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CLEAR AIR TURBULENCE IN AUSTRALIA
By 6. T. Rutherford |
Central Meteorolocical Bureau, Melbourne.

(Manuscript received December, 1955)

Abstract: About 40 observations of moderate
or severe high-level turbulence in clear air -
. have been reported in Australia since.
-vaebruary, 1955 . . o

These renorts have been examined
...in_relation to the. relevant jet. stream. .. e
- patterns, ‘stability characteristics, pressure-‘”

" “height contours, fronts and topography, and
the probable causes of the turbulence set
out.

1. - INTRODUGTION |
" Cloar air turbulence at high altitudes has
become a problem. of major importance, Since there 1s no
visual warning, i1t iIs unavoldable, and may occaslon not

only physical discomfort to passengers, but stresses to
.the .aircraft.which may exceed a safe limit, . - o oo

) ' Turbulence as experienced by aircraft is .
due to ‘eddies giving an acceleration which has a vertical_
component, Horizontal gusts also result in a vertical’
motion, but 1t has been computed (Hislop 1951) that a
horizontal gust velocity of about .four. times. the vertical
is necessary to give the same vertical acceleration.
Since horizontal and vertical gusts are belleved to be
of the same order in the troposphere, 1t may be assumed
that the vertical vusts are mainly responsible, and these
are considered in this paper. .

B s Aircraft are believed to be sensitive to’
eddies ‘of 50 to 500 ft, diameter for turbulénce as 1t 1s
here conslidered. For smaller" eddies,'the effect on the
aircraft would be imperceptible, and' for the larger ‘
convective type, the pllot would usually have time" to)_
take stabilising action° : :
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e PROBABLE CAUSES OF TURBULENCE

Forty—one cases were considered, where the
turbulence was moderate or severe, These were obtained
over the period February, 1953, to September, 1955,-and in
all but four cases were reported at heights of 20,000 ft,
and above, Thirty~two occurred in tle Woomera area.
where the greater part of the flylng was carriéd outs,

TABLE I, .

UMRY OF SIGNIFICANT FEATURES ASSOCIATED
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The probable causes of turbulence in these
cases are summarised in Table I and are discussed here-
under :” .

(2) Jet Maxima in Vieinity.

Richardson has shown that where there is a
rapld’ chanae of wind shéar with heipht, a. thermally '
stable atmosphere can break down to turbulent flow.,

One of the characteristic properties of the
jet stream 1s a strongly increasing vertical wind shear
zone: in the middle troposphere and an even stronger
decreasing shear %one in the lower stratosphere,.
Turbulence at hish levels should therefore be expected
to occur in'the vicinity of jet streams, and, in particu-
lar, near jet stream maxima, where. the vertical shears
reach their areatest intenslty - see Figi 1l.:

" In this investlgation 1% aooeared that
about half (21) of the reports could be associated with
a jet stream maxima, and most of the cases occurred in
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the’ cold exit quadrant (Fig, - 2)., A strict comparison -

of the ‘turbuleénce distribution relative to tle Jet axie ..
cahnot be made since Woomera flights (which predominated in
the reoorts) would be’ carried out mostly .on ,the:.cyclonic

or cold side-of the jet axis., =~ All except cne case oceurr-
ed below the core of the jet - due, probably, to the

restricted flying at very high ¥ vels, Further limitatioms
on the validity of the distribution are inposed by =

(1)' the subgectivity of the isotach pattern, and

. (11) “the ‘absence of "NIL‘ reports. Hislop (1951)
indicates that most: traverses of the jet stream will not
encountér turbulence at all, Only if "NIL" reports.are
available can® representative frequencies be obtained of
turbulence occurrence, and distrlbution.about the jet axis.

Overseas studies have indicated that, about
20% of cases of clear air turbulence were assocliated with
the jet stream, with a much.closer relationship where the
more. severe cases are concerned (Eannon 1952) ., ‘Bannon
found that about two-thirds of such cases were connected
with ‘the- jet stream, and Le Roy Clem (1953) has emphasized
the, close association with travelling Jet maximac o

(b) Inversion or stable layer. :

' In 16 of the cases studied, the reported
turbulence height coincided with .the. base of the tropo- . -
pause, and in three other cases, with a Jowsr inverslon
(Figs 3 and 4). In most of these cases, the. inversion
or tropopause .was assoclated with another causdtive feature
(vertical shear mnear -jet maxima ‘or upper trough) but there
were three cases wheére-prdo-imity to the stable-layer was.
apparently ‘the" only sienificam features Similar situations
have been described by Bannon (1952). T e e

. However for the most part it aopears that
‘the tropopause functions nostly as da ducty,iin-which. the
turbulence, set off by another ‘process persists 888 ~... =
travelling gravity wave, T degeneratlion:of. these waves
into small. eddies may result in aircraft turbulence°

(cY' Upper TroughS‘

: e Turbulence wa's reported on five occasions
when upper alr pressure- -height contours indicated a sharp
trough near the flisht level, The availahle radiosonde
flichts indicated tropopause inversions at these heights.
These troughs were cold pools and non-frontal in character,
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A similar correlation has been -noted by Bannon (1952) wand -
(Harrison (1950). No satisfactory explanation ‘hais”-been

put ferward for the turbulence-creating mechanism.of -upper
lows or troucghs, since {nstabllity should be ‘asscclated .
with anticyclonie curvature rather than ¢yclonlce: ™7

' (d). Fronts.

