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SUMMARY

The note presents preliminary information on the power spectral data
obtained during Project TOPCAT in Australia. Measurements of moderately
severe clear air turbulence were obtained from a Canberra aircraft flying at
altitudes of 26000 to 33000 ft in the vieinity of the sub-tropical jet stream.
In some respects, particularly at long wavelengths, the spectra are dissimilar
to those found for low level turbulence and there are indications that the
turbulence is anisotropic. At short wavelengths the power spectra agree well
with a =5/3rd power law, and the energy densities of the three components

(ug, Vg WE) are similar,

*  Replaces R,A.E, Tech. Report No, 65210 ~ A.R.C. 27611,
##  (O0f the Aeronautical Research Laboratories, lelbourne.
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1 INTRODUCTION

Although a great deal of information has been obtained on the power
spectra of atmospheric turbulence at low altitudes where the turbulence occurs
in the earth's boundary layer due to mechanical or convective causes1’2, there
is still little information on turbulence at higher altitudes. The picture is
now being successfully filled in as regards turbulence in severc storms and in
cumulus cloudj, but published data on clear air turbulence at the higher al-
titudes is still sparse., The only known published data are those of Shufh
obtained in the U.S.S.R, These are in reasonavle agrecment with the spectra
of the present report at wavelengths shorter than 2000 ft, but there is a
discrepaency at longer wavelengths, This has yet to be resolved; it may well
arise from basic differences in the methods of measurement as discussed by
Reiter5. Whatever method is used the problem of measuring long wavelength
motions of the atmosphere with a jet aircraft, which itself becores increasingly

unstable at the higher altitudes, is a Jdifficult onc,

The present report prescnts power spectral data obtained during Project
TOPCAT in Australia from August to Octobcr 1963, In this investigation,
atmospheric turbulence associated with the sub-tropical jet stream was measured
by means of a specially instrumented Canberra aircraft, The aircraft measure-
ments were strongly supported by meteorological ground end upper air obsorvea-
tions. Details of the meteorological aspects of the project are given in
Ref, 6, The sub-tropical jet stream, which flows from west to east, is usually
located across the southern half of Australia during the winter months, with the
Jet axis at an average height of 35000 to 42000 ft. Wind velocities greater
than 150 kt are not uncommon although maximum turbulence does not necessarily
occur in the region of strongest wind. The power spectra relate to traverses
made on 4 different days through discrete patches of clear air turbulence, 1In
most cases only one traverse through any one patch has been analysed, although
recordings were usually made of a number of traverses at different heights and
in different directions. Because of the extensive data reduction and computa-
tion involved, these other traverses have not yet been analyseds The turbulence
was judged subjectively to be moderate in severity. Vertical incremental
accelerations of the order of 0,58 to 0,8g werc recorded but there was some
evidence that the horizontal componcnts of turbulcence werc more severc than the
vertical., Power spectra were obtained for all threc components of turbulence.
The patches studied occurred mostly at heights of 26000 to 29000 ft on the polar
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side of the Jjet stream (the search for turbulence was mainly confined to this
side). The patch of turbulence encountered in flight 33 was an exception to
this, in that it occurred at 32000 't near the height cof the jet axis, which was
unusually low that day. '

2 OUTLINE CF METHOD

The aircraft, a Canberra B6, instrumented with gust measuring probe, was
the same as that used for previous investigetions of low level turbulence. .
Slight modifications were made to the instrumentotion, described in its original
form in Ref. 7, to adept it to the higher altitude environment. Additional
items fitted included Dopplcr for wind measurements and a smoke gencrator for
visual asscssment of air flow patterns. This smoke generating system proved
invaluable for marking patches of turbulence end allowing subsequent traverses

through the turbulence to be positioned relative to each other.

In the carlier investigaiions of low altitude turbulence, power spectra
were not derived for the lateral component of turbulence, although recordings
werc made, since it was suspected that such spectra would be contaminated by the
amount of Dutch roll which occurred when the aircraft encountered turbulcnce.

An attempt was made, however, vo tackle this problem for the high altitude
measurements. The response of the aircraft in the Dutch roll was decreased to
some extent by the addition of ving tip tanks, which were kept three-quarter
full of fuel, sincec this condition proved optimum for minimising the motion;
(verious cffects, including increacsed moment of inertia and increased damping‘
from fuel sloshing, contributed to this reduction). Best corrections for
eliminating the effect of the remaining Dutch roll from the gust sensing probe
signals verc determined empirically from an analysis of pilot-induced Dutch roil
in smooth air. It was found that correction could be made from angle of yaw

