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ABSTRACT 

A special intensive collection of complete flight data  for flights above 18,000 ft. MSL furnished detailed data on 
areas of non-occurrence as well as areas of occurrence of high level turbulence during a selected 5-day period in March 
1962. Frequency distributions and probabilities 
of turbulence occurrence were computed over individual squares, area configurations, flight elevations, time of day, 
and for varying values of such meteorological parameters as vertical and horizontal wind shear, location and intensity 
of jet stream, wind speed, temperature and height of tropopause, Richardson number, flighi direction, changes in 
air temperature, and high clouds. 

The probability of turbulence occurrence increases fairly uniformly with changes in the value of the vertical 
mind shear, wind speed, and the Richardson number. The probability of turbulence occurrence responds more 
erratically with the changes in the values of other parameters, particularly horizontal wind shear. There appears t o  
be no significant relation between the probability of turbulence occurrence and time of day, flight direction; and 
height and temperature of the tropopause. Presence of high clouds appears to  increase the probability of turbulence 

The data were tabulated by 2.5” latitude-longitude “squares.” 

1 

occurrence. 

1. INTRODUCTION 

I n  many clear air turbulence (CAT) studies, only the 
areas of turbulence are known. It is not known whether 
there was no- turbulence in the other areas or simply 
that there were no flights over other areas at that time. 
During a sele4ted &day period in March 1962, the com- 
mercial airlines were asked to fill out complete flight data 
cards (fig. 1) for all flights a t  18,000 ft.  MSL or higher 
across continental United States. The pilots were asked 
to submit the data cards whether turbulence was encoun- 
tered or not. Thus, the areas of non-occurrence as well 
as the areas of occurrence of turbulence could be deter- 
mined and analyzed. It was also possible to compute 
the probability of the occurrence of turbulence under 
different meteorological conditions. 

The original date of the test was from 0000 GMT ,March 
12 through 0000 GMT March 17, 1962. In  addition to 
commercial flight data, reports from military flight opera- 
tions were obtained from the National Weather Records 
Center a t  Asheville and the Air Weather Service CAT 
Forecast Office a t  Kansas City. However, one of the 
major airlines was unable to participate during the 
above period but did submit data from 0000 GMT March 19 
through 0000 GMT March 24, 1962. These reports were 
sufficient in number that when combined with the 
additional military data for that period a second 5-day 
test period WRS available. I wish to thank the commercial 
airlines, the Air Transport Association of America, and 
Air Weather Service for their excellent cooperation in 
obtaining the data for this study. 

2. METHOD OF ANALYSIS 

The continental United .States was divided into 2 5 ”  
latitude and. longitude “squares.” The data cards were 
examined for the intensity of turbulence occurrences a t  
four flight altitudes over each square: (1) 32,000 and 
higher, (2) 29,000 to 31,999, (3) 26,000 to 28,999, and 
(4) below 26,000 f t .  The intensity classes were: none, 
light, moderate, and severe. Tabulations were made for 
6-hr. intervals centered on the standard synoptic times: 
0300 to 0859, 0900 to 1459, 1500 to 2059, and 2100 to 
0259 GMT. The tabulations included the total number of 
flights, the number of occurrences of the different classes 
of turbulence for each flight layer and time interval over 
each square. Computations were made of the probabil- 
ities of the different turbulence intensities by time 
intervals, flight layers, over individual squares, or other 
area configurations. Since the study was concerned with 
non-convective type turbulence, occurrences were not 
used if the data card reported the turbulence in the 
vicinity of towering cumuli or thunderstorms and also 
in squares where the surface map indicated well developed 
thunderstorm areas. 

During the two 5-day test periods, some 12,389 flight 

TABLE I.-Distribution of Jlight squares with elevation 
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FIGURE 1.-Turbulence reporting card. 

squares were involved. The number of flights varied 
considerably in locations, elevation, and time of day. 
Table 1 shows the distribution of flight squares by 
altitude intervals. 

The aerial distribution of the flight squares is shown in 
figure 2 .  The larger numbers are along the major air 
routes and near the major air terminals across the country. 

