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ABSTRACT

As part of the ICAO short-term high-level turbulence report-
ing programme, data has been compiled and analysed for flights
at or above 20,000 ft. Areas of non-occurrence as well as areas

. of occurrence of high level clear air turbulence (CAT) were
determined over the South Pacific Region during a selected five-
day period in December 1964. Latitude-longitude 'squares' of
2.5° were used to tabulate the flight data. Flights were divided
into (1) flights at or below 30,000 ft and (2) flights above
30,000 ft. Frequency distributions and percentages of CAT
occurrence were computed over individual 'squares', for flight
elevations and also for various parameters mainly of a meteoro-
1ogica1 nature.

The percentage of CAT occurrences increases fairly uniformly
with increasing "average'" vertical wind shear and horizontal wind
shear, and is more frequent near than away from the jet stream.

No significant relationship was evident between CAT and Richardson's
Number, maximum wind and the height and temperature of the tropo-
pause. Most parameters were more successful for flights at and
below 30,000 ft where the majority of CAT occurred.

No significant relationship was evident between CAT and flight
direction but the presence of clouds above the flight level appears
to be significant. Mean airspeed fluctuations at the onset of

" turbulence increase steadily with increasing severity of turbulence.

. Six parameters - Endlich's turbulence index, vorticity,
vorticity advection, '"average' vertical wind shear, Richardson's:
number and the Colson-Panofsky turbulence index - were investigated
in a study restricted to flights in the area bounded by latitudes
22% and 40 degrees south and longitudes 112% and 160 degrees east.
Average vertical wind shear and Richardson's Number gave the best
results.

1. INTRODUCTION

This. study was undertaken in connection with the ICAO short-term'high—level turbulence
reporting programme during which clear air turbulence (CAT) data were collected on a world-wide
basis. The data analysed here were collected in the South Pacific Region.

The programme consisted of four reportiﬁg periods, each of five days, with one period
in each season. This paper covers the first of these periods, from 2300 GMT on 8 December to
2400 GMT on 13 ‘December 1964.

Data for flight levels at 20,000 ft and above were received from,

(1) .international flights by turbine powered IATA Member Airlines,

(ii) allother civil domestic flights and international civil flights
by turbine powered aircraft,

(iii) flights by military or other government turbine powered aircraft.
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) Pilots were asked to submit data forms (see Fig. 1) whether or not turbulence was
encountered. Thus the areas of non-occurrence as well as the areas of occurrence of CAT could be
determined and analysed. The method of analysis of this data closely follows that carried out by
Colson (1963 and 1964). The percentage occurrence of CAT with various values of different para-
. meters has been estimated.

2. METHOD OF ANALYSIS

The South Pacific Region includes the Australian continent, air-routes to Singapore
and over the Tasman Sea, and Pacific air-routes to Canton Island, Fiji and Tahiti. These areas
were divided into 2.5° latitude and longitude 'squares'. Data forms were sorted into flights at
or below 30,000 ft and flights above 30,000 ft and then examined for the intensity of CAT occur-
rences. 'The intensity classes were none, light, moderate, severe and extreme. Tabulations were
made for 12-hour intervals centred on the synoptic hours of 2300 GMT and 1100 GMT. In the Aust-
ralian region the main surface and upper air analyses were made at these times, rather than the
standard WMO times of 0000 and 1200 GMT. These tabulations included the total number of flights,
the number of occurrences of the different classes of CAT for both flight layers and time inter-
vals over each 'square'. The percentages of the different CAT intensities were computed for time
intervals, flight layers and geographical distribution.

As the analyses of CAT occurrences against 'wind only" parameters were based on
12 hourly analyses while those for parameters such as Richardson's number were based on
24 hourly analyses, the totals of flight squares and CAT occurrences may differ due to several
CAT occurrences spanning two periods.

