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CLEAR AIR TURBULENCE ANALYSIS OVER THE SOUTH PACIFIC REGION
FOR A FIVE-DAY PERIOD IN MARCH 1965

By J. R, Colquhoun and Vi Lynn Bourke

Central Office, Bureau of Meteorology, Melbourne
(Manuscript received May 1967)

ABSTRACT

Areas of non-occurrence as well as areas of occurrence
of high level clear air turbulence (CAT) over the South
Pacific Region were determined during a selected five-day
period in March, 1965. Latitude-longitude 'squares' of
2.5° were used to tabulate the flight data. Flights were
divided into (1) flights at and below 30,000 feet and (2) flights
above 30,000 feet. Frequency distributions and percentages
of CAT occurrences were computed for geographical distri-
butions, flight elevations and for various parameters rna1n1y
of a meteorological nature.

In a general study covering all flight squares the most
successful parameters were ""average' vertical wind shear,
vertical wind shear in the layer 10,000 feet below the
maximum wind, presence of a jet stream, horizontal wind
shear and Richardson's number, with maximum wind speed
successful to a lesser extent, mainly in the lower layer.
Most parameters were more successful in the lower layer
where turbulence was more frequently encountered, an
exception being horizontal wind shear which gave the best

~ results in the higher layer,

There was a high incidence of CAT. 52 percent of flights
encountered CAT and 22 percent encountered moderate or
~ severe CAT.

Five parameters - Endlich's turbulence index, "average'
vertical wind shear, Richardson's number, vorticity and
vorticity advection - were included in a restricted study
covering flight squares in the area bounded by latitudes 221°S
and 40°S and longitudes 1121°E and 160°E. "Average"
vertical wind shear gave the best results:

1. INTRODUCTION -

This paper analyses the high level turbulence data collected over the South Pacific
Region during the second of the four ICAO five-day reporting periods, from 2300 GMT on
9 March to 2400 GMT on 14 March 1965.

Data collection and methods of analysis have been described in the preceding article~
the report of the analysis for the first five-day period in December 1964 (Colquhoun and Bourke,
1967). .

2.  RESULTS OF ANALYSIS

The areal distribution of the flight squares is shown in Fig. 1. There is again a low
flight density over most areas.
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(a) -Analysis of CAT Occurrences with Time, Geographical Location and Height

Table 1 shows the actual distribution of clear air turbulence (CAT) occurrences during
the period. The peak period of CAT occurrence was from 2300 GMT 9 March to 0500 GMT
10 March. There were only four occurrences of severe CAT. No extreme CAT was reported.

Table 1. Calendar of CAT occurrences from 2300 GMT 9 March to 2400 GMT 14 March 1965.
(a) Flights at and below 30,000

Occurrence of CAT
Time and Date : - Bercentage

No. of Flight Squares of Flight Squares

GMT Total | None | Light{ Mod.|Sev. None Light{ Mod.| Sev.
2300, 9-0500, 10| 71- 30 24 17 0 42.3133.8 123.94 0
0500, 10-1700, 10| 50 38 5 |7 0 76.0(10.0 |14.0 0

1700,-10-0500, 11| 98 90 5 3 0 91..8 5.1 3.1 0
0500, .11-1700, 11| 63 57 6 0 0 90.51 9.5 0 0

1700, 11-0500, 12| 35 24 7 4 0 68.6(20.0 111.4 0 .
0500, 12-1700, 12| 38 34 1 3 0 89.5 2.6 7.9 0
1700, 12-0500, 13| 21 20 0 1 0 95.2 0 4.8 0
0500, 13-1’(;00, 13| 49 46 3 0 0 93.9| 6.1 0 0
1700, 13-0500, 14| 22 21 1 0 . 0 95.5{ 4.5 0 0
0500, 14-1700, 14| 30 28 1 1 0 93.4( 3.3 3.3 0
1700, 14-2400, 14 10 10 FO 0 0 100 0 0 0
Total 487 | 398 | 53 | 36 0 81.7(10.9 | 7.4 O