3. RESULTS 

GENERAL 

The actual distribution of the turbulence occurrences 
during the two &day periods is shown in table 2. With 
one exception, there were some moderate or severe tur- 
bulence occurrences in each 6-hr. period. However, 
there were definite peaks from 1500 March 14 to 0900 
March 15, from 0900 March 20 to 1500 March 21, and 
from 1500 March 22 to  0900 March 23. Outside of these 
peak periods, both the percent of squares with no tur- 

FIGURE 2.--Flight distribution over the 5-day period March 12 
through 16, 1962. 

bulence and of those with some intensity of turbulence 
was fairly consistent. The overall distribution of occur- 
rences by different intensity classifications is shown in the 
sub-totals for each &day period and the grand total a t  
the bottom. The distributions for the two 5-day periods 

T A B L E  2.-Calendar of turbulence occurrences 

Time and 
Date 

(OMT) 

00-09 3/12/62 

15-21 
21-03 3/12-13 
03-09 
09-15 
15-21 
2143  3/13-14 
03-09 
09-15 

09-15 

15-21 
2143 3/14-15 
03-09 
09-15 
15-21 
21-03 3/15-16 

15-21 
21-03 3/16-17 

n3-09 
09-15 

Subtotal 

00-09 3/19/62 
09-15 
15-21 
2143  3/19-20 
03-09 
0615  
15-21 
2143 3120-21 
03-09 

15-21 
2143 3/21-22 
03-09 
09-15 
15-21 
2143 3/22-23 
0349  
09-15 
15-21 
21-03 3/23-24 

09-15 

~ 

Subtotal 

Grand Total 

Occurrences 

rota1 None Light Moderate Severe 

199 IF5 26 8 0  
148 130 13 5 0  
585 486 80 15 11 4 1 
614 526 '76 

231 191 31 
580 484 77 19 0 
627 512 95 2 0 0  
340 260 63 16 1 
219 l i 2  39 i 1  
615 427 137 43 11 
608 3% 112 102 11 
291 209 47 23 12 
182 140 

36 17 6 0  2 550 420 111 
579 469 99 8 3  
191 157 30 4 0  
92 77 15 0 0  

374 305 63 3 0  
311 288 21 2 0  

231 186 38 8 0  8 1  

325 47 7,570 5,989 1.209 

101 
44 

310 
402 
229 
128 
405 
265 
225 
178 
363 
403 
246 
99 

255 
303 
l i0  
107 
272 
281 

so 
36 

225 
29 5 
154 
82 

262 
194 
158 
132 
249 
321 
161 
74 

197 
206 
114 
88 

213 
242 

18 
2 

64 
71 
59 
27 
86 
42 
57 
20 
85 
67 
66 
15 
55 
62 
26 
15 
49 
22 

3 
6 

17 
32 
13 
1i 
55 
29 
10 
26 
27 
15 
14 
7 

26 
25 
26 
2 
6 

16 

0 
0 
1 
4 
3 
2 
2 
3 
0 
0 
2 
0 
5 
3 
7 

10 
4 
2 
4 
0 

4,819 3.486 909 372 52 

2,389 9,475 2,118 697 99 

Perceut 

'Jone Light Moderate Seveie 

83 13 4 
88 9 3 
83 13 3 
86 12 2 
80 16 4 
83 13 4 
84 13 3 
82 15 3 
76 19 5 

69 2 2  

74 16 
77 20 
77 20 3 
81 17 1 
82 16 2 
84 16 0 
82 17 1 
92 7 1 

78 18 ; 
63 18 1: 

; 

n 

n 

n 
n 

0 
1 

0 
0 
0 

1 
2 
2 
3 
0 
0 
1 
0 
0 
0 
0 

79 16 4 1  

79 18 3 
82 4 14 
74 21 5 
73 18 8 
67 26 6 
64 21 13 
65 21 14 
72 16 11 
70 25 5 
74 11 15 
69 23 7 
50 16 4 
65 27 6 
75 15 7 
69 19 9 
68 21 8 
67 15 15 
82 14  2 
78 18 2 
86 8 6 

R l  72 19 

77 17 5 1  
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PERCENT OCCURRENCE of c-a 
(Mod.ro!a or Stxong..l 

FLIGHTS BELOW 29.000 is., MSL 

FIGITRE 3.- Geographical distribution of the percent occurrence of 
moderate or severe turbulence, for flights at all levels combined. 

