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and uf, on the average, as n™ ’/ The 4/3 ratio between the transverse and '~ .
longitudinal spectral levels is obqerved at wavelengths of the order of the hc1ght
above ground under unstable conditions and at wavelengths of the order of L/lO
under stable coaditions. This lower isotropic limit is shown to be governed by
the combined effects of shear and buoyancy on small-scale eddics.
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SUMMARY M

The behaviour of spectra and cospectra of turbulénce in the surface layer is described within the frame-
work of similarity theory using wind and temperature fluctuation’ data obtained inthe 1968 AFCRL Kansas
experiments. With appropnate fiotmalization, the spectra and cospectm are each reduced toa famlly of curves
which spread out according to /L at low frequencies’ but’ wnverge toa smglc universal curve in the mertxal
.subrange. The paper compares these results with data obtained by othier investigators over both land and water.

Spectral constants for velocity and temperaturc are detcrmined and the vanabxhty in the recent estimates ;
3 of the constants is discussed. The high-freqiiency behavious is consistent with Jocaliisotropy. In the inertial o
subrange, where the spectra fall as =313, the cospectra fall faster: uwand w6 asn~7% and ud, on the average,
as n~¥2, The 4/3 ratio between the transverse and longitudinal spectral levels is observed at wavelengths of
the ordei-of the height above ground ‘under unstable condltxons and at wavelengths of the'order of L/10 under “
stable conditions. This lower isotropic limit'is shown to be governed by-the combined effects of shear. and

‘buoyancy on small-scale cddies. R
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1. INTRODUCTION

{ Since-the-early 1950's, when modern recording and computing techniques ‘became

available, considerable effort has gone into the study of atmospheric turbulence and its ,
spectral characteristics. The large amounts of data collected to date by various investigators i
show clear indication that spectra of .wind velocity and temperature obey similarity theory; ’
over a range of frequencies in the'surface layer, I'he 1968 AFCRL (Air Force Cambridge*

Research L'aboratories) experiment in Kansas (Haugen, Kaimal and Bradley 1971) was an

attempt toiobtain a comprehensive set of data on wind and temperature fluctuations over a -
flat, uniform site. In this paper we will use the framework of similarity theory to describe

the spectra and cospectra in the surface liyer ovér a broad range of stability conditions and.

to compare them with results obtained byfother investigators,

Instrumentation ‘for the Kansas expenment included three-axis sonic anemcmeters, »
hot-wire anemometers and: fine: platinum wire thermometers indunted at three levels 4
(5-66, 11-3 and. 226 m) on a 32 m tower. Surface stress’measurements Were obtained from :
two CSIRO drag plates (Bradley 1968) installed about 50 dnd 80 i to one side of the tower.
Mean wind speed and temperatuze gradients were measured with standard cup anemometers
and resistance thermometers at 8levels on the tower between 2-0 and 32 m,

Outputs from these sensots were sampled, digitized andstored on magnetic tape by
means of a computet:controlled data ‘acquisition.system (Kaimal, Haugen and Newman
1966). Analog signals from the sonic and hot-wire anemometers. the fine platinum wire
thermometers and the drag plates were sampled 20 times a sccond. The hot-wire anemo-
meter signali were also differentiated, low-pass filtered (Wyngaard and. Lumley 1967) and
recorded on an FM tape recorder, Further details of the site, instrumentation and data .
handling can be found in the earlier paper by Haugen et al. (1971). ‘

A Ny

2. DATA-ANALYSIS

Fifteen 1-hr rung, 10.unstable and 5stable, were selected for analysis. With data from
three levels they comprise a largeset -of spectra and-cospectra covering a range of zIL
values from —2-1to -3-3. The dxstubutxon of the funs according to categories uf z/L is
given in Table 1. Mean profiles, variances, correlations and other statistical parameters for
each of these.runs-are presented in a ssparate data report (Izumi 1971),
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564 J. C. KAIMAL, J. C. WYNGAARD, Y. IZUMI and O: R. COTE