Mod. = moderate - Sev. = severe

(b) Flights above 30,000 ft

Occurrences of CAT
Time and Date . Percentage
No. of Flight Squares of Flight Squares

GMT Total | None{Light [Mod.|Sev.| None | Light{ Mod.| Sev.
2300, 9-0500, 10; 170} 144 14 8 4 84.6 18.3 ‘4.7 2.4
0500, 10-1700, 10 154'| 138 13 3 0 | 89.6.(8.4 | 0
1700, 10-0500, 11} 184 172. 12 0 -0 93.4 1 6.6 0 0
0500, 11-1700, 11| 138 ]| 132 6 0 0 95.7 | 4.3 0 0
1700, 11-0500, 12 113 108 4 1 0 95.6 3.5 0.9 0
.0500, 12-1700, 12] 126| 112 6 8 0 88.9 (4.8 6.3 0
1700, 12-0500, 13 93 88 4 1 0 94.6. 4.3 1.1 0
0500, 13-1700, 13| 124 123 1 0 0 99.2 (0.8 0 0
1700, 13-0500, 14 73 73 0 0 0 [100 0 0 0
0500, 14-1700, 14| 83| 79 2| 2| 0} 95.2 |2.4 | 2.4 0
1700, 14-2400, 14 95 95 0 0 0 |100 0 0 0
Total 1353 (1264 62 [ 23 4| 93.4 4.6 1.7} 0.3

Mod. = moderate Sev. = severe
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Table 1 - (Cont'd) (c) Flights at all levels
) Occurrence of CAT
Timevand Dfate . Percentage
: No. of Flight Squares of Flight Squares
GMT : Total | None|Light { Mod.|Sev.| None |Light{Mod.| Sev.
2300, 9-0500, 10| 241 174 38 25 4 72.1 15.8|10.4 | 1.7
0500, 10-1700, 10| 204 176 18 10 0 | 86.3 | 8.8| 4.9 0
1700, 10-0500, 11| 282 262 17 3 0 ]192.9 6.0 1.1 0
0500, 11-1700, 11| 201 189 12 0 0 94.0 6.0 0 0
1700, 11-0500, 12| 148 132 11 5 0 | 89.2 7.41 3.4 0
0500, 12-1700, 12| 164 | 146 | 7 | 11 | o |89.0 | 4.3] 6.7] o
1700, 12-0500, 13 114 108 4 2.1 0] 94.7 3.5 1.8 0
0500, 13-1700, 13| 173 169 4 -0 0o | 97.7 2.3 0 0
1700, 13-0500, 14 95 94 1 0 0 |99.0 1.0 0 0
0500, 14-1700, 14| 113 | 107 | 3 3|0 |98 | 26)26]| o
1700, 14-2400, 14| 105 105 ' 0 0 0 {100 V 0 0 0
Total_ 1840 1662 [115 | 59 | 4 [90.3 | 6.3 3.2 0.2
‘Mod. = moderate - . Sev. = severe

Tables 1 {a) and (b) show that moderate CAT was encountered more frequently in the
layer at and below 30,000 ft. The only severe CAT encountered was in the layer above 30,000 ft,
Table 1 (c) shows that in 9.7 percent of flight squares some degree of CAT was encountered.
This is almost double the percentage occurrence encountered in the first period. Moderate or
severe CAT was encountered in 3.4 percent of flight squares, an increase on the first period.

The geographical distribution of the percentage occurrence of all cases of CAT, and
of moderate and severe cases, are shown in Fig. 2. :

Table 2 shows the distribution of severity of CAT at different flight levels. The
greatest percentages of both light and moderate CAT occurred in the layer 27,000 to 30,000 ft.

Table 2. Distribution of CAT occurrence and severity with height.