FIGURE 4.-~eogrnphical distribution of thP percent occurreI1ce of 
moderate or severe turbulence for flights below 29,000 ft. 

were quite similar. The combined totals show: 

77 percent of all flight squares with no turbulence 
17 percent with light turbulence 

5 percent with moderate turbulence 
1 percent with severe turbulence. 

It can be seen that there was a 23 percent chance of some 
degree of turbulence and a 6 percent chance of moderate 
or severe turbulence over any particular square. 

The distribution of the probability of moderate or 
severe turbulence by squares for the two 5-day periods 
is shown in figure 3 .  The dotted line is the dividing line 
between above and below average chance of turbulence. 

The distribution of the probability of moderate or 
severe turbulence by squares for flights below 29,000 f t .  
is shown in figure 4. The similar distribution for flights 
a t  29,000 f t .  and above is shown in figure 5 .  The average 
probability of moderate or severe turbulence is 9 percent 
for flights below 29,000 f t .  and 5 percent for flights at  
29,000 ft.  or above. The dotted lines on the charts are 
the dividing lines between above and below average chance 
of turbulence on each chart. The areas of above average 
probability are in fairly good agreement Sor the two 
layers except for a11 additional area for the higher-level 
flights over the Rockies, which is probably associated 
with mountain-wave type turbulence Occurrences. 

The difference in the probability of turbulence at  dif- 
ferent flight levels is shown more effectively in figure 6. 
The distribution of the number of squares with no tur- 
bulence and light turbulence f o l l o ~ s  the pattern for the 
total number of flights. The distribution for moderate 
turbulence is a bit more weighted for the lower layers 
and there is a decided increase in the importance oE the 
lower layers for the severe occurrences. T t  is diEcult 
to determine whether this is real or siniply due to the fact 
that more of these occurrences may have been during 
landing or take-of€ flight paf,terns. 

PERCENT OCCURRENCE 01 C.A-T 
IModer.1. or Strongerl 

BLIGHTS 29,WO l e e t  MSL and ABOVE 

. 6.4 occurrence 

FIGURE 5.-Geographical distribution of the percent occurrence of 
moderatc or severc turbulence for flights a t  29,000 f t .  and 
above. 

While there was considerable difference in the number of 
flights during the different 6-hr. periods, the percent occur- 
rence of turbulence, as given in table 3 shows no significant 
variation with the time of day. 

TABLE 3.--DirLrnal variation of high leuel turbule?ice 
t 1 

Turhulcnce of itloderatc or 
Time ( O m )  any intcnsity scvcrc turbu- 

(percent) lencc (percent) 
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FIGURE 6.-Distribution of percent occurrence of turbulence with 
height. 

One of the most intense periods of turbulence was during 
the 6-hr. period from 2100 GMT March 14 through0300 GMT 

March 15. In  figure 7, the numbers in each square 
indicate the total number of flights and the combined 
number of moderate or severe turbulence occurrences. 
Typical squares in the more intense turbulence region are 
14 occurrences out of 27 flights, 12 out of 30: 15 out of 31, 
19 out of 33, and 16 out of 30 flights. It is interesting to 
note that with any reasonable number 01 flights, the 
largest chance of moderate or severe turbulence is not 
much more than 50 percent. 

The above data indicate the importance of the use of 
probability in analysis arid forecasting of CAT. T t  is 
unlikely that there It-ill be areas where more than 50 
percent of the flights will meet moderate or severe CAT. 
On the other hand, there will be many scattered areas with 
very few occurreiices. 

FIGURE 7.--Number of flights and number of moderate or severe 
. turbulence occurrences by latitude-longitude squares for the 

period 2100 GMT March 14 through 0259 GMT March 15, 1962. 

In forecasting high level turbulence, it may be necessary 
to limit the forecasting to the more likely areas of turbu- 
lence. This will not mean that all planes flying across 
these areas and at these elevations will experience turbu- 
lence or that there will be no chance of turbulence in the 
other areas. 

An examination of the peak periods of moderate or 
severe turbulence, mentioned earlier in the paper, shows 
some interesting meteorological patterns and develop- 
ments. The 300-mb. charts for the period 1200 GMT 

March 14 to 1200 GMT March 15 are shown in figure 8. 
During this period the polar jet was displaced to the 
north with an intensification of the wind field to the north 
of the jet axis. There was an unusually large number of 
moderate or severe occurrences in the vicinity of and to the 
north of the jet axis through Indiana, Ohio, and Pennsyl- 
vania. This was evident in figure 7. Both the horizontal 
and vertical wind shears became large in this area. The 
National Meteorological Center’s (NMC) Maximum 
Wind Analysis Chart for this period revealed smoothed 
vertical wind shears of 8 kt. per 1000 ft. or greater. 