TABLE 1. RUN NUMBERS'SEPARATED ACCORDING TO z/L CATEGORIES. THE FIRST NUMBER DENOTES THE RUN;
THE Nmam 1. 2 mp 3 wITHIN rummmu DENOTE ‘LEVELS 566, 11:3 AND 226 m RESPECTIVELY

a/L Range Rum (1hr w:h)‘
< =20 19(3), 28(3)
~2:0to —1-0 19(2), 20(3), 28(2)
~1+0 to ~0'5 13(3), 14(3), 19(1), 20(2), 28(1), 30(3), 40(3)
-0+5 to —0+3 -13(2), 14(2), 20(1), 21(3), 30{2), 40(2), 48(3
—03 to —0°1 13(1),,34(1), Z1(1), 21(2), 30(1), 31(2), 31(3), 40(1), 48(1), 48(2)
-0:1to0 31(1)
0 to 4+0-1 3701
401 to +0°3 17(1); 24(1), 251), 25(2), 37(2)
403 to +05 17(2), 17(3), 24(2), 25(3), 37(3)
+0+5 to +1+0 23(1), 24(3)
+1:0 to +2'0 23(2)
> 420 23(3)

Lt

The spectra-and cospectra were computed. using the fast-Fourier technique. The
available bandwidth was covered in two stageti. The hxghor range (0-005 to 10 Hz) was
obtained by dividing each 1-hr record into 16- ccnsecutxve blocks of 4,096 data points and
constructing a composite spectrum by averaging the 16 separate spectra. The composite
spectrum was then smoothed by averaging spectral estimates over frequeiicy-bands.

For the lower range (0-0003 to 0-6 Hz) a new time series-was genera3d from the
original series by subjecting it to a 16-point non-overlapping block average. The spectrum
computed from this series has inherently more scatter than the composite spectrum but the
agreement between the two in the two decadés where they overlap is very good. The
higher range was, therefore, treated as our.basic spectrum with estimates from the lower
range used only to extend its bandwidth to 0-0003 Hz.

Friction velocity (u,) values were derived from the average.of two drag plate readings
as described by Haugen et al. (1971). Dissipation zate (¢) values were ‘obtained from the
variance of the differentiated hot-wire anemometer signals (Wyngaard and Coté 1972).
Wind and temperature gradients were computed from the profile data by differentiating
curves fitted at 5 points, 2 above and 2 below the reference level (Businger, Wyngaard,
Jzumi and Bradley 1971).

The symbols used are standard except where noted. U is the mean horizontal wind
vector; u, v, and w are the fluctuating velocity- components along the longitudinal- (x),
lateral (y) and.vertical (2) directions, 6 denotes the mean potential temperature and 8 its
ﬁuctuatmg component &t ariy level, & represents the average potentxal temperature for the
entire layer. Scaling temperature T,, is defined as »—E;?Iu., N-is the dissipation rate for
0‘/2 and k is the von Kérmén's constant. For reasons of symmetry, this definition for T,
is preferred over the one with k in the denominator. The dimensionless terms used here are

f = U a dimensionless frequency
zIL = ka(g]6) (Telus?) a dimensionless height
e = hzeu,’ a dimensionless dissipation

rate for turbulent energy
a dimensionless dissipation
rate for temperature variance

¢y =  kzNu T4?

ém = Rz(dU/d2)u, a dimensionless velocity
gradient
o = kz(d6/d2)|T, a dimensionless temperature gradient
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In the discussions tofollow-we will use, %, .bom and plots' most commonly used in
atmospheric work. ‘We measure frequency, 7"t wavenumber, spectra:and the conversion
‘from one to the other is made through the use +f Taylor's hypothesis. Strictly speaking we
should use different symbols to represerit ths.two types of spectra. Taking the u spectrum
as an example

Jl Fu(x 1)..#.; f Su(n)dn.

If k, = 27n/U we have .
2m .y {2
TF !\“zfj') Sula,
-8 u(Kf)«= nSu(n) . . . (1)

It is traditional in atmospheric ¢ .k to plot frequency spectra, ¢.g. -Su(n) and n Sy(n),
not against n but against the nondim - onal frequency, f. This convention will be followed
in our paper. The spectral forms ,lolvm the product with n will be referred to as
* logarithmic * spectra and cospec!

3

3. Evaruation o 1. IRTIAL SUBRANGE SPECTRAL CONSTANTS

According to Kolmogoi' -, aw-for the inertial subrange the one-dimensional u
spectrum can be expressed as:
(k) = a, €28 1,58, . . . (@)

where k, is the wavenumber;ia.the % direction (x; = 2mnfU by Taylors hypothesxs),
e is the dissipation rate and &, is'a: .universzl constant estimated from various experiments
to be about 0.5

The u spectra computec:ftum the Kansas measurements are remarkably smooth and
follow the --5/3 power lew* with typical scatter no .more than a fewper cent, so-in
conjunction with € values they are useful for estimating «,. The values in Fig. 1 are based
on direct and indirect measuremenits (from hot-wire data and ¢, curve respectwely) and
average.0-50 = 0-05 (standard‘deviation). An earlier estimate based on a portion of this:
data was 0-52 3- 0-05 (Wyng,aard and ‘Coté .1971). Another analysis based on hot-wire
spectral levels and e valtiés.givés 0-53 -+ 0-02 (Wyngaard and Pao 1972).,