only, the contribution from rate of yaw bcing insignificant,

The standard equation developed by Chilton8, Crane9 and others was used
for determining the vertical velocity of turbulence from the air flow sensed by
the probe ond from the aircraft motions. Since the measurement of the vertical
gust spectra at low frequencies depends strongly on the correction for changes
in aircraft attitude, this guantity was cstimated both from a free gyro signal
and from an intcgrated pitch rete gyro signal. The vertical gust spcctra
obteined using the alternative mothods were in good agreement over the froquency
renge 0,1 to 10 cycles/sec, Somewhat simplified equations were uscd for the

horizontal components. In the case of fore-and-aft turbulence the aircraft



ground speed was assumed sensibly constant, i.e. all variation in air speed was
assumed due to turbulence, A comparison of power spectra obtained from
synchronised measurements on a radio tower at Darmstadt and on the aircraft
flown in the neighbourhood of the tower, suggests that this assumption is
justified, at least at low altitudes. In the case of the lateral turbulence,
corrections were made for the lateral movements of the aircraf't in the Dutch
roll only, as described above, Comparison of the tower end aircraft power
spectra suggests that in this case the eircraft spectra tend to over-estimate
the energy content et long wavelengths. This could be due to incomplete
elimination of the Dutch roll or to lateral motions of which no account has
been taken®*,

The power spectra were obtained from the Fourier transforms of the aute-
correlation functions of the time histories of the vertical, lateral and
longitudinal components of the true air velocities encountered by the aireraft.
The original data were digitised at discrete intervals of 1/20th sec.

Processes used to refine the accuracy of the spectra included pre-whitening

"10. The computer programme was written to obtain estimates of

and "hanning
the spectra over two ranges of the frequency., In the first, estimates based
on unsmoothed data were obtained from O to 10 ¢/s at an interval of 0.2 ¢/s.
In the second, non-overlapping groups of four were pre-whitened and estimates
of the spectrum from 0.05 to 1 ¢/s obtained, the resolution being 0405 c¢/ss
The final spectra were composed from the two sets of estimates., Spectra were
transformed to & wave-number- plane by removing the effect of the aireraft true
airspeed.s It is believed that the processes used for obtaining the spectra

give rcliable estimates over a wavelength range of the order 10000 to 100 f£t,
3 RESULTS
3¢1 Set-out of results

Estimates of the individual spectra are plotted in Figse.1-7. The
estimates show e certein amount of scatter and smooth curves have been faired

in for comparative purposes. These are used in Fig.8 where the three

*Full correction for the aircraft motion would heve required inclusion of
lateral acceleration and angle of roll terms in the equations for the lateral
gust component, Lateral accelerations were, however, small - except for the
Duteh roll component - and contained an unwanted fuselage flexural component,
It was, therefore, considered that the inclusion of the lateral accelcration
would probebly do more harm then good., Angle of roll is not required if the
lateral accelcration term is omitted,



components of turbulence for each traverse are grouped together. Fig.,9
compares spectra obtained for the whole of a traverse of 4% minutes with

spectra for the last 1% wminutes of the same traverse.

Table 1 gives & summary of the traverses, flight conditions and root
mean square gust velocitics. These velocitics are truncated values obtained
by measuring the squarc root of the arca under curves of best fit for the
wavelength range 10000 to 100 ft. Cubic polynomials in log f were fitted to
log P for this purpose.

The spectra of flight 44 relate to a low-level flight made during the
TOPCAT trials in which %urbulence measurements were taken at 300 ft, Tur=-
bulence was light and mainly due to sonvective causess The spectra for this

flight are included for comparison with the high altitude spectra,

%42 Aecuracy of results

Some of the spectra included in this note have a bcaring on the accuracy
of the results. The spectra of Fig.8(c), relating to the low-level flight,
indicate that the equipment was vworking recsonably well and giving results
comparable with thosc obteined previously from measurements on the same air-
craft and by other workers in this field, The spectra of Fige9 indicate
that there is no significant loss of cnergy at the long wavelengths due to
the shortage of the sample - at least down to samples of length 1% minutes.
The slightly lower valucs obteined in the shorter sample arc due to the end
of the run being less turbulent; this results in a decrease of energy at all
wavelengths, rather than at very long wavelengths as would be the case if the
decrease was duc to shertage of sample. The traverses 18,02 and 18,04 were,
however, shorter than this, ond the validity of their spectra at the longer

wavelengths has yet to be established.

As noted in the outline of method, it is likely that the spectra for
the lateral component of turbulcnce slightly over-cstiuate the energy content,
perticularly at the longer wavelongths, In the ccse of the traverse 27.06,

& very large velue of vg was obteined at a wavelength of 15000 ft, and this
valuc has been omitted es it is suspect. It should be noted thet the
reliebility of all cstimates in the region of 15000 ft is somewhat uncertain
because of the difficulty of extending meeasurcments to such long wavelengths,

4

3¢5 Discussion of results

A study of Pig.8(2) to (d) revecls some interesting features which are

discusscd briefly belows:-



(i) The spectral density curve of the vertical component of turbulence
wk tends to lie below that of the horizontal components, particularly at the
longer wavelengths. At shorter wavelengths, less than about 500 ft, the curves
come together again with a slope approximating to & ~5/3rd power lawe. At these
short wavelengths the spectra are similar to those found for other types of
etmospheric turbulence, The feed-in of vertical energy at wavelengths of the
order 2000 to 4000 ft (denoted by the flattening of the spectra), is perhaps
not surprising in view of the shellovmess of the layers in which high altitude
clear air turbulence occurs. Such layers are usually of the order of 3000 ft
in depth.