The relation between CAT and such parameters as vertical wind shear, horizontal wind
shear, jet stream, wind speed, tropopause height and temperature, and the Richardson Number, was
investigated over the flight area. The percentage frequencies of various categories of CAT with
varying values of the above meteorological parameters are given in Section 3. However, in some
cases the numbers on which these percentages are based are too small to give representative
values, therefore actual figures also are presented.

Over the restricted region bounded by latitudes 22.5°S and 40°S and longitudes 112.5°E
and 160°E, a separate study was made of the relation between CAT and vertical wind shear, Richard-
son's Number, vorticity, vorticity advection and two turbulence indices. The results are presented
in Section 4.

Since the aim of the programme .was the study of CAT, occurrence$ of turbulence were
excluded when they were reported to be in the vicinity of towering cumuli or thunderstorms, or
where the surface map indicated well-developed thunderstorm areas, eXcept that all turbulence
‘occurrences were included in the study of fluctuations in the indicated airspeed of the aircraft.

3. RESULTS OF ANALYSIS

The areal distribution of the flight squares is shown in Fig. 2. The low flight
density over the greater part of the area considered is evident from this chart. This greatly
limits the value of this study.

(a) Analysis of CAT Occurrences with Time, -Geographical Location and Height

Table 1 shows the actual distribution of the CAT occurrences in time during the five-
day period for (i) flights at or below 30,000 ft, (ii) flights above 30,000 ft and (iii) flights
at all.levels. The peak period of CAT occurrence was from 1700 GMT on 9 December to 1700 GMT on
10 December 1964. After this period there were very few occurrences of moderate or severe turbu-
lence. There were no extreme turbulence occurrences during the five-day period.

Tables '1(a) and (b) show that CAT was encountered more frequently at and below
30,000 ft than above 30,000 ft. From Table 1(c) it is seen that in 5.4 per cent of flight squares
some degree of CAT was experienced, wh11e in 2.0 per cent of flight squares moderate or severe
CAT was encountered. .

The geographical distribution of the percentage occurrences of all cases of CAT and
of the moderate and severe cases are shown in Fig. 3.

To estimate the distribution of the incidence and-severity of CAT at different flight
levels, flights were divided into four layers and the number of flight squares with specified
degrees of CAT in each layer counted. The results of this analysis are shown in Table 2. The
highest frequency of all classes- of CAT occurred in the lowest layer. All cases of severe CAT
occurred below 26,500 ft. ’




49 ' .

HIGH LEVEL TURBULENCE REPORT
(FLIGHT LEVEL 200 OR ABOVE)

Return completed report to Bureau of Meteorology, P.O. Box 1289K, Melbourne, C.1, Australia

PLEASE READ CAREFULLY THE INSTRUCTIONS ON REVERSE SIDE

TYPE OF AIRCRAFT:

g | ROUTE: FROM TO

E VIA: AIRWAY/PRINCIPAL REPORTING POINTS

T | CRUISING LEVEL: :

1 {Specify FL and indicate all major changes)

g DEPARTURE ARRIVAL

DATE (GMT) TIME (GMT) . DATE (GMT) TIME (GMT)

ALL FLIGHTS WITH NIL OR VERY LIGHT TURBULENCE, CHECK THIS SQUAREI

ALL FLIGHTS WITH SIGNIFICANT TURBULENCE .

(Fill out one column for each encounter)

INTENSITY (Pilot’s estimate): (Circle correct intensity symbol)
L—LIGHT M—MODERATE L ™M L M L ™M LM L M
S—SEVERE E—EXTREME S E s E N E S E S E
POSITION AT ONSET: N
Latitude/Longitude
TIME (GMT) AT ONSET:
DURATION (minutes): -
TYPE: INTERMITTENT:
{Check correct
s | ™ CONTINUOUS:
g FLIGHT LEVEL AT ONSET:
T | INDICATED AIRSPEED (Knots)
cl> AT ONSET: :
N | AIRSPEED FLUCTUATIONS (Knots):
2 TRUE AIR TEMPERATURE
‘C AT ONSET:
WIND DIRECTION AND SPEED (Knots)
AT ONSET:
CLOUDS: IN CLOUDS
{Check correct
line) IN AND OUT
IN THE CLEAR
IN OR TOWERING CUMULUS
ADJACENT:
(Check correct  THUNDERSTORM *
line if
applicable) CIRRUS

REMARKS: Any additional pertinent data such as abrupt changes in temperature or wind, fluctuations in temperature, any
alleviating action such as reduction of airspeed, change of course or aititude and the consequences of such action, etc. Give

position to which ** Remarks ** apply.