As discussed in dm*‘ later, the inertial subrange v and w spectral levels are hxgher than
thecu spectral levels byﬂthe factor of A{3' predicted by isotropy. Average o, estxmates
from v and w spectra-ati0-48 £: 0:05 and 0-50 + 0-05 respectively. Other recent experi-
ments by-Boston (1930%indicate a value of 0-51 for «, while Paquin and Puad (1971)
Eeport 0:57. An unusually high value of 0-69 was observed by Gibson, Stegen and Williams

1970)
For temperature, Corrsin (1951) has proposed the following inertial subrange form:

Fo(x;) = Bi e PN x~%8, . . . (3

where B, is a constant analsizous to «; in (1) and N is the dissipation rate of 832, We did
not measure N directly, but.the temperature variance budget (Wyngaard and Coté 1971)
indicates that'to a good approxxmatton N is equal to the production rate, or —u6(d6/dz).
This approximation leads to B, estimates shown in Fig. Y which average 0-82 4 0-08.
They agree well with our earlier estimate, based on a portion of the date, of 0:79 4 0:10
(Wyngaard and Coté 1971).

Unfortunntely, there are two curreént conventions for the temperature variance dissi-
pation rate in.Eq. (3), and this causes confusion- when B, estimates from different experi-
ments are compared. Fof symmetry with velocity we use the rate of destruction of 872,

#Spectra of all three velocity components are corrected fot spatial averaging in the sonic anemometer (Kaimal et al. 1968).” These
effects are Important only for &y > if! where I (the sonic path length) is 0-2 m, but they sestore the = 5/3 slope at the high end of the
spectral bandwidth,
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Figure 1, Spectral constants &, dnd §; plotted against 2/L. Direct « estimates are obtained from hot-wire
measurements and indirest « estimates from the ¢; curve in Fig. 2.

calling it N. Other workers use , the rate of destruction.of 8% and this leids to a factor
of 2 difference in ﬂx values.

Recent B, estimates, as defined in Eq. (3), show considerable spread. Panofsky’s
survey (1969) of Russian values shows a range from 0-41 to 0-88. Gibson and Schwarz
(1963) measured 0-7 in the laboratory and Grant, Hughes, Vogel and Moilliet (1968) found

:0-62 in the ocean. More recently Paquin and Pond (1971) obtained a value 0-83: Two other

sets of estimates by Gibson et al. (1970) and Boston (1970), based on dxrect measurements
of N, indicate B, values of 2:3 and 1-6 respectively. At this point it is not clear why the
spread in B- values is so large.

4. SPECTRA OF VELOGITY COMPCNENTE;

In recent years various efforts have been made to bring togéther velocity spectra from
many sites, heights and thermal stabilities (e.g. Lumley and Panofsky 1964; Berman 1965;
Busch and Panofsky 1968) and to define their general behaviour in terms of s1mllar1ty
parameters. A-number of spectral forms have been suggested, all of which provide a reason-
ably good fit under near-neutral conditions: Our approach here will be somewhat different:
we first collapse all spectra into universal curves in the inertial subrange and then observe
the spectral behaviour at lower frcquencxes as afunction of z[L.

We note from' Eqs, (1) and (2) that the inertial subrange logarithmic t spectrum
normalized with u,? has the form

nSu(m) . @ (kzc\‘l’ nz)“m
Tu | (@ak)EP i, ¢ N\
Using the definitions of fand ¢,,.this is
"Su(")

. . O]

(2“}2\“.;’151 f “ o . (5)
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5, Eq. (5) becomes
. . . (8

The Kangas testlts havegivess the followind interpolation formula for ¢, , based'on hot-wire
Sl 2o ) @
- T Akl 0 <2< 42f C

‘Thainértial-subrange w:spectral 1évelsét f = 4 predicted from Eqs. (6) and (7) are
—compard-withithe observed-levelssin: Fig: 2. The agreement is good, with a standard

tion-of about 10.pesicent. Similir-agreementis founid batween the 016 ¢,2° curvet
observed specirs Sfvandw if =4

- i.- 17 - i 1 I 1
g
- _
")’ .é\‘s‘ o -
SRS
B o
‘S‘ ‘0'.2«»4 .\_w“ ‘ow) -
2 ’ . "'.\Q »..‘
t -4
w0 AR
- & t‘ %% i
.
T
obemd iy TN N R