S - In five cases, turbulence was found to
be assoclated with a frental surface, Four of these were
concerned with the one front at different times, so that
only two séparate synoptic situatlions were involved. An
example 1s shown in. Flg. 5, - All five cases’were’ conspls
cuous by deep and rapid cocling to 30,000 ft.; and turbu=-.
“lence occurring at the.base of the tropopause,. The . .
turbulence here ¢ould be due tc the travelling gravitat= =
ional wave ahead of a ccld front, first mentioned by
Goord, . ¥ ! O, 2T

"(e.).. .. Hydrostatic Instabllity,

Ao E e Td five ‘cases, the stabllity character-
istics at the level of the turbulence were neutral, 1.0,
in dry air, the lapse ‘rate was the d.8.lere and in
saturated air, the s.a.,l,r. Where the latter condition
applied, the alrcraft was. prcbably very.close to cloud
and .the classlificatlon as feclear air” turbulence 1is

- doubtful, - In‘three cf the five cases a jet maximum was
also a.significant factor, S - - o

.i(fi;? Standing wave.

..., .. _On two occaslons it appeared that
_~turbulence may have resulted from standing-wave develop=-

ment over thé south-eastern highlands, Radok (1954)
quotes a case when a standing wave near a jet maximum -
was  probably instrumental in causlng severe localised
turbulence, . The effect of high country in producing
clear .air turbulence was alsoc noted by Turner (1955).- who.
found that a number of ‘cases were repor ted when a jet .
maximum was lccated over hills 1n the morning, and none
in the afternoon when the jet maximum had moved over
flat countrye. However, in the two cases here consldered,
there did not a»nnear tc be ‘any causatiye  features cther
than a deep south to southeast flow over the hills to
east and south of the bturbulent area:  lLaverton's

radiosonde .flights, about 200 miles distant, showed no

,inyersionglayer,a
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It is known that standing waves and clear ailr
turbulence are sometimes.reported in the 'same air stream '
(Jones 1954),:. . Turner, from an obsérved-summer minimum 1in
wave formatilon, sussests that & higher degree of stabillty
may be necessary for waves thanifor. turbulent flow, and
quotes cases where turbulence has ‘éccurred in air of neut-
ral stabllity, i.es, with dry or‘wet adiabatic lapse '
rates, o e RTI SR '

The terraln has been suggested as the mechan-
-1sm whereby standling waves may degenerate to turbulent '
flow, i.6., @ second ridge out of phase with an.existing
wave train, Le Roy Clem, (1955), puts forward a physical
model, analogous to same low-level phencmena, as an explan-
ation, He suczests there 1s a critical combination of .
vertlcal shear and stabillity which gives a standing wave
effect, and a second critical value at which the flow
becgmeS'bhaotic»orjturbulentu ‘

3.5 7 . CASES WHEN NO SIGNIFICANT .FEATURES ADPLY -

veiilict In: two cases, there were no particular. synop=
tic features with which the turbulence could be-associated,
The winds in the .turbulence areas were comparatively 1light,
about 50 kts, and the-possibility of -strohig vertical or ¢

horizontal-sheéar appears remots. -

YU e et Tt BotKooccurrences were repor ted. by Canberra .,
alrcraft, and ih -one case the lurbulence was .described -
as"periodic™, .- The .possibllity does -exist that slight .. -.
atmospheric turbulence may have exclted the natural . .;
frequency of the aircraft. - Corby (1955) states that
Canberras frequently report a type of *turbulence  of '
frequency about 6 c.p.s..belleved due ‘Lo vibrations .

. coinciding with the natural nodes of the aircraft, .-

4, * +  DIMENSIONS OF ‘TURBULENCE

. .- The turbulence layer was reported as belng'
greater than 2000 ft. thick on oaly five occasi.ons. C
However, i1t 18 imprdoable that a.search of the area. -
vertical and horizontal - was- carried out in all cases,
Investigations made by Hislop (1981) and Clodman. (1953)
indicate that about 60%. of cases are less than 3000 ft. .
thick, with horizontal dimensions of 50 tQ‘lOO,miles& 

. % 1 The-variation of -turbulence in time was _
{1lustrated in acase. when moderate-.turbulence 1in a certain
area gave way torsmooth:flow within 1% hours, Hislop N
reports{é“caseiinywﬁiéh“an-aifcraft‘met}smooth"air.in oneé
traverse of the jet stream-and severe turbulence 30 minutes

later on a reciprocal courseg’
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Se’ - DISTRIBUTION WITH HEIGHT.

B No strict ceomparison can be made concerning .
distribution of turbilence with height because the number
of hours”flown at each height 1s not known., However; the
tropopause level, and a level about 20,000 ft, account for
about two-thirds of the reports. These preferred reglons
can probably be accounted for by -

(a) *  the active part played by the tropopause
. in maintaining and propazating the
turbulence .

