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ERRATUM 

The pair of lines labelled "I" in Fig.4 are in error and may be 

replotted by consulting the first item in Table 13. 
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ROYAL AIRCRAFT ESTABLISHMENT -- 

ATW3?HERIC TURBULENCE ENCO~0KIEHED BY BRISTOL FREIGZiTER AIRCRAFT 
IN 'UhTImD KlXGDOh, XEST RFRICA AND IXEG ZEALQXD 

bY 

J.R. Heath-Smith B.Sc. (Eng) 

Gust accelerations were recorded during 1,500 hours of flying below 

10,000 ft by Freighter aircraft in United Kingdom, Kest Africa and New 

Zealand. 

The gust frequencies in the three regions are compared and the 

influence of the flight plan on the values recorded is discussed. 

The average distance between gusts greater than IO ft/sec, E.&S. 

within 1,000 ft of the ground, varies from two miles in New Zealand to 

twelve miles in ;iiest Africa. Over the sea the distance is greater by a 

factor of 2 or 3. 
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I INTRGDUCTIGN 

As a part of a general gust research prograrmne Counting Aacelerometers 
were installed in Bristol Freighter aircraft based in the United Kingdom, 
West Africa and New Zealand. 

This Note discusses the turbulence recorded in each locality and 
compares the average turbulence over land and over sea with due allowance 
for the flight plans adopted by the operators. 

2 INSTRIJMEN!TATIGN 

Counting Accelerometers Mks.2, 2E and 4 were used during the tests and 
were mounted about IO ft forward of the centre of gravity of the aircraft. 

The .acaelerometer recorded the number of times that each of a series 
3f upward and downward accelerations was exceeded. At intervals of time an 
automatic observer recorded the counts, airspeed, altitude and time. The 
time interval of the Pk.2 instrument was 10 minutes and of &s.2E and 4 was 
4 minutes. The instruments differed also in the method employed to confine 
recording to accelerations occurring i.11 flight. The Mk.2 accelerometer was 
mechanically locked via an electrical circuit whenever one main wheel oleo 
was compressed and the lk3.233 and L+ scelerometers were operated electrically 
by a switch controlled by airspeed which switched on when airspeed exceeded 
100 knots I.A.S. during take-off, and off when the speed fell below 85 knots 
1.A.S. during the final approach. 

3 ROUTES 

The aircraft were flown on the following routes by Silver City Airways, 
West African Airways and Straits Air Freight Express:- 

a 

Ii 

Across the English Channel. 
b Internal Routes in Nigeria and the Gold Coast. 
c Internal Routes in New Zealand, mainly across Cook Strait. 

tips of the routes are shown in Fig.1. 

4 TEST CONDITIONS 

Aircraft fitted with ,acoelerometers were flown on normal services. 

The distribution of recording time throughout the year is shown for 
each region in Fig.2. All distributions are uneven owing to variable 
utilization and periods of instrument unserviceability. They are not dis- 
similar, however, when considered on a seasonal basis when it is seen that 
recording is heaviest at about mid-summer. 

The flight plans differ considerably and are given as time at each 
speed and height in Tables I to 3. 

Table 4 is a comparison, between the regions, of factors which might 
affect the turbulence recorded. 

5 - DATA 

The total oounts of acceleration obtained from each type of instrument 
in eaoh region are given in Tables 5 to 10. Cwing to inadequacy of the 
switching arrangements the accelerations in the last recording interval of 
each flight were contaminated with landing accelerations and are not considered 
in the analysis, although the recording time is included in the flight plans. 
In the case of West African records the first interval of each flight is also 
disoarded for similar reasons. 
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6 GTjST AFTAL-YSIS 

The acceleration data were proc=c- ,,4ed and converted to gust information 
by the methods described in Ref.?, with the following exception. Vhen 
processing the first interval of a flight the final airspeed and half the 
final altitude of the interval were assumed to be representative of the 
whole interval, The aircraft characteristics assumed are stated in Table II 
and representative acceleration/gust conversion factors are given in 
Table j2. 
to 15. 

