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1.1 For man;r years, counting accelerometers have been fitted in a number of 

passenger transport aircraft and a b0ay of operational data covering over 

19000 hours or about 5 000 000 miles has been built up. 

Since, at the present time, the majority of aircmft carry cloud naming 

radar end recording on aircraft without such aids has now virtually ceased, 

this seems a suitable o;portunity to suminariee the earlier data, some of which 

have been re-anelysed by more up to date methods. 

E 

1.2 It should perhaps be em?hasized that the data reflect the operational 

procedures of the aircraft and do not purport to be a stuajf of properties of 

the atmosphere. For example, nar~y aircraft exhibit a minimum frequency of 

occurrence of buips near the nominal cruising altitude. 'IUs arises from 

the fact that in calm conditions, cruising takes place at the nominal height, 

while when it is rough, the pilot changes altitude in an attempt to avoid the 

turbulence. Cruising at altitudes other than the nomirkl cruising height is 

thus biased towards turbulent conditions. Again, it is a?psrent from the 

data that manoeuvre loads ccntri3ute to the observed accelerations near tne 

Honover, the results are presented as typicel of passenger transport ground. 
* aircraft operations. 

. 1.3 Differences in the gust frequency distribution with altit;zde are fairly 

small and are often influenced by operational procedures; previously these 

differences have been neglected but an attempt is mGic here to examine such 

variation in more detail. 

The intensity of turbulence encountered 3y operational aircraft is 

compared with that observed by research sircraft in storms and clear air. 

2.1 The data presented here ocrc all obtained fro.3 counting acselerometer 

records from passenger transport aircraft, the instruments being fitted close 

to the aircraft centre of gravity. 

The counting accelerometer' is an instrument which records by counters 

tne nmber of times given levels cd? normel acceleration are exceeded. These 

accelerations may be either up or do;;n and a count is made each time the 

acceleration exceeds a given value and then returns by a given smount tofiards 

its mean value. The counters, togethe, * -.Tith inetmzents recording aircraft 

height and speed and the time, are photographed at given intervals of time, 

usually of a fen minutes amdi0n. 



3.1 in order to m&e coz~arisons bet-;-een aircraft, the recorded accelerations 
2 

are interpreted as gust volociti~s us5r,g a cethod based on Sbrozek's vrork . 

Eriefly, a standard gust profile is assuzed, ranp shaped ;~ith a 100 ft bui.1'3 up 

to tlis Izlaxtiu11, &nd the resporse of the aircraft c~culated assullling that it is 

rigid and does not pitch, account bairig taker, of the unsteady lift functions. 

3.2 The data are divided into dif'ftrer~t flight conditions and altitude ranges 

and the results are presentad iz Tables 6 - 17, which have been extracted from 

:rork by heath-Smith 
3,4,5,&7,S,S 

and Cudy Aplin 
10,11,12 

. ALL gust velocities 

are expressed in e@valant airspeeds. These tables reFIWSC?nt the basic 

information 0E which this sumary is based. 

A list of aircraft types xith their characteristics, main cruising condi- 

tions and the gust velscity required to prohce a n~rixi!. acceleration of Ig in 

inean cruisi;?g coxfditions arc: giver1 in T.+:e 'j . 

4.1 As CL ftist step in classifyirs the data the nmbers of gusts ic each 

altitude bar& for each flight condition h,ave bsex sualne& and the results given 

in Tables 2 and 3. 733 "Init,i& Cli:;tb!' and "Final Descent" corditions of 

Tables 6 - 17 are slightly rzore severe tlhan the rexainder of the climb and 

descelk, but not sufficiently so to require dii'ferent treatxent, and, in fact, 

being a part of the climb and descent have been included as such. 

Table t+ has been gxe~ar8ed to exmi:le a:iy cha;lge ii1 gust distrioution with 

altitude ixga:; &em of flight condition, 

4.2 It is custonary in studies of this kind to add the embers of up and down 

gusts of equd mngnitude. It is true that the distributiom of up and down 

gusts are fairly SizClzl- in Shape ,*I 1,-d that in any case this is a convenient 

procedu-e i-n fatigue c~plicetions but before tsl;ing such a step it is xorth- 

7rhile to look at nhat diffarmces there are. 