The sequence of Maximum Wind Analysis charts for the 
period 0000 GMT March 22 to 0000 GMT March 23 is shown 
in figure 9, dong with the location of the moderate or 
severe turbulence occurrences. The trough in the west a t  
0000 GMT Xwch 22 moved rapidly eastward. The high 
wind speeds ahead of the trough along with the turbulence 
occurrences moved eastward ahead of the trough. A 
majority of the occurrences were on the left or cold side of 
the j e t  but there were numerous occurrences on the right 
and at 0000 GMT March 23 between the two jet axes. 

SPECIFIC METEOROLOGICAL PARAMETERS 

The following section is devoted to the influence of such 
meteorological parameters as vertical wind shear, hori- 
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zontal wind shear, jet stream, wind speed, tropopause 
height and temperature, and the Richardson number 
(which combines vertical wind shear and temperature 
lapse rate or stability). The results will be expressed in 
the probability of moderate or severe turbulence with 
varying values of these variables. 

Vertical Wind Shear.-Vertical wind shear has been 
regarded as one of the most important variables by many 
research workers including Clem [I], Colson [a ] ,  and 
George [ 3 ]  but has been minimized by Harrison [4]. The 
data were divided into two layers, (1) flight squares above 
29,000 f t .  and (2) flight squares below 29,000 it. Vertical 
wind shears were read and tabulated for each square 
from the NMC Trertical wind shear analysis charts. This 
is a smoothed evaluation of the vertical wind shear over a 
deep layer covering 10,000 f t .  above and below maximum 
wind level. However, this parameter is easily available 
lor both analysis and forecast operations. 

The squares were classified into those with vertical 
wind shears of less than 4 kt.  and those with vertical 

FIGURE S.-Sequence of 300-mb. charts from 1200 GMT March 14 
through 1200 GXT March 15, 1962. 

shear equal to or greater than 4 kt. per 1000 ft .  Addi- 
tioiial classifications were made for squares with vertical 
wind shears equal to or greater than 6 and 8 kt.jl000 ft .:  
respectively. The chance of moderate or severe turbu- 
lence was computed in each of these classifications. 

The results, as shown in figure IO, indicate an 11 percent 
chance of moderate or severe turbulence with vertical 
wind shears equal to or greater than 4 kt./1000 ft. as 
compared to only 3 percent chance with vertical wind 
shears o€ less than 4 kt./1000 f t .  The chance of moderate 
or severe turbulence increased to 19 and 34 percent re- 
spectively with vertical wind shears of 6 or 8 kt./1000 f t .  
or more. 

This steady increase in the probability of moderate or 
severe turbulence was also present in the flight squares 
both above and below 29,000 Et,. The largest probability 
was 46 percent for Bight squares below 29,000 ft. with 
vertical wind shear of 8 kt./loOO It. or more. This steady 
increase in the probability of moderate or severe turbulence 
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with increasing vertical wind shear indicates that vertical 
wind shear should be a very useful forecasting tool. 

Since many workers (eg., George [3]) have been using 
the more detailed vertical wind shears from the original 
teletypewriter data, it is w e l d  to examine the question 
of vertical wind shear in more detail. The data in table 4 
sunmiarize the relation between the snioothed vertical 
wind shears and the more detailed vertical wind shears. 
The numbers give the percent ol the detailed vertical 
wind shears equal to or greater than 10 and 15 kt./1000 

TABLE $.-Comparison o,f detailed verlical wend shears with A'MC 
smoothed verlical wind shears 

1 With N M C  smoothed vcrtic&l shcnrs of: 

( i w c a t )  1 (percent (percent) 
C h n c c  of detailed wrtical shears or: 

210 kt./1000 It _...._...__.._...._..-.. 44 61 
2 1 5  .._._.__.__._.____..-.--.-..-.-... 13 

FIGURE 9.-S,equeilce of hr MC Masirnuin Wind Analysis chark 
Also from 0000 GMT March 22 to  0000 GMT March 23, 1962. 

ehomu are occurrciices of inodcrate or severe turbulence. 

ft. when the smoothed shears are 4, 6, and 8 kt./1000 It. 
or more respectively. These results indicate that larger 
vertical wind shears are increasingly likely as the NMC 
smoothed vcrtical wind shears increase from 4 to 6 and S 
kt./1000 It. or more. 