Flight No CAT Light Moderate Severe » Flight Squares
Layers (ft) Flight squares|Flight squares | Flight squares glight Total No.|  With
No. % Nc})v. % No. % N%‘Tar‘;os otal No-l car
$26,500 305 89 29 8 8 2 0 0 342 11
27,000 - 30,000 9% 65 24 16 28 19 0 0 148 . 35
30,500 - 33,500 407 92 18 4 11 3 4 1 440 8
234,000 861 94 44 5 12 1 0 o0 917 6
All levels 1669 91 115 6 59 3 4 0.2 1847 9
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An examination of the 300 mb chart at 2300 GMT 9 March,. about which time much
turbulence was reported, showed a weak trough just off the West Australian coast. The trough
did not extend to 200 mb. Many occurrences of CAT were reported just ahead of this trough. . -
Severe CAT occurred in this region,

The other concentrated area of CAT in the vicinity of the central New South Wales
coast also occurred on this day. This area was just ahead of a 200 mb trough and to the right
of the jet axis.

(b) Analysis of CAT against Vertical Wind Shear

Table 3. Distribution of CAT occurrences against the average of the vertical wind shears through
~ the 10, 000 ft layers above and below the level of maximum wind

(a) Flights at and below 30, 000 ft

No. o.f No. of gII:IAZ;i.Ofor l% Shear T
Shear Flight CAT % ?Sev. CAT Mod, or (Kt/ % {Mod. or
(Kt/1000 ft) Squares occurr- CAT:occurr- Sev. 1000 ft) |CAT| Sev.
ences ences CAT CAT
<4 271 16 6 5 2 <4, 6 2
%4 and <6 139 31 22 13 9 ' >4 34| 14
26 and <8 69 41 59 18 26 26 55 23
58 ‘ 8 1 13 0 0 ‘ 8 13 0
(b) Flights above 30,000 ft
<4 1103 | 56 5 8 1 <d 5 1
34 and <6 153 13 8 8 5 34 13 8
26 and <8 68 14 21 7 10 > 6 21 11
28 29 6 21 4 14 '2 8 21 14
(c) Flights at all levels
<4 1374 72 5 13 1 <4 5 1
%24 and <6 292 44 15 21 7 z 4 231 11
;6a‘nd <8 137 55 ° 40 25 18 36 36 17
» 8 37 7 19 4 11 s 8 19] 11
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Table 4. Dlstr1but1on of CAT occurrences against vertical wind shear in the layer 10,000 ft

below the level of maximum wind

(2) Flights at and below 30,000 ft

No. of
Shear g?i'g}?tf N%.A;‘f % Isvi(:j' (.('I).ZT Moda/.o or (;?/ear % Mo:i%? or
(Kt/1000 ft) Squares occurr- [CAT) occurs- Sev. 1000 £t) CAT] Sev.
ences ences CAT CAT
<4 229 12 5| 4 2 <4 5| 2
»4 and 36 146 27 18f 11 . 8 > 4 30| 13
> 6 and 8 74 24 32 11 15 > 6 45 19
> 8 38 26 68| 10 - 26 s 8 68| 26
(b) Flights above 30,000 ft
4 | 1045 46 4 7 1 <4 4 1
>4 and 36| 197 16 8 6 3 > 4 14| 6
Y 6 and 28 100 25 25 13 13 > 6 24. 13
3 8 11 2 18 1 . 9 z 8 18 9
(c) Flights at all levels
< 4 1274 58 5 11 1 < 4 5 1
s 4 and 26 343 43 13 17 5 > 4 21 9
> 6 and 28 174 49 28 24 14 > 6 35 16
28 49 28 57 11 22 > 8 57 22

Tables 3 and 4 show a good correlation between CAT and increasing vertical wind
shear.. Results in both Tables are similar, those in Table 4 being the better because of the
more consistent relationship for shears greater than 8 kt/1000 ft.

(c) Analysis of CAT against Horizontal Wind Shear
Table 5. Distribution of occurrence of CAT with horizontal wind shear at 300 mb.