The total mmbws of gusts of Table 4 are pl okted on a logsrith3i.c scale 

against g2s'i velocity in Fig.?. 3eio;; gust vclocitios of about 30 ft,/sec the 

ShZpeS of the curves are przctically idahticai, the Zi2Tcrrtnces in freqdcncy 

bsing accounted for by a shift of the origin amounting to about G.7 ft/sec, 

%ith thz conv;rsion factors given in Table I, this corresponds to about G.02g 

for nest of the flying and is, no dcubt, due to sonc estz;?t to the pesance of 

sinall zmnoeuvring loads xhich iixflue-nct: the results sri2 Frodilce a Ijositive 
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bias, manoeuvres producing positive accelerations being by far the more fre- 

quent. However, Anne Burns 14 has sho{m that there are also other reasons for 

expecting such a bias. 

Above gust velocities of about 33 ft/sec, the ratio of up to down gusts 

increases; the numbers involved here are smaller ard the increased difference 

is p&roSably due to a fen large manoeuvres which are, of course, interpreted in 

terms of gusts. 

4.3 As might be expected, the zero shift is not constant with altitude but 

is greatest near the ground where most manoeuvring takes place, either in turn- 

ing on to course after take-off, or in circling when -aaiti.ng to land. To show 

this effect more clearly the ratio of the number of up gusts to down 

given in the following table and shoim plotted in Fig.2. \ 

Ratio of number of un gusts to number of do<;n gusts 

for msts Eater than 10 ft/sec 

gusts is 

? I 
Mean altitude ft Observed ratio ' Ratio calculated from 

I empirical formula 

820 2.227 2.230 

w-4 1.892 1.864 

459 1.612 1.624 

7940 I.437 I .r,30 

11240 1.270 1.330 

15760 1.373 1.251 

19230 0.572 1.211 

23890 I.039 I.175 

34590 1.281 1.125 

A useful empirical expression for the ratio is (h + 77oO)/(h+ 3OOG) where 

h is the height in feet. 

4.4 As mentioned earlier, for most practical purposes it is convenient to sum 

the up and down gusts of equal magnitudes and this is done in Tables 2A to 4.L 

Fig.3 shoi7s the number of gusts per mile greater than IO ft/sec for cruise and 

for climb and descent. The values are tabulated overleaf. 
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ratio of one of the geometrical progressions. The cazes in xhich it proved 

satisfactory, hoFjever, viere sufficient to show that the intensity parameter for 

the light component had a value of about 2.5 ft//sec near the ground falling off 

to about I.3 ft/sec at about 10000 ft and then remaining fairly constant. 

By assuming this to be exactly the case and then fitting the remaining 

three parameters by moments, a satisfactory and generally consistent set of 

distributions was obtained. The resulting fitted values compared with the 

original data are given in Table 5, and it xi.11 be seen that the procedtie 

adopted gives satisfactory agreement. (Since above 29500 ft all the data are from 

Comet aircraft and the number of gusts greater than 73 ft/sec for this aircraft 

and altitude are determined without recourse to extrapolation, this value has 

been included.) The parameters so determined are as folloms: 

Altitude 
band ft 

O-1500 

1500-3500 

3500-5500 

5500-9500 

9500-13500 

135co-17500 

17500-21500 

21500-29500 

Over 29500 

a- 

“I 
ft/sec 

5.357 

3.922 

3.393 

3.525 

3.952 

4.155 

4.685 

3.871 

3.778 

a2 
ft/sec 

-..- 

2.418 

2.256 

2.047 

1.706 

1.500 

1.500 

1.500 

1.500 

I.500 

Y--m 

*I 
per mile 

__y___ 

1.924, -2 

3.527, -2 

3.722, -2 

1.796, -2 

7.679, -3 

3.457, -3 

3.623, -3 

2.54% -3 

8.045, -4 
-m- - 

--- 

These intensiiq parameters are shonn plotted in Fig.&. It seems likely 

that the rapid rise in the intensity of the severe compcnent near the ground is, 

in fact, due to a manoeuvring contribution, and this may also be true of the 

more gradual increase in that of the light component. 