The estimated gust counts for each region are given in Tables 13 

The variation with altitude of the turbulence recorded in the three 
regions is shown in Fig.3 in which the observed values of gust frequency, 
expressed as the average distance between gusts exceeding 10 ft/sec E.A.S., 
are plotted on a logarithmic scale and joined by solid lines. Those 
observations which are considered to contain too few miles or acceleration 
counts to be representative are not shown. 

Fig.4 shows the variation in the frequency of upgusts and downgusts 
with gust speed in each altitude band. Fig.5 compares the relative frequency 
variation in the three regions. 

As a basis for comparison, Figs.3 and 5 also show the best est4mate2, 
from data previously obtained between sea level and 30,00,0 ft, of annual 
average turbulent conditions on routes in Europe, East and West Africa and 
the Far East. The quantity of data in the altitude range from sea level to 
8,000 ft on which this previous estimate is b ased is small compared with the 
present data but is more widespread. 

It is assumed here that the expression "annual average turbulent 
conditions" includes any reduction in the turbulence encountered which is 
effected by avoidance of tl:rbulence without change of altitude. 

In Fig.3 the records .Peom cruising flight arc saparztxd from those 
taken in climb and descent. It is seen that the turbulence recorded during 
oruisc is generally less th&n that recordad during climb and desoent. It 
has been suggested3 that this results when the pilot is able to choose 
cruising al'citude with regard to yleather conditions, 

En&ish Channel 

As most of the flying was in short flights across the sea, the 
cruising altitude was as low as weather permitted. 

Point I includes all records immediately folloning take-off and there- 
fore rcpresen ts coastal flying at low albitude under all flying weather 

- -' conditions. 

Point 2 represents low altitude cruising over the sea in all but the 
QfOrst weather and is 3.5 tunes less severe than point 7. A difference of 
8 to 1 has previously been found]+ from Hunter tests over land and sea in 
the United Kingdom. 

Point 3 contains that proportion of the cruise flown at more than 
1,500 f'c above the sea. It is presumed that these particular flights were 
made when conditions at lower altitudes were considered too rough. 

Records taken lower than 1,500 ft vcere classified as climb and descent 
only when the cruising altitude was greater than 1,500 ft, that is, under 
rough conditions, and point L+ is correspondingly more severe than point 2 
and similar to point 3. 
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Vest Mrica 

The route is composed of a mixture of coastal and inland sectors. The 
cruising altitude is determined broadly by the prevailing winds with the 
general result that Eastbound aircraft fly below 5,000 ft and Yfestbound air- 
craft above 5,000 ft. In addition it is the practioe to fly at 
6 - 8,000 ft when cumulo-nimbus cloud is present. The records show no 
correlation between cruising altitude and sector length. 

Point 5 contains all low altitude flying with the exception of that in 
oalm weather in coastal sectors. The turbulence is therefore rather greater 
than the average near the ground and sea. 

The altitudes of the airfields vary from sea level to 4,000 ft and 
therefore point 6 includes turbulence recorded near the ground. The 
similarity between points 5 and 6 suggests that the intensity of turbulence 
near the ground is determined by the height above the ground rather than the 
height above sea level. This is in agreement with unpublished records 
obtained from Viking aircraft of Central African Airways. 

Points 7 and 8 are climb and descent, partly under cumulo-nimbus 
conditions but mainly to reach $estbound aruising height under all weather 
conditions. These values are therefore a little more severe than all 
weather turbulence. 

Points 9, IO and 13 are cruising in good weather and points II and 12 
are aruising during more than average turbulence. 

It is suggested that the broken line represents average atmospheric 
turbulence during the tests. This is four times less severe than the general 
estimate on previous evidence, but there is a similar proportionate decrease 
in the number of gusts with altitude. 