Figure I 1  sho~vs the distribution of the mean vertical 
wind shears ttiken €rom the original teletypewriter data 
at  the individual rawinsonde stations during the two test 
periods. The numbers indicate the percent of time that 
the detailed verlicnl wind shears were 6-9, 10-14, and 15 
kt./1000 It. or more at  each station. The superirnposecl 
line shows the separation between above and below 
average prob:tbility 01 inoderate or severe turbulence 
occurrences. 'rhe areas of above average chance of 
moderate 0 x 8  severe turbulence occurrences agree well 
with the areas of' greater percent ol  the larger vertical 
wind sheiws except possibly Tor an area over the Rocky 
Mountaiiis. This would be expected since extremely 
large vertical wind shears are not so essential in the 
mountain w&ve m echaiiisin (Colson [ 5 ] ) .  

Horizontal UXnd Shear.-The horizon tal wind shear 
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FIGURE 12.-Distribution of percent occurrence of turbulence wit.11 
horizontal wind shear a t  300 mb. 

FIGURE 10.--Distributiou of percent Occurrence of turbulence with 
vertical wind shear (from N M C  s i n o o t h c d  charts). FLIGHTS at z9,000fest MSL FLIGHTS ia.ooo t o  ALL FLIGHT LEVELS 

and OVER 28,999 l s e t  MSL 

FIGURE 1 1 . - D i s t r i b u t i o n  of det,ailed vertical wind shear. Shading 
shows areas of above average probability of occurrence of 
moderate or severe turbulence. 

data for each square mere obtained honi the spacing of 
the isotachs on the analyzed NMC 300-mb. charts. The 
probability of moderate or severe turbulence was computed 
for horizontal shear classes (in kt./100 mi.) of (I)  less 
than 10, (2) 1.5 to 25, ( 3 )  30 to 50, (4) 55 to 95, and (5) 
100 or more. The results, as shown in figure 12, indicate 
that the chance ol moderate or severe turbulence does 
not show any uniform or significant increase with increas- 
ing liorizont8al wind shear until shears of 100 kt.!100 mi. 
are equalled. 

Jet Stream.-The flight squares were checked for the 
presence or abseiice of a j e t  streani as indicated on the 
NMC analyzed 300-mb. charts. The probability of 
.occurrences of moderate or severe turbulence was de- 
termined for squares with and without a jet axis over t,he 
.square. The results for flights above and below 29,000 

NO NO N O  
l e t  Stream let Stream l e t  S tream let Stream let Stream l e t  Stream 

30, Present Preaent , 30, P z e m n t  Pxesent , 30, Present Present , 

FIGURE 13.-Association of the percent occurrence of turbulence 
with presencc of jet stream a t  300 mb. 

It. and for all levels are summarized in figure 13. The 
preseiice of the jet stream does increase the chance ol 
moderate or severe turbulence but the probability does 
not appear as high as might be expected in light of the 
great emphasis which has been placed on this parameter. 
From an inspection of the individual 300-nib. charts i t  
appears that there are many segments of the jet axis 
without any turbulence occurrences. Even though the 
level o l  the jet axis was J'airly high during the test periods, 
the presence of the jet stream s e e i ~ s  to be more effective 
for turbulence in the lower layers. 

When the occurrence data were restricted to the squares 
within the 150-kt. isotach along the jet stream on the 
300-mb. chart, the probability of nioderate or severe 
turbulence increased to 16 percent for the upper layer, 
26 percent for the lower layer, and 20 percent for flights 
at all levels. 