5.2 The proportion in which these components are encountered may depend on 

flight condition. Accordingly, keeping the intensity parameters already 

determined, values of A, and A2 for climb and descent and for cru-ise are deter- 

mined from the data of Tables 2A and 3A and are as follo;xs: 



r 
i “I 

-_ m-m 

C-l 5 00 

IjOG-3500 

35cE-5joo 

550%95OG 

yj30- <3500 

13500-175co 

175X!-21jOO 

2:503-2~5CG 

Over 2350G 

3.12, -2 

L&57, -2 

4.s; , 4 -2 

2.925, -2 

1.191, -2 

5.053, -3 

3.518, -3 

2,zcr - /“I -3 

4..727, -4 

*p_P 

_A 
A2 

3. o&2, -1 

1.6?5, -I 

6.01;0, -2 

1.922, -2 

6.7?6, -3 

7 C;Orj 
/ . “CJL, -3 

3.837, -3 

2.c&&, -3 

5.J 6, c-1 -4 

1.20" -2 
1 

i9 
I 

I. j40, -1 

1.820, -2 ! l.G'l, -1 

2 . S't '1 ! !-, -2 3.602, -2' 

1.293, -2 1 6.116, -3 

7.~3G1, -3 2. 8C7, -3 

3.104-, -3 1 1.389, -3 

1 rq4 4 ‘*c/cl, -3 i 2.1t;7, -3 

2.635, -3 2.315, -3 

8.595, -4 1 J.&l, -4 
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on continuous trace records of acceleration 16 a On the vv%ole Fig.7 vould 

suggest that the two components occur in association. 

6.3 A number of' thunderstorm investigations have been described in which 

acceleration or gust distributions have been given and these show no evidence 

of two components being present and are generally well fitted by exponential 

distributions, The values of the intensity parameter obtained in these 

investigations are compared below nith those of the severe component of the 

counting accelerometer data. 

A paper by R F. Jones 17 gives statistical details of accelerations 

encountered by a Spitfire aircraft traversing cumulus and cumulo-nimbus clouds 

at different heights. 

Plots of the logarithms of the number of accelerations against magnitude 

of acceleration do?vn to the lor-rest value of O.lg often shorr marked curvature 

and, in fact, are r7ell fitted by the family of distributions suggested by the 
18 

author . However, such fitting makes a comparison aiti the present data 

difficult. It is found that an exponential distrib-tion can be satisfactorily 

fitted for accelerations above C.3g and as this corresponds to a gust velociw 

of about 8 or 9 ft/sec which is near the 1oTer limit of the counting accelero- 

meter data, this has been considered adequate for purposes of comparison. The ' 

intensity parameter is obtained in terms of acceleration and then converted to 

a gust velocity by Zbrozek's method. " 

Gust frequency distributions in thunderstorms have also been obtained by 

Tolefson" based on the series of thunikrst0~ investigations made in Florida 

and Oklahoma, The gust velocities given were obtained form tile accelerations 

using Pratt and Walker's 20 method. After fitting an exponential-to each of 

the distributions given by Tolefson, a correction has therefore been made to 

the intensity psrameter to obtain the v,sJue corresponding to a factor given by 

Zbrozek's method. 

Finally, data given by Rcker 
21 

for flying in thunderstorms have also 

be en analys ea. These ywre mainly at high altitude and have been combined to 

give a single value of intensity at 34200 ft. An intensity parameter has been 

calculated by fitting an exponential distribution to values over IO ft/sec and 

the perametcr then corrected to the Zbrozek value. 