New Zealand 

Most of the flying was aoross Cook Strait which is a short sector 
normally crossed at low altitude. The higher altitudes in the flight plan 
generally represent inland sectors. 

Point 14 is comparable with point I of the English Channel and 
represents all weather over the land near the coast. 

Point 15 is the cruise below 1,500 ft which was generally over the sea 
in all but the worst weather conditions. It is three times less severe than 
point '1'4. 

Point I6 represents cruising over the sea on those occasions when 
weather conditions below It500 ft were considered too rough. Similarly, 
point 17 contains the worst weather over the sea but in addition some inland 
cruising in good weather. 

Point 18 cor,tains most weather conditions on the longer inland sectors 
and is the average value of overland turbulence at about 7,000 ft. 

The climb and descent points 19, 20 and 21, contain flying corresponding 
to inland cruising at the higher altitudes ur.der all weather conditions. In 
addition points 19 and 20 contain a considerable amount of flying corresponding 
to bad weather over the sea. 

It is concluded that average atmospheric turbulence over the land during 
the tests can be represented by the broken line passing through points 14 and 
18, and that over the sea turbulence was about two times less severe, up to 
at least 2,000 ft. This line represents a much greater decrease in turbulence 
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with altitude than the general estimate from previous data but agrees well 
with the estimate from Viking aircraft over Europe3. It is perhaps 
relevant that the slope of the general estimate is governed to a large 
extent by the records from Comet airaraft during climb and descent. In 
this flight condition sideways avoidance is less practicable with the Comet 
than with the Freighter or Viking. It follows, therefore, that the rapid 
decrease in turbulence with altitude recorded by the Freighter in New 
Zealand may be due, at least in part, to sideways avoidance of turbulence 
which beoomes progressively more effective with altitude as the concentra- 
tions of turbulence become fewer, 

8 GUST FREQUENCYV. GUST SPEED 

At all altitudes in all regions upgusts and downgusts were recorded in 
substantially equal numbers. The inequalities present are probably due 
partly to zero error in the instrument. Variations between instruments can 
be detected in the acceleration summaries. 

Fig.4 shows that the relative frequency of different gust speeds is in 
all cases essentially exponential and similar for up and downgusts. However, 
it varies aplzeciably with flight condition, altitude and region as shown 
by the various Slopes, There is in fact good correlation between these 
slopes and the condition under which the turbulence was recorded. In parti- 
cular, referring to Fig.3, the observations made under the calmest weather 
conditions in eaoh region (points 2, IO, 15) cOrreSpOnd with the greatest 
slopes of those regions and observations under the roughest weather condi- 
tions (points 4, 11, 12, 19, 20, 2lj have the least slopes. It is concluded 
that with increasing severity of turbulence large gusts become relatively 
more numerous in relation to small gusts. 

It has been shown5 that turbulence is encountered by an aircraft in 
short bursts which if plotted in Fig.4 would show one of two slopes. It is 
assumed that the various slopes of the present data represent combinations 
of these two forms of turbulence. 

In Fig.5 the extremes of the relative gust frequencies of each region 
are compared with the best estimate from previous data. All regions have 
relatively fewer large gusts than this estimate. The turbulence recorded 
in New Zealand is generally more intense than in West Africa or the English 
Channel. This cannot be attributed with any certainty to differences in the 
monthly distribution and may be a true representation of the differences in 
weather conditions in the regions. 

9 CONCLUSIONS 

Within 1,000 ft of the ground, and as measured on Bristol Freighter 
aircraft, the approximate average distance between gusts greater than 
IO f.p.s. E.A.S. is 5s miles in the United Kingdom, 12 miles in West Africa 
and 2 miles in New Zealand. For comparison a previous estimate from 
general gust data was 3 miles. At this height over the sea the turbulence 
is less severe by a factor of 3 in the English Channel and 2 in New Zealand. 