(b) ~ the reglon of large increas in vertical
’ shear * } ' .

It is 1likely that a third preferred region exists in the

rapldly decreasing shear zone 1n the stratosphere, €«S5ey

at Woomera, 4th November, 1953, when the wind at 41,000 f% -

was 170 kts, and at 48,000 ft, 25 kts. ~Few cases are ’

available dué to the restricted flying at these levels,

6, 'STATEMENT OF PRESENT POSITION =

Tt would appear. that clear air turbulence 1s .
most ccmmonly experienced at the base of the tropopause

and in the vicinity of a jet maximum, whers the most favour=-

able conditions are present of strong vertical wind shear
and stability. The - Richardson crilterion has been used

to explain the turbulence - creating mechanism‘bf,these

two factors, However, there 1s a wide divergence of
opinion as to the critlcal cambination of shear and stabil~-
i1ty at which® turbulent flow occurs, and values of the
Richardson number varying from 0,04 to 1.5 have been. o
suggested. (Petterssen and Swinbank, 1947), Bannon (1951)
found that even a ssuming as high a critical value as Sy
only about one-thlrd of cases of turbulence are accounted ’
for. Thus, the Richardson criteria would appear to have
only limited value in determining the critical combinat-
1on of shear esnd stability. This was supported by an
experiment by-Ddrst~(1945§ who found that the swing of a
can on a wind findlng balloon was sSreater for large values
of Tilchardson number than for small, '

A major difficulty in establishing a corre-
lation between shear and turbulence arises in the 1ln-
accuracy. of wind shear measurements over the small layers
in which turbulence is often focund. Instrumental errors

in aircraft found winds or rawin cbservations would seem .

to prevent accurate measurements, although Clgm,(1955)'
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~glves results using rawin equipment for which high accuracy
is claimed, An alternative methocd ccnsists in measuring
the horizontal temperature gradient at the level of turbu-
lence and anpply the thermal wind equatiocn, Hislop and
Davies (1954) suggest that for this purpose the temperature
cradient should be measured over a minimum of 50 miles,

In this :way Dickson (1955) computed that the -vertical wind
shears were 8 to 18 kts, per 1000 ft., for cases of light

turbulence (0,1%»)

- Dicksen also, using especially equlpped
alrcraft, obtained micro-temperature varlations at
one mile intervals, With such small-scale and turbu- .
lent variations, balance between fcrce and wind fleld 1s.
‘unlikely to be established and a calculated geostrophlc’
vertical wind shear would have 1little significance other
than indicating the. sign of the shear, Dickson concludes
that the micro-temperature variations, by applylng a pattern
of small-scale positive and negative vertical shears to
the wind profile, lends support to the conception of jet
"fingers" or filaments of high velocity within the jet
maximum, . o S R P L

The irregular behaviour of turbulence zones,
demonstrated by patchy occurrence 1in space and .variability
in time, alsc supports jet finger theorles, The vertlcal
profiles.prepared by Clem (1955) using rawin cbservatlons
show “large variations in six hour periods, and, if .. .
substantiated by future studies, can readlly account for.
the spasmodic nature of clear alr ~turbulence, ’ R

7o CONCLUS ION

The occurrence of clear air turbulence
cannot at present bhe forecast with much accuracy. However,
preferred locations and synoptic situatlons can be indic-
ated,

(1) Turbulence is most frequently assoclated with

strong wind shear, and hence, in particular, with jet
stream maxima. It occurs most often on the cyclonic side.

(2) Tnversions or stable layers, and in particular,
the tropopause, are favoured areas. The tendency for
turbulence to occur at the base of these layers is most
marked in the presence of a strong vertical shears

(3) A sharp upper trough may be associated with
turbulence, It will tend to occur at the level of an
uppér stable layer cr ftropopause,
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"(4) - - When a cold front’ ~ is accompanied
by rapld coolingftp:the tronopause. level, turbulence occurs-at

that level. &

,.;K5)igin layersof neutral~étability, proximity to the
jet stream increases the tendency to turbulent flow.

6) " Mountains may cause turbulence as well as. stand-
ing wave Hhencmena at high levels. C - :

When a jet maximum travels cver land areas, turbulence
tends to be localised and intensified over hilly country,.

‘If-flight ccecurs at the tropcpause or other Stablé
layer, turbulence may be experienced for a considerable
disﬁapce_in the lee of the mountain,: ‘ e

(7) Turbulence 1s most often limited to patches
50 to 100 miles in Horizontal dimensions, with vertical
exterit 1/2000 ft. B SRR

(8) The heights at which turbuleﬁce is most 1lkely‘,
to occur are (a) abcut 20,000 ft. (b) the tropopause
1evel1gnd'(d) about 40,000 ft, - TR :

© (9)" Present theories concerning the turbulence=
creating'meéhaniSms“involved-are‘in&dequate.-.On the
observational side, more detailed or "search'-reports of
turbulence areé desirable together ‘with an adequate returm
of "NIL turbulence":resorts, tc establish frequency -
distributions.