DEFINITIONS: Very light-—perceptible. Light—slight discomfort. Moderate—difficulty in walking. Severe—loose objects
dislodged. Extreme—aircraft violently tossed about.

Fig. | Turbulence reporting form.
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Table 1 - Calendar of CAT occurrences during the period 2300 GMT 8 December to
2400 GMT 13 December 1964

(a) Flights at and below 30,000 ft

Occurrence of CAT
Time and Date — Percentage
No. of Flight Squares . of Flight Squares

GMT Total| None| Light | Mod.| Sev.| None Light | Mod. | Sev.
2300; 8-0500, 9 92 80 7 5 0 87.0| 7.6 | 5.4 0
0500, 9-1700, 9I 112 106 5 S O ) 94.6 | 4.5 | 0.9 0
1700, 9-0500, 10 155 131 10 91 5. 84.5 6.5 5.8 3.2
0500, 10-1700, 10 .93 81 3 7 2 s7.1f 3.2 | 7.5 | 2.2
1700, 10-0500, 11 197 175 16 .3 3 . 88.9 8.1 1.5 1.5
0500, 11-1700, 11 61 60| 1 0 0 98.4 ] ‘1.6 0 0
1700, 11-0500, 12 66 .64 2. ol o 97.0| 3.0 0 0
0500, 12-1700, 12{ .- 67 | . 65 2 0 0 97.0} 3.0 0 0
1700,-12-0500, 13 ﬂi;z-, S131 1 0 0 99,2 0.8 0 0
0500, 13-2400, 13 i 103 101 2 o} o 98.1 1.9 0 0

Total - 1078 994 49 55 10 92.2| 4.6 | 2.3 | 0.9

) Mod. = moderatéﬁ Sev. = severe
" .(b) Flights above 30,000 ft
. : Occurrence of CAT
Timevand.Patp N £ Fligh . Percentage
. - © 1ght Squares of Flight Squares

“GMT ~ - Total| None 'Lightb'Mod. Sev. None | Light| Mod. | Sev.
2300, 8-0500, 9 161 156 is 0 0 ‘96.9 g3.} 0 0-
0500, 9-1700,. 9 149 147 0: 2 0 98.7 = 0 1.3 0
1700, 9-0500, 10| 204 | 186| 14 | 4 0 91.1| 6.9 | 2.0 | 0
0500, 10-1700, 10 167 158 1 8 0 94.6| 0.6 8 0
1700, 10-0500, 11 196 190 6 "0 0 96.9 | 3.1 0
0500, 11-1700, 11 95 92 3 0 0 96.8 3.2 0 0
1700, 11-0500, 12 107 104 2 1 0 97.2 1.9 0.9 0
0500, 12-1700, 12| - 86 86| o 0 0 100 0 ;Q
1700, 12-0500, 13 116 116 0 0 0 100 0
0500, 13-2400, 13 122 117 5 0 0 1 95.9 4.1 0 0

Total 1403 1352 36 15 0 96.3 2.6 1.1 0

Mod. = moderate; Sev. = severe -
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Table 1 - (Cont'd) . (c) Flights at all levels