Decrease in turbulence with altitude in 3est Africa agrees with previous 
evidence but in New Zealand the gust frequency decreases at more than twice 
this rate up to 8,000 ft. 

By oomparison with general data from higher altitudes the turbulence 
in all regions contains fewer large gusts in relation to the number of small 
gusts. Large gusts are relatively most numerous in New Zealand. There is 
general evidence that with increasing severity of turbulence large gusts 
become relatively more numerous in relation to small gusts. 
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. .  I ,  

Recording time in minutes at each speed and altitude 
over English Chancel 

Utitude above sea level I.C.A.N. 1000 ft units) I 

I.A.S. 1 Climb and descent 
knots 

00 01 02 03 04 05 00 01 02 

I 
90 341 62 5 - - - - - - w 

100 617 22 
110 920 % ; ; : 1 

124 139 
259 205 3: 

120 1317 45 4 - 5 698 670 a4 
130 2317 547 v j8 4 2396 4130 3418 ‘170 207 34 82 
q40 1796 :g 

itiE 
19 9 9 loi35 4100 a533 218 233 62 15 

950 617 59 4 - - 221 1103 355 
160 58 a a - 12 59 33 

-- -- 

27 4795 10406 526 Totals 7983 184.2 I 247 40 ia 3157 5’14 114 : 419 I 
Grand Total 29783 minutes. 



TABLE 2 

Recording time in minutes at each speed and altitude in West Africa --- 
---- ---- ___I_- 

Altitude above sea level I.C.A.N. (1000 ft units) --I___----------_I- 
Clfmb and Descent I - 

.--L_ 
Cl 1 02 

---+--- 
2: 117 

194 
243 3% 
238 34 
$2 219 

105 
31 9 
3 - .--_ .~-- 

1053 1304 ---.pe 

-.- -. 
06 

6 

1;; 

$ 
5 
6 

18 
g g6 

609 868 

155 -I lr8 595 
288 803 
336 669 
203 169 

19 5 - - 

20s 
822 

1321 
214 

13 
-_-_ 

1213 
II 

e 

( 

_ --- -- 
3308 2860 
-- -- 

-- 

I.A.S. 
knots 

I- 
I.A.S. 
knOtS 

90 
100 ! 110 
120 
139 
740 
150 
160 

u-w 

I- -- 
og 10 

r- 34 
2;': 222 

$2 309 

I 

6 
6 - 
" - 
" - 

- - 
929 571 
-_ 

-.-._- 
07 -- 

178 
8C5 

ii; 
95 [ e 

-- 
08 

198 
863 

1528 
1219 

25 

3833 I-- 

-- -. 
11 

TABLE 3 

90 
100 
110 
120 
130 
140 
150 
160 

_-_- 
Totals 
m-m- 

6 a 

2; 
6 

__- 
43 --L 

Grand Total 27057 minutes 

RecOrdin!? time in minutes at each speed and titltude in New Zealand __-_ -__----__- --.---- 
Altitude above sea level I.C.A.1;. ( 1030 ft units) ---_ -_-- -- ------.-__ - 

------I_- 
.-I__-I-.--.----- I 

I 

0” 
I I 

I climb and Descent I 1 1.A.S Cruf se ---- 
04 ’ 05 I 06 

Grand Total 37675 minutes 
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4 TABLE 

. 

--~ 
English Channel 

New Zealand 

~xqxrison of factors influencing the turbulence recorded in t& three regions -- -- 

--- 
(2.2 0graphid. 

position 

50 0 

5 5 

40 175 

Terrain 

-- 

Bias in monthly 
distribution of 

----i 
Altitude above S.L. 