Wind Speed.--The wind speed was determined for each 
flight square from the NhlC analyzed 300-mb. charts. 
The results, given in table 5 ,  indicate an increase in the 
probability of moderate or severe turbulence with in- 
creasing wind speeds, at  least above 50 kt. However, 
the percent of occurrences is not as high and as conclusive 
iis might have been expected. 
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TABLE 5.-Efect of wind speed 

Wind speed (fit.) Flight squares Flight squares FUght squares I above 29,000 f t .  1 below 29,000 ft. 1 a t  all levels 

(percent) 
2 
2 
5 
8 

20 
I I I 

Tropopause.-The data for the height and temperature 

reports from each rawinsonde station and interpolated 
for the other flight squares. The turbulence occurrences 
were for the 6-hr. periods centered on the synoptic times, 
0900 to 1500 and 2100 to 0300 GMT and the changes in 
the tropopause height and temperature were for the 12 
hours up to these particular synoptic times, 1200 and 0000 
GMT. The results, shown in table 6, are not conclusive. 
There appears to be a slightly greater chance of moderate 
or severe turbulence when the tropopause js rising and 
becoming colder but this difference does not appear to 

The heights of the tropopause were read and tabulated 
for each square. These heights were divided into 5 
classes: (1) below 25,000, (2) 25,000 to 30,000, ( 3 )  30,000 
to 35,000, (4) 35,000 to 40,000, and (5) above 40,000 f't. 
The turbulence occurrences were limited to those in the 
6-hr. period centered about the synoptic times: 0900 to 
1500 and 2100 to 0300 GMT. The results, shown in table 7, 
again are not conclusive except that there is a slight but 
irregular trend for greater probability of moderate or 
severe turbulence with increasing height of the tropopause. 
This does not appear to be a useful parameter in 
forecasting turbulence. 

Richardson Number.-The Richardson number has been 
one of the more controversial parameters in the study of 
high-level turbulence. This number combines vertical 
wind shear and the temperature lapse rate or stability. 
Some workers, including Brunclige [6], Mook [7], Lake [SI, 
and Reiter [9] have found .a poor correlation but others, 
including Anderson [lo], Pinus [Ill,  and Kroll and Rusten- 
beck [12], have found some correlation. One basic diffi- 
culty is the determination of the exact value of the 
Richardson number a t  the location, level, and time of the 
reported turbulence with the present upper-air network 
of stations 100-200 mi. apart with observat)ions every 6 
or 12 hr. 

The Richardson numbers were computed for the layers: 

I of the tropopause were taken from the teletypewriter 

I be significant. 

1 

1 

TABLE 6.-Ii?-hr. changes in height and temperature of tropopause 
I 

(percent) (percrnt) 
nigher  and colder _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  8.3 Lower and colder.-- __.______________ 7.0 
Higher and warmer _______.___.______ 3.7 Lower and warmer. .___.._._._.______ 5 . 2  

TABLE 7.-E$ect of height of tropopause I 

i Tropopause height (ft.) 

I-l-l-l-l- - 
Flight squares above 29,000 It ._._._._________ 
Flight squares below 29,oOO It ._.._._________. 
Flight squares a t  all levels _.___.____.________ 10 

500-400, 400-300, 300-250, 250-200 mb. The maximum 
vertical wind shear was determined from the teletype- 
writer data for each layer along with the temperature 
lapse rate a t  each rawinsonde station. The two Richard- 
son numbers in each of the two larger layers, 500-400-300 
and 300-250-200 mb. were classified as follows: (1) both 
values below 1, (2) one value below 1, (3) both values 
between 1 and 4, (4) one vdue between 1 and 4, and (5) 
both values above 4. These class values were plotted on a 
map a t  the proper locations. The values of the Richard- 
son number class interval for the intermediate squares 
were interpolated. The turbulence occurrences were 
limited to the 6-hr. periods centered on the synoptic 
times: 0900 to 1500 and 2100 to 0300 GMT. 

The results (fig. 14) indicate the best correlation for 
flight squares below 29,000 ft. and the Richardson number 
classification in the 500-400-300-mb. layer. The proba- 
bility of moderate or severe turbulence decreases with an 
increase in the Richardson number classification. The 
probability of moderate or severe turbulence is about 5 
times greater for squares with at least one Richardson 
number (500-400-300 mb.) less than 1 than for squares 
wtth both Richardson numbers over 4. 