(ii) A study of Fig.8 shous that the curve for ug tends to lie above or
very close to, that for vg when flying in the direction of wind, and below it
when flying cross-wind, This suggests that the horizontal component of tur-

bulence is greater in the direction of the jet stream than across it.

(iii) The curves of spectral density, particularly those of the vertical
component, often exhibit a cubic curvature {or S-bend) when plotted on a log-
log scale, Figs.8(a) and (b) suggest that this is a characteristic of spectra
obtained when the flight path is across the wind, but this does not hold true
for the traverses of Fig.8(d) unless the upper and more stronger southerly wind
is considered to be the dominant factor. On this day the situation was complex
with a sharp change in wind direction, as well as in speed, at about the lovel

of turbulence,

(iv) The value of the cross—correlation coefficient between tho longitu-
dinal component of turbulence, i.e. the component elong thc aircraft flight
path, and the vertical component varies according to the direction of the flight
path relative to the wind, TFige10 shows a plot of this cross-correlation co-
efficient against direction of flight relative to the wind. The sign of the
cross correlation coefficient indicates an association of upwind and upward
turbulent air flow, and vice versa., One exception is found to this - that of
the traverse 33,05 where the effect is reverseds It is perhaps significant
that this is the only traverse mode at the level of the jet stream axis, vhere
the wind shear would be opposite to that of the other traverses, i.e, the wind
would decrease rather than increase with height. The cross-correlations are
those of the pre-whitened values and, therefore, relate to accelerations of the
air flow rather than velocities.



4 CONCLUDING RERMARKS

Analysis of further recorded data would help to determine how the features
noted above, such as the variation in the ratio ug/vg, the input of spectral
energy in the middle range of wavelengths and the variation in the cross-
correlation between w_ and ug, are related to parameters such as wind direction
and shear, These answers should contribute to & theoretical understanding of
the neture of clear air turbulence associated with jet strcams. In the mean-
time sowe general concliusions can be drawn. In particuler, there is consid-
erable evidence thot such clear air turbulence is anisotropic, at least at wave-
lengths greater than chbout 500 £t, The anisotropic region is characterised by
the horizontal compononts of the turbulence being grecater than the vertical,

At short wavelengths, less than 500 ft, this type of turbulence tends teo be
more nearly isotropic with a slope approximating to a -5/3rd power law., Thus,
et the shorter wavelengbhs it is similar to thet already measured at lower

altitudes and in cumulus and storm clouds.
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Table 1

SUMMARY QF TRAVERSES

Root mean square
Average Average | p otion gust velocity Coefficient of
Date thhtNand b;erﬁtnc Heading ;}‘sz eea of run Wind £t/sec cross correlation
xun o, e;’get - t:-u(;’ seconds deg/kt o* c* o* between wg and u
u v w
21,8463 | 18,02 (Run B) 28200 155° 73h-o1 37.5 | 270°/90| 2.76| 3.86 | 2.61 ~0.188
21,8463 | 18404 (Run D) 29100 260° 73749 50 261°/90| 3486 | 3490 | 2491 04289
449463 | 27,06 (Run F) 26690 280° 730.5 | 150 226%/9| 2,74 3410 | 242 04069
1249463 | 33.05 (Run E) 32040 255° 74242 150 260°/90| 3,70 3434 | 2.38 0,263
1410463 44,04 (Run D) 300 - 5070 150 - 1481] 2,10 | 1,98 0,022
3410,63! 45,08 (Run H) 284,50 086° 741 .8 270 256°/43 | 3,71 | 2446 | 2418 ~0,198
3410463 | 46,05 (Run E) 29260 | 216° | 7uhe | 100 278°/45 | Le59| 4490 | 3.53 0,160
*Truncated velues for wavelengths rangirg from 100 £t to 10000 ft,
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SYMBOLS
Vertical component of velocity of turbulence

Lateral component of velocity of turbulence

relative to aircraft

Longitudinal component of velocity of turbulence

relative to aircrafit

Root mean-square values of vertical, lateral
and longitudinal components of velocities of

turbulence

Spectral density of turbulence

Frequency

£t/ sec

ft/sec

ft/sec

ft/sec

(ft/sec)?/cycle/ft

CeDeSe
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severe clear air turtulence were obtained from a Canberra sircraft flying
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