The folio-qing Table summarises these results and the values shoxn are 

plotted in Fig,8. 
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1 
I 

s9urce 

t------- 

I 

( 1946 

/ 

i 
i 
; 
I I 

II@00 ’ 
16000 ; 

3.41 
3.42 
4.31 
4.9G 
5.54 
4.64 
1, Of? /S/” 

3.99 
5.56 
6.26 
5.66 
5.35 
j.G5 

4.73 

The v&Jes of intensity pars;ietei- SrO2i 5s tkuderstoriz invsstigaticns 

give reasombly comlatent v.d.u~s. !&nerd.+ ~~,e&ing, they are Gbcut 3C,% 4. 

higher tLm those 2-0~ the count& accelzrmeter recor& but show a si;Ilil.~r 

trend and it is reasor&le to s~u~>pose that the peszmger transport drcraft 

successfully avoided the most sevc-re turbulexe, On the xhoie, Fig.8 Trovides 

falriy ck2nvincing evidence; tila,t the severe COI2~02~~t of the t-dybuiezlr:e 

origii-ztes in storms. 
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6.q There is little comparable information regarding the light component. 

However, its intensity above 30000 ft is close to that observed for clear air 

turbulence. 

During the TOPCAT investigation mde in Australia, a number of routine 

flights were made over set tracks and heights to observe dear air turbulence 

and counting accelerometer records were taken and analysed by Wells 22 . These 

results give the followin, c numbers of gusts in 5466 miles of flight at a mean 

height of 36000 ft. 

TOPCAT routine flights 

Gust velocity 
v 

ft/sec 

2.5 

3-75 
5.0 

7.5 
10.0 

12.5 

No. of gusts 
exceeding 

V 

2313 

937 

409 

74 

14 
1 

I 

Fitting an exponential distribution gives a value of I.42 ft/sec for the 

intensity parameter in good agreement with that assurced above. It will be 

noted that the range of gust velocity over tinich the observations were made is i 
considerably lower then that reached by the passenger transport counting 

accelerometer records and it is interesting to find that the exponential 

relationship appears to persist to such low va;lues. 

A further piece of information is provided by courking accelerometer data 

obtained from Comet 2 aticrzft operated by the E.A.F. ard carrying radar 11 . 

It is apparent that during cruise, practically all the severe comporxznt of 

turbulence was avoided, ana the gust distribution obtained therefore provides 

a good e&bate for the intensity of the light component. The numbers of 

gusts for 2&j 000 miles of flight at a mean height of 39403 are as follows: 
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Gust distribution frwm Comet 2 cruise_ -- 

7% 255 t 

I 10 15 61 / 

i 

4 

i 

An exponential fit to the above gives a va3.u e of tha intensity parameter 

of 1.75 ft/sec. 

7 - COIYCLUSIONS 

The gust statistics presented here provide infwmation on the operational 

experience of psssenger transport aircrzft over 8 aide varietjr of routes up to 

altitudzs of 8bOCt 35000 ft. 

The dats are sufficient for the variation in gust frequency distribution 

with altitude to be examined and the influenc c of manoeuvring 10~33s on the data 

near the ground is noted. 

In g~rxral, the gust frequency dis"tribution consists of %xo compor.ents. 

The evidence suggests that th e severe componerk originates in cumulus and 

cuxdo-nimbus cloud, and that the light component is associctd with it, 

although at high iltittie a contribution to the light component is made by 

clear air turbulence. 



Aircraft 

Ambassador 
Comet I 
Freighter (Bristol) 

Hermes 4 
Hermes 4A 
Stratocruiser 
Superconstellation 
Viking 

Viscount 

Table 1 

[usoderometer recordiw 

Operator 

B.E.A, 
B.O.A. C. 
S.A.F.E. 
s. c.h, 
B8.0.,% C. 
Airwork 
B.O.A.C. 
Q.A.N. T.A. S. 
13.E.h 
C.A.A. 
B.E,A. and 
Aer Lingus 
c. A. b 

Bing 
area 
ft2 

1200 
2015 
1487 
1487 
1408 
1408 
1769 
1650 

1382 
882 

563 

363 
--- il 

Span 
ft 

--- 
115 
115 
108 
108 
113 
113 
141+ 
123 

89$ 
59: 

94 

94 
-L__i___ 

Slope of 
lift curve 
per radian Weight 

lb 

4.84 
5 0 49'1' 