There appears to be some relation between the tur- 
bulence occurrences for flight data below 29,000 ft. and 
the Richardson number classification in the upper layer 
(300-250-200 mb.) but this relationship is not as con- 
sistent as that shown in the previous paragraph. The 
turbulence occurrences for flight data above 29,000 ft. 
do not fit with any regular progression of the Richardson 
nuniber classification in either laj-er. However, there is 
a greater cliance of moderate or severe turbulence with 
one Richardsoii number less than 1 than for both numbers 
over 4. 

Flight Direction.-There have been many suggestions 
about the possible effect of flight direction on the oc- 
currence of turbulence. The original flight cards furnished 
an excellent source of data. The reports of the different. 
intensities of turbulence occurrences were tabulated for 
each predominant flight direction: north, south, east, o r  
west (table 8). 

During this test period, the general flow and the 
orientation of the j e t  streams were predominantly west to  
east. While the combined north and south bound flights 
indicated tt slightly lower chance of turbulence than the 
combined east and west bound flights, the differences 
certainly do not appear to be significant. 
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Turbulence of 
Total any intensity 
flights 

Total 1 Percent 
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Moderate or severe 
turbulence 

Total I Percent 

I 

81 

72.3 
70.9 
67.8 
71. s 
71.6 
69.6 

R I C H A R D S O N  N U M B E R S  
(300-250 m b  , - 250-200 mb.  l e v e l s )  

93 
9s 
26 
25 
lQl 
51 

F l i g h t  leve ls  
3o 29,000 f e e t  and Above  18,000-28,999 f e e t  

I 7 30 I 

I 1 21% 

* Richardson Numbers 

R I C H A R D S O N  NUMBERS 
(500-400 mb.8 - 400-300 m b .  l e v e l s )  

F l i g h t  l e v e l s  
29,000 feet and Above  

20 

E 

18 000-28.999 f e e t  

30 I 
!*% 

* Richardson Numbers 
*Richardson Numbers 

1 Both Ri numbers less than 1 .  
2 One R i  number l e s s  than 1. 
3 Both Ri numbers between 1 and 4 
4. One Ri numbe,r,between 1 and 4. 
5. Both Ri numbers above  4 .  

FIGURE 14.-Distribution of the percent occurrence of turbulence 
with Richardson numbers. 

Temperature and clouds.-An examination of the flight 
cards furnished some information about effect of temper- 
ature and clouds. Some 84 cards contained 93 specific 
comments about the air temperature and the turbulence 
occurrence. Some reports were very explicit such as 

temperature drop from - 4 5 O  to - 5 5 O  C. on first bump”. 
Another stated “temperature -46O C. before turbulence 

L L  

TABLE 8.-Effect of JEight direction 

Flight direction 

43i 
464 
152 
124 
901 
276 

316 
329 
103 
89 
645 
192 

21.3 
21. I 
17.1 
20.2 
21.2 
18.5 

- 4 1 O  C. during trurbulence, and -46’ C. after turbu- 
lence.” Others were quite vague including one remark 

One pilot stated that he en- 
countered no turbulence but noted an abrupt 1 2 O  C. drop 
in an area in which turbulence had been forecast. 

Of the 93 comments on temperature change, 37 (or 40. 
percent,) reported a temperature rise, 49 (or 53 percent) 
reported a temperature €all, and 7 (or 7 percent) indicated 
no temperature change. The average temperature change 
was 4.4’ C. for light turbulence and 5.4O C ,  €or moderate 
or severe turbulence . 

The fact that there were only 84 cards with comments 
on temperature does not mean that only 10 percent of 
the flights encountered a change in temperature. The 
changes were often quite sudden-one report mentioned 
a rise of 7 O  C. in 2 min., and in many cases the tempera- 
ture returned to normal after the turbulence ceased. A 
pilot, not anticipating a temperature change, might well 
have failed to notice the change. It is possible that 
temperature changes such as these might prove to be 
sufficient to provide some warning of individual turbulence 
patches. 

The pilots were not instructed specifically to note the 
cloud type other than to note whether they were in the 
vicinity of towering cumuli or thunderstorms when they 
encountered turbulence. However, there were a fern cards 
with some remarks on clouds. Several reports mentioned 
stratiform clouds but these were at  such a low level that 
it is doubtful whether they could be related to the turbu- 
lence. Two reports, one over the southern Rockies and 
one over the southern Appalachians, noted lenticular 
clouds, suggesting mountain wave activity. Cirrilorm 
clouds, generally at or near flight level, were mentioned 
a few times in connection with reported turbulence, but 
there were not enough reports to indicate any definite 
relationship. It may be possible that some cirrus clouds 
niay provide a valuable tisual warning of some turbulent 
patches. 