Occurrence of CAT
Time and Date‘ —— Percentage
No. of Flight Squares of Flight Squares
GMT Total| None | Light| Mod.| Sev.| None |Light] Mod.| Sev.~
2300, 8-0500, 9 253 236 | 12 5 0 93.3 | 4.7 | 2.0 0
0500, 9-1700, 9 261 253 5 3 0 96.9 | 1.9 | 1.2
1700, 9-0500, 10 359 317 | 24 13 5 88.3[ 6.7 | 3.6 | 1.4
0500, 10-1700, 10 260 239 4 15 2 91.9 { 1.5 | 5.8
1700, 10-0500, 11 393 365 | 22 3 3 92.8 1 5.6 | 0.8 | 0.8
0500, 11-1700, 11 156 152 4 0 0 97.4 | 2.6 0 0
1700, 11-0500, 12 173 168 4 1 0 97.1 | 2.3 | 0.6 0 -
0500, 12-1700, 12 153 151 2 0 .0 98.7 | 1.3 0 0
1700, 12-0500, 13 248 247 1 0 0 99.6 | 0.4 0 0
0500, 13-2400, 13 225 218 7 0 0 96.9 | 3.1 0. 0.
Total 2481 2346 85 40 10 94.6 3.4 1.6 0.4
Mod. = moderate; Sev. = severe

Table 2. Distribution of flight squares with and without CAT occurrence with Height

Flight No CAT Light Moderate Severe Flight Squares
Layers (ft) Flight sqgares Flight squ%res Flight squares i Total No.|% with
: No. % No. % No. % No. % .
CAT
§26,500 960 92 418 5 25 2 10 1° 1043 8
27,000 - 30,000] 34 97 1 3 0 0 35 3
30,500 - 33,500 537 96 19 3. 1 0 562 4
234,000 815 97 17 2 9 1 0 0 841 3
- All levels 2346 95 85 3 40 2 "10.0.4 2481 ‘s

Over the most intense period of CAT, from 1700 GMT on 9 December to 1700 GMT on
- 10 December 1964, there were 87 flights of which 45 (52 per cent) encountered some degree of CAT
and 22 (25 per cent) encountered moderate or severe CAT. Examination of upper air charts during
the most intense period of CAT shows some interesting features. The 300 mb charts for the period
2300 GMT on 8 December to 2300 GMT on 10 December 1964 (see Fig. 4) show an intensification of a
-major trough just off the east coast of Australia, with a subsequent equatorward displacement of
the jet stream. Most of the CAT occurrences for the 24-hour period centred on 2300 GMT on
9 December were in the region of this trough. The horizontal wind.shears in the region of the
trough intensified to a maximum of 70. knots per 100 nautical miles between 2300 GMT on
8th December and 2300 GMT on 9th December and the vertical wind shear maintained a constant
high value of 7 knots per 1000 ft over this area. There were also areas of CAT (mainly light)
situated in or east of a high pressure ridge in thé vicinity of New Zealand. The majority of
CAT occurrences were on the cold side of the jet.
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(b) Analysis of CAT against Vertical Wind Shear

Vertical wind shear has been regarded by many research workers as one of the most
important parameters in forecasting CAT. The data were divided into two layers, squares with
flights "at and below 30,000 ft" and squares with flights "above 30, 000 ftr. Analyses were carried

out for these two layers separately and also for both combined, i.e. for flights 'at all levels'™.

Two parameters of vertical wind shear are considered,
(i) the average of the magnitudes of the vector shears in the 10,000 ft
layers above and below the level of maximum wind (the "average" shear),
(ii) the magnitude of the vector shear in the layer 10,000 ft below the

level of maximum w1nd

From these shears, values for the centres of flight, squares were obtained by interpolation, Each
shear parameter 1s graded in two ways, within specified limits and above specified limits (for
values 24 kt/1000 ft),

The occurrences of CAT in flight squares are analysed according to classes of wind
shear parameter (i) in Table 3, and according to classes of wind shear parameter (ii) in Table 4.