(a) Flights at and below 30, 000 ft

No. of No. of

No. of ; Mod. or % %
Shear . CAT % Shear %
., |Flight Sev. CATMod. or . Mod. or
(Kt/100nmi) Squares occurr- |CAT occurr- Bev. GAT (Kt/100n mi)|CAT Sev. CAT
. ences

ences
<10 152 8 5 0 0 <10 5 0
10 - 19 215 40 19 19 9 >10 24 11
20 - 29 A 81 31 38 12 15 220 34 14
30 - 39 28 7 25 | 3 - 11 5 30 26 13
40 - 49 11 3 27 2 18 3 40 27 18
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(b) Flights above 30,000 ft
: No. of
: No. of |. - :
No. of Mod. or % %
Sh . CAT
(Kt/lOOexalrmi) Flight occurs- CKT Sev. CAT{Mod. or (Kts}hl%%r . CGI/:T Mod. or
Squares occurr- {Sev.-CAT nomi Sev. CAT
ences .
. ences
<10 914 50 5 9 0.5 <10 5 0.5
10 - 19 332 27 8 9 3 210 9 4
20 - 29 73 4 6 2 3 320 11 8
30 - 39 29 6 21 5 17 230 24 21
40 - 49 5 2 40 2 40 >40 40 40
(c) Flights at all levels
<10 1066 58 5 9 0.5 <10 1 5] 0.5
10 - 19. 547 | 67 12| 28 5 x10 | 16 7
20 - 29 154 35 23 14 9 220 23 12
30 - 39 57 13 23 8 14 230 25 16
40 - 49 16 5 31 4 25 240 31 25

Table 5 shows a fairly regular increase in percentage of CAT with increasing shear,
with the higher level giving good results. This is in contrast with the first period where the
relationship between CAT and horizontal shear was poor. '

(d) Analysis of CAT against Combined Vertical and Horizontal Wind Shears

Table 6 presents CAT occurrences against combinations of the "average' vertical
wind shear with the horizontal wind shear, using the same class intervals as in Tables 4 and 5.

The statistics in Table 6 are summarized in Table 7 for combinations of vertical
and horizontal wind shear. Values expected by chance are shown in brackets. In most cases
where both shear classes are either above or below the dividing value, the ratio of the number
of CAT occurrences to the number of CAT non-occurrences is better for the experimental
figures than for the chance figures, especially with the shear divisions of 4 kt/1000 ft and
20 kt/100 n mi. .
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{e) Analysis of CAT against Jet Streams
Table 8. Distribution of occurrence of CAT against presence of jet stream at 200 mb.

(a) At and below 30,000 ft

gloi’g}?tf No. of CAT | % |No. of Mod/| % Mod. or
Squares occurrences| CAT|or ng..CAT Sev. CAT
Left of Jet 71 9 13 4 T 6
Along Jet . 155 54 35 23 15
Right of Jet 52 12 23 5 "10
Total Jet Cases 278 75 27 32 12
Total Non-Jet Cases| 209 14 7 4 | 2
(b) Above 30,000 ft
Left of Jet .83 2 2 0 0
Along Jet 165 25 15 13 8"
Right of Jet 112 9 8 2 2
Total Jet Cases 360 36 10 15 4
Total Non-Jet Cases 993 53 5 12 1
(c) All levels
Left of Jet 15 | 11 7 4 3
Along Jet 320 79 25 36 11
Right of Jet 164 21 13 7 4
Total Jet Cases 638 111 17 47 '
Total Non-Jet Cases| 1202 §7 6 16 1

Percentages of occurrence along the jet were almost double those to the right, which
in turn were at least double the percentages to the left. The highest percentage of CAT was
35 percent for flight squares along the jet axis and at flight levels at and below 30, 000 ft,
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Table 9. Distribution of occurrence of CAT with presence of a jet stream and "average"
vertical wind shear (kt/1000 ft)