2 
4,.53 
4.70 

z3 
4.58 

47900 
82100 
40200 
38200 
76700 
79700 

125500 
ii2500 

31000 
4.58 i 31100 

4.6 I 1 51400 

Mean cruising conditions 

4.6 j 534oo 

Height 
f-t 

-- 
11300 
34950 

2460 
1200 

13090 
9410 

14150 
14990 

6870 
8810 

21260 

17650 
L--a__l____Y__YIX 

*For mean cruising conditions, corrected for compressibility, 

Abbreviations s.x~~.ms~ .-w-p 

B.E.A. British European Airvlays 
B, 0. A.C, British Overseas Aircraft Corporation 
S.A.F.E, Straits Aircraft Freight Express (New Zealand) 
s. c. A. Silver City Airways (English Channel Ferry Service) 
Q0A.N.T.A.S. Queensland and Northern Territories Aircraft Service 
C. A.A. Central African Airways 

-- 

Speed 
knots 
E. A.S. 

164 
213 
135 
134 
160 
158 
176 
189 
150 
144 

186 

182 

-. 

Gust vel. 
to produce 
lg bump 
ft/sec 

-L-m 
31.2 
21.6 
31.9 
31.3 
44.2 
45.4 
45.8 
42.2 _ 
32.6 
33.7 

35.3 

37.8 







17 

i- I ! 
I I 

1 
I 

! 

. 

5 Table 

Gust frequency distributions for each altitude band 

Altitude 
band 

ft 

0 to 
1500 

1500 to 
3500 

35a to 
5500 

5500 to , 

I 
I I 

I 
15 
2c j 

I Number of gusts 
Gust i greater than v from 

velocity j 
v ft/sec / Severe 1 Light 

;component 1 component 
; 

10 I 2506.6 , 2563094 
3241.2 1 

409.9 
-I5204 51.8 

6.6 
0.8 
0.1 

1 
i 

Total number of gusts 
greater than v 

i 
Calcula"ued j Observed 

, 

I 

/ 
L 
I 
1 

- I I.4 
I 0.6 

16750.8 1 21086.0 
1826.0 3037.6 

199.1 537.7 
21.7 116.3 

10 j 5054.2 
15 1157.9 
20 

1 
, 265.3 
I 60.8 
/ 13.9 

35 : 3.2 

10 i 13815.0 

618.3 1776.8 
53m8 .31901 

4.7 
o*4 i 

65.5 
lL3 

i 3.2 1 I 
-s-- I I 7 7810.0 i 21625~0 i 21625 

9500 i 15 ; 3345.4 

I 
1 -7 
I 

I 41607 810.0 1 1 22.2 
1.2 i 

0.1 
1 
1 

I/ 

0.2 I ; 
i 

(Contd.) 

28137.0 
4226.Y 

797*5 
204.2 

66.5 
24.4 

t 

i 
i 
t 
I 

28137 
4224 

803 
207 

63 
18 
12 

5 
2 
I 

21086 
3029 

554 
113 

24 
7 
2 
I 
I 

121:3 
1761 

3;: 
14 

3761 e 8 
832.2 
197.3 

47.6 
11.5 

2.8 
0.7 
0.2 

f 3780 i 
9 827 j 175 

1 
I I I 1 ! 1 i 
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Table 5 (Contd.) 

Altitude 
band 

ft 

21500 to 

29500 

Above 
295co , 

7$ 799.4 
10 412.4 ; : 

940.6 
177.7 I! 

1740.0 f 1740 
j 590.1 [ 593 

j i 109.8 1 ' 6.3 ; 116.1 I 110 

I 

‘2; 
I 29.2 

7.81 
0.2 i 29.4 

-1 798 
; 33 

I go' 
j 2.1 I 

i 
-. I 2.1 1% ; , 

Gust 

10 

15 
20 
25 

z 
Ito 
45 

IO 

15 
20 

Number of gusts i Total number of gusts 
greater than v-from greater than v 

=!- velocity f 
v ft/sec i Severe 

I I component 
Light 

component 
c_. 

