesbur 
Rome - Cairo 
Karachi - Cslcutta 
London - Rome 
Cajr0 - Khsrtoum 
Car0 - B&rem 
B&rem -Karachi 
Karachi - Bmbav 

All routes 

/ I 
e 1 iz 

I 
-I- 

~istam 
Iclown 
Xl 000 
Miles 

8.7 
-7.5 

'2 . 
24.5 
15.3 
48.6 

5.4 
15.2 

112.6 
38.6 
62.7 
41.9 

:z*; 
316 

&t 

+ 

527.4 

qumber of Tl 
Lccelera- .i 

tions 1 
Sxceed-m> T 

@.43e 

38 
28 

202 

,"c' 
13 
39 

i 
55 
22 
18 

2 
0 
0 
0 

-r- 

Average 
1rstsnoc 
to Excee? 

io.43g 
once. 
ItileS 

230 
270 
290 
510 
680 

1200 
1200 
1400 
1900 
2100 
3200 
3500 

21000 

Turbulence 
Ratio 

::i 
3.8 

:*z 
0:91 
0.91 
0.77 
0.59 
0.53 
0.34 
0.31 

: 
J 

( 0.1 

* 

* No significance. 
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170 
180 
190 
2cO 
210 
2-20 

2w 
ue, 
250 
260 

- 

lota:: 

T 

001 ol 02 03 

15 5 10 
80 25 25 

135 25 47 25 
133 115 60 20 

65 3% 150 95 
35 120 160 60 

5 65 110 230 

35 65 70 
10 
10 

10 

20 

- 

04 05 06 07 

Lltitude- Above Sea Level. I.C.A.N. (X 1Cm1 It) 

08 09 

f 

10 

t 
- 

I 

10 I 11 12 

5 
10 10 

10 
20 

32 l@ 20 
55 65 20 

16Q 65 55 
170 13 235 ; 

20s 190 13 1 

65 30 a~ 
10 

595 525 510, J 
-- 

- 

13 
.- 

-- 

340 
- 

- 

13 
- 

10 
65 
65 

375 

245 
20 

- 

780 1 - 

I 

t 

, 

- 

22 
- 

10 

iz 
4.0 

40 

- 

910 
- 

I 

.A! 

Totals 
26 27 

50 

150 

235 

355 
615 

705 
1285 

10 5Jo 
170 255 1235 
735 960 5125 
lB0 65. 48~0 

10 3480 

1395 

255 

al 

10 

105 1283 20265 

This table rejresents 710 olimbs 



!Lw3LE x 

Ma.nated Tune in Nuwtes Spent at Each Sped and Attitude D~lng Ctise - 

fd.tltude Above Sea Level, I.C.A.N. (X 1000 ft) 
- Totals 

28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 

170 10 10 20 10 20 20 20 20 30 20 20 IO 210 

180 75 55 150 95 245 255 140 170 130 75 95 33 45 40 10 1610 
c 

190 
2 

590 ?OO 885 745 76C 535 40 280 190 215 205 130 85 IO 5570 

a 200 760 425 535 21~5 225 355 620 845 845 1045 980 620 265 30 30 7845 

ii 
210 320 290 L70 780 1855 3555 4880 4475 4905 4025 2395 10~0 375 40 29465 

2 
220 340 430 1155 2245 3150 4250 4265 4110 3150 1945 , 790 365 45 26240 

2 230 160 190 330 660 725 590 760 565 310 95 20 4405 

% 2&o 20 10 l&o 10 45 20 45 20 IO IO 230 
.2 
2 250 10 10 10 30 
H 

260 10 IO 20 

2.70 10 10 

Totals / 2305 2310 I3605 4810 7025 / 9580 110780 110505 / 9570 7420 14515 I2225 I825 120 / 40 I75635 

Tks 'cd&e represents 712 cruises 
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It IS assumed that the normal acceleration at the instnanent posxtion 
is that at the centre of gravxty of the au-craft. The recorded acoelera- 
tmns are translated into vtrtrcal. gust speeds by the followlngmeth~d. 

A-Lrcraft weight is divided into bands of lisldth 10,000 lb centred on 
mean wei&ts of 194,500 lb, 94,500 lb, 84,500 lb, 74,500 lb, 64,500 lb. 

Indicated airspeed is corrected for pitot head position error and 
compressibility. Tine airspeed. range is dlvlded into 10 knot bands. 

The sltitude range IS d~.v~ded into a sea level band from 0 to 2500 ft 
and bands of 5000 ft widt;h centred on 5, IO, 15, 20, 25, 30, 35 and. 40,000 
feet. 

The counts of' acceleration a.re grouped accordx~g to the weight, air- 
aqxxd and sltltude of the .?.u?creft anC~ the @St speed corresp@ndmg to each 
@coup LS found. from the formula: 

3 equvdent vertical gust speed 

Sn normal accelerdzon increment in g units 

w mng loading 

F gust alleviation factor* (Zbroeek) 

PO air density at sea level (I.C.A.O.) 

a slope of the lift curve at appropriate Mech No. 

v udicated airspeed 

By simple graphical lnterpolatlon the counts are referred to gust 
speeds of 76, 40, 15, 20 . . . . . ft/sec and a gust distribution is obtaued 
for each altltuile band. The mlleage flown in each band 1s calculated and 
gust spectra are obtaned ID terms of the average drstanoe between gusts 
exceshng ddferent magnxtudes. 

$3 The gust is assumed to increase linearly to its maxunum value in a 
horizontal distance of 100 feet, The sllevsatzng factor is calculated as a 

fuuctzon of the mass parsmeter U 2w 
F, = -- where 

BPZS 
p is air density 

and T? is the mean wmg chord. Allowance is made for the effect of wing 
aspect ratio on the rate of growth of lift srd for the effect of compressi- 
billty on the unst+ni& lift function. 
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FlG.1. MAP OF THE ROUTES FLOWN. 



FIG. 2. 

IAN . FE8 MAR APR MAY JNE. JLY AU+. SEPT. OCT. NOV. DEC. 

TOTAL RECORDlNq TIME 
2149 HOURS 
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1 
FIG.2. MONTHLY DISTRIBUTION OF THE 

RECORDED FLYING TIME. 



B.O.A.C. 

WEATHER REPORT. 

DATE: 16.4.53 AIRCRAFT: 4 -ALYS FROM: LIVING,STONL TO: ENTEBBE 

WIND VELOCITY 045130 100/2.5 140 / 25 osop5 

AMBIENT 
TEMPERATURE -7 -28 -33 -37 -40 -44 

OC 

MILD ~0 MODERATE Bumps ISOLATED Cb. MODERATE TO HEAVY TURSULENCE 
REMARKS IN CLOUD. AND LIGHTNING, 

CAPTAIN 

FIG. 3. SPECIMEN WEATHER REPORT. 
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FIG. 4. GUST SPECTRA AT DIFFERENT ALTITUDES. 
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