-- --a- --" - e--m 
Coast to coast Above average 
across sea March -August 

Partly coastal and Above average 
partly inland, February and May - 
occasionally above August 
3000 ft 

Mainly coast to Above average 
coast across sea. September, 
Some inland December and January 



TABLE 5 

Gust accelerations recorded mainly across English Channel with Counting Accelerometer Mk.2 ----- ~-- ----_- a- 

Flight 
condition 

Al ti ixde Recording Number of times each acceleration increment was exceeded (+UP -DOW) 
range time Statute I- 

ft min miles -0.62g -0.5% -0.43g -0.33g 

@-3500 1690 

0.43s 

213 

I__ - 

0.5% 
-- 

54 Initial 
climb 

Climb and O-1500 665 
Descent 1500-3500 182 

3P5500 18 

Cruise O-1500 7292 
1500-3500 2762 
35oc-5500 365 1036 
5500-9500 88 242 

Totals 13062 34594 
-- 

TABLE6 

834 

53: 
6 

Flight 
Altitude Recording - 

Statute . 
Number of tfmes each acceleration increment was exceeded (+Up -Down) I 

rwe time ?- 
condition ft min miles -0.8Ogl -3.6Og -0.4Og -0JOg -0.2Og 0.20~ IO.3og 1 0.4Og 1 0.6Og 1 0.808 1 l.OOg 

-- ! I I I 1 i 

997 188 32 Initial 
climb 

O-3500 1319 323 1 19 91 521 

Climb and o-15al 1591 373728 2 4 8 
Descent 1500-3500 :: 190 

5( 334 
17 

3500-5500 72 1 4 
-- 

Cruise O-1500 7z- 19997 1 2 55 328 125;1- 
1500-3500 921 2428 1 17 75 

3500-5500 263 77 6 
5500+500 31 1 

1 Totals 12138 3Gz- -4 

-- ..-- - _- 

655 95 
22 
6 4 

1779 m 
130 18 

12 1 

. -___C_- 

249 
185 

2 
7 

8 

Gust accelerations recorded mainly across English channel with Counting Accelerometer Pfk.ZE 
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TABLE 7 

Gust accelerations recorded fn West APrlca with Counting Accelerometer Mk.2 

Altitude Recordfng Statute 
Number of times each acceleration increment was exceeded [+Up -Down) t 

range time 
St min miles -0.72g -0.62g -0.52g -9.43s I 1 I I 

o-vm 115 
1509-3500 1207 2 

zzs r 473 335 1231 885 

*1!m 
1Ez 

1281r. 1 
mo-350 4028 

Ez5s 1035 1390 zz 4 2 
7500-9500 lY.48 
9500- 11500 315 4::; - -- 
Totals 7707 w!B4 

0.33P 0.43g ’ 0.52g cwa 0.7% 

37 4 2 1 1 
.!a 2 
8 2 

20 1 

;; 1: 6 3 2 
12 2 

6 

I- 

Fl fght 
condltfon 

Clfmb and 
Descent 

Cruise 

TABLE 8 

Flight 
condition 

Gust accelerations recorded In West Africa with Counting Acceleroneter Mk,.l& 
---I_ 

Recording Number of times each acceleration lncremeit was exceeded (+UP -Down) 
tfme Statute s 
min miles -0.8og -0.6og -0.4og ~-0.3og -o.zug 0.2og WQZ 0.4% 0.6&z 0.8% 1.oog 

Crufse 723 239 ES 
3214 

298 

1741 
6813 
5615 

12099 
8338 
758 

Totals 16972 42794 



Flight Altltude 

I I 

Recording 
condf tion range time 

ft min 

Initial 
climb 

climb end 0-15QO 787 
Descent 1500-3500 639 

3500-5500 
55oo-low % 

cruise O-1500 4708 
1500-3500 
35oo-55co :tz: 
55o+lmo Em 

9 TABLE 

Gust accelerations recorded in New Zealand with Counting Accelemeter Mk.2 

Statute 
miles -0.92 

g 
4032 

Number of times t . . -.."- -"-.." ..1 -m-v--- , .-C I-..--. 
-0.62 -0.2 -0.43 -0.33 -o.z,f 0.23 0.33’ 0.43 0.52 0.62 0.72 0.82 0.92 1.02 1.12 1.32 