Level  |Tet with E;’l }:’tf No. of CAT [ % |No. of Mod. |% Mod. or
Shear € occurrences|CATjor Sev. Occ.|{Sev. CAT
Squares
At and <4 82 4 5 2 2
below
30000 ¢t | % | 196 71 36 30 15
iAbove <4 150 6 4 0 0
30,000 &6 |, 210 30 14 15 7
ALl <4 232 10 | 4 2 1
levels 54 406 101 25 45 11

Table 9 shows that for the jet cases (see previous article for definition of jet cases)
a much greater percentage of CAT occurred with average vertical wind shear of 4kt/1000 ft or
more, than with shears of less than 4kt/1000 ft,

(h Analysis of CAT against Maximum Wind Speed in the Vertical

Table 10, Distribution of occurrence of CAT against maximum wind speed in the

vertical.
(a) At and below 30,000 ft
Max. Wind|No. of |No. of CAT|% CAT S:Serd % Max. Wind| . | %
Speed |[Flight occurr- foccurr-| ..o Mod, or Speed CAT Mod. or
(Kt) Squares ences ences ences Sev. CAT‘ (Kt) Sev. CAT
<25 8 0 0 0 0
25- 49 113 . 3 3 0 0 <50 2 0
50- 74 135 Coal 16 8 6 250 25 6
75- 99 105 . 24 23 ) 11 10 275 32 14
100-124 81 . 36 44 17 21 > 100 42 17
125-149 10 3 30 0o . 0 %125 29 0
2150 7 2 29 0 0
(b) Above 30,000 ft
<25 23 ] 1 4 0 0
25- 49 487 16 3 3 1 < 50 3 1
50~ 74 569 43 8 9 2 > 50 9 3
75- 99 158 19 12 9 6 2 75 12 6
100-124 77 9 12 5 6 > 100 11 7
125-149 13 1 8 1 8 x> 125 8 8
2150 0 0 -0 0 0




85

(c) All levels

Max. Wind [No. of |No. of CAT| % CAT ljf's‘:é‘)d' % Max. Wind % % “
Speed Flight occurr- occurr-occurr' Mod. or Speed CAOT Mod. or
(Kt) Squares | ences ences Sev. CAT (Kt) Sev. CAT
: lences )
<25 31 1 3 0 0
25- 49 600 - 19 3 3 1 <50 3 1
50- 74 704 64 9 17 2 50 14 5
75- 99 263 43 116 20 8 275 21 10
100-124 158 45 28 22 14 > 100 27 12
125-149 23 4 17 1 4 x 125 20 3
2150 7 2 29 0 0

Table 10 does not show any regular increase in percentage of CAT with increasing
wind speed for flights in the higher layer, but for flights in the lower layer (Table 10(a)) there is
an increase up to a wind speed of 124 knots and above this speed there is a lack of data.

(g) Analysis of CAT against Tropopause Height and Temperature

The height and temperature of the tropopause was obtained as for the first five-day
period analysed in the previous article.  The criteria for changes in height and temperature
are also the same. The analyses are shown in Tables 11, 12 and 13.

Table 11. Distribution of occurrence of CAT againét 24-hour changes in height and temperature
of tropopause. All figures are percentages.

: Trdpoaause
Higher §{Higher& [Higher & No change] No change |No change|Lower & Lower § |Lower §
| Flight - warmer |no change| colder | § warmer |§ no change| § colder|warmer |no change|colder
1 1 . . . fod. . .
| Levels Any Mod Any Mod Any Mod Any Mod Any Mod Any Mod Any Mod Any Mod. Any Mod
| CAT | 2T fcaT | OF |caT| OF |caT | °F |caT o leat| OF [cat| OF|caT [.°F [caT| °T
| . Sev. Sev. Sev. Sev. Sev. Sev. Sev} Sev. Sev
At and below ] )
30,000 ft 0 0 0 0 0] 0 |(44)1(22) [ 22 .9 3 0 |21 3] 20| 0 0] O
- iAbove : :
| 30,000 ft | O o 0 0 010 0 0 7 2 0 0 j12] 12({(100) O 0] O
A1l levels 0 0 0] 0 0} 0 33| 17 10 4 |2 0 {17 71 251 0 o o