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

(a) Flights at and below 30,000 ft

No. of
No. of % %
Shear No: of CAT % Mod. or Mod. or Shear % | Mod. or
Flight Sev. CAT Xt/
(Kt/1000 ft) occurr-| CAT Sev. CAT Sev.
Squares ences - occurr- CAT 1000 ft) CAT
ences : .
<4 319 14 4 0 0 <4 4 0
24 and <6 369 17 5 7 2 24 5
26 and <8 279 37 13 22 8 26 14 7
28. 111 16 14 6 5 28 14 5
(b) Flights above 30,000 ft
No. of
No. of % - %
Shear NOI of CAT % Mod. or Mod. or Shear % | Mod. or
Flight _ Sev. CAT (Kt/
(Kt/1000 ft) occurr CAT Sev. CAT .Sev.
Squares ences occurr- CAT 1000 ft) CAT
ences
<4 819 19 2 4 0.5 <4 2 0.5
24 and <6 328 12 2 0.6 24 6 2
26 and <8 176 11 5 3 26 4
%8 ’ 80 9 11 4 5 28 11 5
(c) Flights at all levels
: No. of
No. of p % %
Shear No. of | ear | g |ModiooT fyg. or || Shear % | Mod. or
Flight Sev. CAT Kt/
(Kt/1000 ft) occurr-| CAT Sev. CAT Sev.
: Squares ences -occurr- CAT 1000 ft) CAT
. ences
<4 1138 33 3 4 0.4 <4 3 0.4
24 and <6 697 29 4 9 1 >4 3 3
26 and <8 455 .48 11 27 6 _ 26 11 6
28 191 25 13 10 5 28 13 5
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Table 4. Distribution of CAT occurrences against vertical wind shear in the 10,000 ft layer below
the level of maximum wind, i.e. parameter (ii)

(a) Flights at and below 30,000 ft

No. of No. of ﬁgé ogr % Shear %
Shear Fli ht CAT % Sev. CAT Mod. or (xt/ % | Mod. or
(Kt/1000 £t) | ¢ -ugres occurr- | CAT| 27~ -7 Sev. 1000 £ty CAT | Sev-
q ences CAT CAT
ences
<4 380 23 6 9 2 <4 6 2
24 and <6 354 30 7 15 4 24 9 4
26 and <8 230 24 10 10 4 26 9 4
28 114 7 6 2 2 28 6 2
(b) Flights above 30,000 ft
No. of
No. of " % %
Shear g?i zf CAT % 223' g:T Mod. or %;:jt % |Mod. or
(Kt/1000 ££)| ¢ uires occurr- | CAT| =7 ™" | Sev. 1000 £1) | CAT| Sev.
4 ences CAT CAT
ences
<4 814 26 3 6 1 <4 3 1
>4 and <6 346 10 3 5 1 24 4 1
6 and <8 187 11 6 3 2 26 6 2
28 56 4 7 1 2 28 7 2
(¢) Flights at all levels
. No. of ‘
No. of . % %
Shear g?i ﬁf ~ CAT % 223' gXT Mod. or %tiir % | Mod. o]
(K£/1000 £t)| o uires occurr-| CAT| 7% ™ Sev. 1000 £t) | CAT| Sev.
‘ q ences CAT CAT
ences
<4 1194 49 4 15 1 <4 4 1
24 and <6 700 40 6 20 3 24 7 3
26 and <8 417 35 8 13 3 26 8 3
28 170 11 7 3 2 =8 7 2

The results in Tables 3 and 4 suggest that the 'average" vertical wind shear, para-
meter (i), is a better indicator of CAT than the vertical wind shear below the maximum wind, para-
meter (ii). Table 3 shows an increase in the percentage of CAT with increasing shear, whereas
Table 4 only shows this tendency above 30,000 ft. The maximum percentage CAT of any category
was 14 per cent for flights at and below 30,000 ft and for an "average' vertical wind shear of
8 knots or more per 1,000 ft. '

{c) Analysis of CAT against Horizontal Wind Shear

An analysis of occurrence of CAT against various values of horizontal wind shear at
300 mb is shown in Table 5. Here too, the data has been divided into two layers, at and below
30,000 ft and above 30,000 ft. The wind shear is also graded within specified limits and above
specified limits, separately.