g g g g g gg g g g g g g g g g-. 
6 21 73 261 8% 2479 737 160 38 22 9 2 

1 13 24 201 499 485 169 32 5 3 
34 15 a l8 114 2 i 1 1 

: 2 J75 -- 
155 564 1753 - 1 

fi 296 126 F5 

3767 1113 252 55 31 

lm& 62 96 g 13 7 

‘t ii 

'07 44 7; 6 2 7 2 2 1 1 11 1 2 12 21 76 1% 

1 

TABLE 10 

Gust accelerations recorded in New 'Ledland wfth Counting Accelerameter Mks.2E end 4 

Alt! tude Recording Statute 
N&ep of times each acceleratlOn increment was exceeded (+UP - Down) 

Fl lght 
condit!orl range time 

ft min mlles -1,&g Q.8og -o.dOg -0.4og Q.3og Q.2og O.-SE 0.3Q 

In1 tial o-3500 1101 2927 2 2 16 107 396 1721, 3645 1031 
Climb 

-I I  I  1 - - -  - - . -  -  

Climb and O-1500 "58 2818 2 4 28 555 3602 
Descent 15oo-3500 585 1s 1 3 1:; 365 m3 % 

35Qo-5500 252 67% 

7 

g 68 l2 5500-10500 78 2Q5 5 ‘? 

cruise O-1500 
g 

21986 
_ _.- 

1 16 161 766 3981 11846 21% 
15oc-3500 12790 1 1 11 106 356 1510 4869 1230 

3500-5500 6621 1 5500-11500 1185 3233 2 % 3$ 
I 

0.4og 0.6og omg l.GOg I 1ScM I l.ME! 

245 23 2 -- 
167 18 
86 8 

: 1 1 
1 

2 

-460 29 
316 1:I_ 
95 

:g 

n 

1 

I Totals 1 20150 1 52766 1 
I I I I 

. 



TABLE11 

Aircraft characteristics assumed 

Wing area 1487 sq ft 

Aspect ratio 7.8 

&an chord 13.77 ft 

Lift slope 4.4 per radian 

The weight of the aircraft was assumed to remain constant during 
a flight at the mean value for that flight. 

Acoeleration/gust conversion factors 

Values of the conversion factor in ft/sec/g are given below at some 
speeds and weights at sea level. The value decreases with increasing 
altitude and is about 10s smaller at 10,000 ft. 

\. 

Indicated 
airspeed 
knots 

100 
110 

120 

130 
140 
150 

I 

T Weight of aircraft X 1000 lb 1 
- -  

20 
I - - .  

28.66 
26.06 
23.88 

22.05 

20.47 
19.11 

30 

37.35 
33.96 
31.13 
28.73 
26.68 
24.90 

- 
l+O 50 

- 
45.36 53.51 
41.24 48.65 
37.80 44.60 
34.89 41.16 

32.40 38.23 
30.24 35.68 
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. . . 

Flight 
condition 

I Altitude 
band 
rt T 

TABLE 15 

surr~oary of gust counts in New Zealand 

Statute _- 
Number ot times each gust speed was exceeded 

Vertical gust speed in Wsec E.A.S. (&JP, -Dwm) 
miles 

45 l-40 135 150 125 j-20 I-15 1 -10 I-7.511 7.5 1 10 1 15 i 20 _-, . -  
__-- ,  ,  I  

I  

6959 ! 1 1 2 3 25 128 a38 2269 55&o 2293 341 60 

4877 11 455 1021 4066 1636 
2% 57s 1557 647 

z$ ; 

15 3 
611 

34839 
21803 
11105 
7066 

3 45 307 82.6 1573 553 71 16 
1 2 9 23 103 265 265 91 30 3 

12 1 

13 5 3 2 1 
5 2 

I? : 2 
5 3 1 

! 
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