Figures in brackets are based on’less than 10 flight ""squares',
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Table 12. Distribution of occurrences of CAT against 24-hour changes in height and temperature
of tropopause considered separately. All figures are percentages

Tropopause Height Tropopause Temperature
Flight * Higher No Change| Lower Warmer | No Change| Colder
Levels Any I\g:d. Any I\/i)ord.Any I\/iord. Any M;);i. Any I\/iod. Any Ivi:;d.
Tr
CAT Sev. CAT Sev. CAT Sev. CAT Sev. CAT Sev. CAT Sev.
At and
below
30,000 ft 0 0 20 9 20 2 26 7 22 9 2 0
Above
30,000 ft 0 0 7 2 14 11 10110 7 2 0 0
Alllevels |0 | 0 10 | 4 18 6| 191 8 10| 3 1 |o

Tables 11 and 12 indicate that a ‘higher and colder tropopause is unfavourable for CAT.

Table 13. Distribution of occurrence of CAT against height of tropopause. All figures are

percentages.
Tropopause Height
Below 25,000 - 30,000 - 35,000 - |At & above
Flight 25,000 ft [29,999 ft |34,999 it 39,999 40,000 {ft
Levels Any I\/‘I)id. Any Nicld. Any I\/ic;d. Any Nic;d Any Nic;d.
CAT Sev. CAT Sev. CAT Sev. CAT Sev. CAT Sev.
At and below .
30,000 ft 0 0 0 0 8 . 8 13 2|21 9
Above .
30,000 ft 0 0 0 0 o - 0 7 0 7 2
All levels 0 0 0 0 8 8 12 rylo 4

As the tropopause is generally above 30,000 ft, Table 13 indicates that there is no
significant relationship between the frequency of CAT and the tropopause height.

(h) Analysis of CAT against Richardson’s Number

Classification of Richardson's numbers for layers 500-400, 400-300 mb and layers
300-250, 250-200 mb: : '
1. Both values below 1.
Only one value below 1,

Both values between 1 and 4.

One value between 1 and 4.

(S I VO

Both values above 4.
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Table 14. Distribution of occurrences of CAT against Richardson numbers (see text for classi-

(a) Flights at and below 30,000 ft

fication).

500-400, 400-300 mb layers 300-250, 250-200 mb layers
Claseitiontonmught |oceure.| B [Mod. or [\ B o locourr.| B_|Mod. orly B
Squares|ences CAT|Sev. CAT Sev. CAT||Squares|ences CAT|Sev CAT Sev CAT
1 0 0 0 0 0 2 0 0 0 0
2 6 2 | 33 1 17 86 40 47| 16 19
3 69 9 |13 0 0 49 12 25 4 8
4 144 39 | 27 23 16 104 21 20, 12 12
5 240 39 |19 12 5 218 16 7 4 2
(b) Flights above 30,000 ft
1 0 o | o 0 0 9 0 0 0
2 26 4 |15 1 4 119 | 22 19 7 6
3 73 12 |16 5 7 307 26 8 3
4 268 22 8 10 4 370 22 6 2
5 960 51 5 11 1 522 19 4 6 1

For the combinations of Richardson's numbers for the layers 300-250, 250-200 mb,
Table 14 shows regular increases, excepting classification 1, in percentages of CAT with
decreases in the Richardson number classification.

data for valid conclusions to be drawn.

In classification 1 there are not enough

The highest percentage of CAT is 47 percent in classi-

fication 2 in the flight level 'at and below 30, 000 ft' and for the combination of Richardson's
numbers for the layers '300-250, 250-200 mb'.

(i) Frequency of, and Effect of Flight Direction on, CAT Intensity

Table 15. Distribution of flights in relation to CAT intensity

. Number of f
CAT Intensity ;‘thtso OcZou:rencei
No CAT 74 ' 48
Light 47 30
Moderate 32 21
Severe 1 1
All Intensities 80 52
Moderate or )
Severe 33 22