However, it was possible to obtain some additional 
indications from the sky cover reported on the flight cards. 
The pilot,s were asked to indicate whether it was clear, 
scattered, broken, or overcast above, at, and below flight. 
level. There are no indications of the cloud type, but it 
can probably be assumed that the clouds above and at  
flight level were predominantly of the cirrus type. It. 
was not possible to make much use of the cloud data below 
flight level since these might be just below or at a great 

slight temperature rise.” < I  

TABLE 9.--Sky condition 

Clear at all Clear at  flight Clouds above Clouds at  flight 1 Icqels I 1e;l flight,level I level 
Turbulence 

Total Percent Total Percent Total Percent Total Percent 1-I-I-i-i-1-1-1- 
Kone ____._.____... 149 46 93% 44 1S6 37 63 24 
Light __.__._____.. 139 43 952 45 263 53 145 55. 
Moderate ---...... 1 3; I] 11 1 21; 1) 11 1 5; 1) 1 9 I] 2,, Severe _.___. -. . . . .. 

I I I I 1 
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distance below in which case the clouds could be of middle 
or lower categories. Many cards could not be used since 
it  could not be determined whcther i t  WRS actually clew 
a t  all levels or the pilot did not fill out the cloud data. 
From the valid cards, an entry was made each time an 
occurrence or non-occurrence was made on the card. The 
results, which are summarized in table 9, indicate that 
there is an increasing probability of turbulence when 
clouds were present above the flight level and an even 
greater chance with clouds preseiit a t  flight level. This 
supports the view that high-level turbulence is associated 
with the presence of cirrus clouds. At’ the same time, 
these results indicate that turbulence was also present 
on a lwge number of occasions with 110 clouds present a t  
flight level or even with no clouds a t  any level. The 
number is probably much greater than indicated sincc 
nirmy of the discarded cards may well have actudly had 
no clouds. 

4. SUMMARY 

i 

I 

This stiicly points out the iiiiportsmce of the use of 
probability in the nriulysis and forecast of high-level 
turbulence. The results indicnte that vertical wind 
shear is one of the most effective parrtmeters. Other 
useful parameters include the presence of the jet stremi, 
wind speed, and Richardson number. However, this 
study suggests that no one ~iieteorological parameter will 
be suilicient in the understanding and forecasting of 
high-level turbulence over the entire country. I t  is felt 
that all parameters must be considerecl to more completely 
understand and forecast high-level turbulence. 

Apparently more than one mechanism is effective in 
the production of the small-scale turbulent eddies in 
different meteorological or syiioptic patterns. It appears 
that the turbulence associated with a strong jet stream 
circulation should be treated differently from that occtr- 
ring over major mountain btm-iers arid from those occur- 
rences associated with major troughs. I t  niay well be 
that the turbulence associated with cirrus cloucl pattcrris 
should be considered separately. Separate forecast tech- 
niques and criteria may be necessary in tlic different 
patterns. 

The results from this and other studies ([Z], [5 ] ,  [12], 
[13], [14], and [l5]) suggest the following forecast guide- 
lines: 

1. Jet Stream. The addition of vertical wind shear 
itnd wind speed criteria should prove useful in eliminating 
some segments dong the jet which do not show turbulence. 

2 .  Mountain Wave Associated Turbulcnce. The oc- 
currences associat,ed with mountain xwve situations 
usually result from a moderately strong flow normal to 
the ridge, very little change in wind direction with height, 
an increase in wind speed with height, and the presence 
of relatively stable layers. There does not appear to be 

! 

the need for large horizon tal or excessively large vertical 
wind shears. The Richardson numbers may be quite 
high in thcse stable layers. 

Jt appears that n combination of 
a large vector horizontal wind shear and a low Richardson 
number map be most useful. Vertical motion may prove 
to be an additioiial important parameter. 

Tt appcars that the 
turbuleiice occurrences in these circulations will be asso- 
ciated with low Richnrdson numbers caused by the proper 
combination of vertical wind shew and low stiability in 
certain layers. 

3 .  Major Troughs. 

4. High Pressure Circulations. 
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