4094.2 
146.1 

5,. 2 
0.2 

i 
Calculated ,f Observed * s--w 

9392.8 
2675.7 

762.2 
217.1 

61.9 
17.6 

5.0 
1.4 

2108.1 
75.2 

2.7 
:‘o I 85.9 25.8 

j 

0.1 

35 7.7 
40 2.3 
45 0.7 

10 2760.1 
;z*; 

I 1784.'9 
15 
20 ’ 

I 63.7 
! 2.3 

61,. 9 70 
17.6 IV 

25.8 27 
7:7 5' 
2.3 ’ 2 

38.6 37 
1303 14 

4.6 1.6 : 

1745-O 1745 
283.5 283 

70.9 i 69 
19.2 

5.3 
i 23 
1 5 

I.4 1 I 



19 

4 

--. -- 

- 
0 
-3 

-- 

l-8 
-- 

% 
-- 

K? 
- 

8 
-- 
In 
T- 

.- _ 
0 
T- 

= 
0 
T- 

-- 
Ln 
r 

.I 

8 
- 

s 
.--. 
0 
M 

- 

--. - ----.- 

M-1__----- 

rbFm-0 
2-r v 

-.---_ -- 

- -  . - - - _  -_.-_ --_ 

- - - - -  -  - - _ - - . I  

.-p ---. --_ 
rn~;tcoLs 

-- 
cu N-IN 

^- -___I__---_-_.. 

TV 

-- 

I_._____._____. - - - . -  

-7 
--- 

N 

.__-- 
-s 

I 
-. ,..1 

0 

_j 
--P- 

K\ 

I 
-_-. 

-.---_ 

CQ 

Y a 

H” ’ 

-- --. J 



Table 7 

_co;ne t 1 -Gust%distributions 
--- 

Statute 
miles 

-- 
238 

1497 
'4l30 
20723 
20863 
22737 
28401 
37063 
47329 
50199 
20699 
1533 -- 

255 417 

---a---- ----Cm 

Number of times each gust speed was exceeded 
Vertical gust speed in ft/sec E.A.S. 

Mean Recorded 
altitude time 

feet minutes 

m-i_-- 
1000 

2600 
4600 
76a 

11300 
15700 
19600 
23600 
276~0 
31300 
34800 
38400 , 

---- 

-we 
83 

4-58 
1164- 
5016 
4351 
4333 
5121 

6363 
7754 
7753 
2902 

197 -:.- 

45495 
YE=----= 

900 
210 
5000 
6000 

432 
15s 
55 
18 

1134 
521 
204. 

77 

15100 
19200 
226~x1 
28600 
32200 
35400 
38600 
428cxI 

_.a 

171 
54 
45 

451 

876 
272 
243 

3036 

17114- 1 35157 / 1z g; 
7502 ! 57985 
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Stratocruiser - Gust frequency distributions 
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Super-constellation - Gust freouency distributions we-- 
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Vertical gust speed in ft 

Initial climb 

in1 tial climb 



27 

-- 
3 
..-- 
8 

8 
-- 

_- - - -  I -  

-  -we..- - I  -  - - -  - - ._  - - - -  - - _ - - - - - -  _- - -  

.--- 

LnrON 
Ln;fr 

-.-- --- 

r c\1 

-_ ^_._ --- 

-- ---- 

----- .--e-v-- 

c- @J cu 

------ 

_.___e - - - - -  

-----. - 

NLnit~v- 

--_- - - -~-__ - _ 

N P N 

-_ . -  -  -  I - -  

zg 8 g? “KY 2 ?L3 
--I---.-.-” -- --.. -- 

---- ----. --- 

-_-____-I___ _-- 

--- 
r 

--.. . 
u-l 

--- 
u3 m 

E 
.--- . 

E c 
--:=--. 

s m %- 
-, . 

Y -7 
- .-__ 

x 
_.- 

v) 

- ._- 
r 

- 

0 

3 

--.. 

$ 

3 

._ - 

_ - 

---. 

UJ 

3 
c 

a 
--- 



Table 15 

Vikin~_~~AO~- Gust f'requericy distributions -..F m m-_ --m-e- 
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Tabl.e 17 -- 
Viscount (C.A,i:.) - Ctlst frcqlicncy distributions -.- - -- --. 

-- 
Number of times each gust speed was exceeded I 
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