=28 ~20 -i5 =0 =05 [\ 05 L0 15 20 25
/L

Figire2: Nomalized Jogarithmic u spectral estimates at f = 4 compared with 0:12¢,2/3 curve derived from
i o ’ hot-vire data. ‘

If we now incliide:#,28 in the.normalization of u, v and w spectra we remove the.2/L
«dependence;in th uatiops. This brings all spectra, regardless of 2/L, into coincidenice:
in abe inertial subfinge: ,

Startingwith:the i spectrum, we have the' new form

nSu(n
;‘:3";'-(:5)73-10'4,['2“. : . . )

Aplotof logaritheiic-w sfiectrd notmalized in this manner is shown in Fig, 3. The spectra.
coitverge: 10 2 =2[3)ing ab:the high-frequéncy end, but at lower frequencies there is.a
clearly-established #eparation aceording to Z/L. The apparent smoothness of the spectral
plots and’the clear derrarsation:between different categories of 2[L pefmit one to draw
Isapléths cosrésponsding26. spectiazat discrete values of z/L. We thus obtained a family of

-cutveipepresenting i spectia in the range +2 > 3/L > —2, The curves, seen in Fig. 4,
?V@!_v 2 ‘oi‘_ hebudned {ﬁ‘{u”gqads data (Fusingeret al. 1971) and used In computing é,. The conventional value for & fe 04,
"+ Yaiges thih i (6) b S of 413 HeiuRS el nvkropy,
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Fxgum 4, Generalized w spectmxfm zfL-valies renging’ from +2 O to < 3:0;Stippling, indicatés absence
.of any.well definied trend with 2/L.

suggest an ofderly piogression of Koth the spectral.peak and the'low-f/equency roll-off in
the direction. of icreazingly smaller f.ee 2[L variss:from +2:0 to —0-3, In the range
—=0:3.3 2fL 3> —2:0, however, the spéctra are not arranged accordmg to z/L, but tend to
clugteriin a-faudomifashion within the.stippled area.

Genetalized spectral curves for andv detived from: plots-sifilar to Fzg. 3 are shown

in. Fig, 5:and 6. For z[L > 0 andv ciirves both: display much the same shape and-

“behavigur. as @, The syx*ematm)progresexon with 2/L.observed on the stable side breaks
down ak.alL dmnges sign énd becomes: negam'e* the unstable spectra are confined to the
stinpled area withino partxcular» fegisd to wzi

Ani mtereatmg fentury of Fzga Sa0d 81 is th&sepa:atxon between the areas occupied by
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Figure 5. Géneralized u.spectrum for /L values ranging from +2'0 to —2-0, 0+ and 0~ deriote z/L = 0
approached froin reitive and negative(sides respectively.
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Figure 6. Generalized v spectrum for z/L values ranging from +2:0 to —20,

the stable and unstable spectra®. It-appears as though the spectra are excludéd from thig
region (indicated in these Figures by cross-hatch) and that a sudden shift in the pre-
dominant scales of motion occurs as 2/L changes sign, Longitudinal vortex rolls, plumes
and other convective circulations triggered by thermal instability have a profound effect
on'the scale of turbulence, but the abruptness with which the atmosphere responds to a
change of sign in the potential temperature gradient rémains surprising, The excluded
region in f is approximately.an octave wide in the u spectral plot and about a decade wide
in the v plot. The heavy curve designated 0+ in the figures defines the neutral limit for
spectra on the stable side. The corresponding limit, 0", on the unstable side is not uniquely
defined and does not coincide with either of thetwo envelopes indicated by dashed curves.

Examination of the unstable v spectrum reveals two distinct régimes, one in the range
f 22 0:2 where it follows closely the shape of the neutral spectrum, including the curvature

*The same behaviour has been reported by Dr., Niels E. Busch (private communication) in v spectra obiained at $:66 m during
our 1968 Kansas expetiments,
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1 o near its maximum, .and.another in the tange f < 0-2.domiriated by a larger:peak'in the
3 r range 0-005 < f < 0-02. These two régxmes exist also in the unstable & spectrum, altiiough
. - they are not as clearly differentiated as in . A change in'spectral slope at £~ 0-2 marks the
separation in the generahzed u plot. More discussion on the behaviour of the-horizontal ’
% o velocity.spectra follows in Section 8.

Comparing Figs. 4, 5 and 6 with spectra reported by. Gther investigators-we find good:
agreement with most measuréments ‘made in the fitst 109 m, Fig. 7 shows examples of some. :
unstable spectra supenmposed on the envelopes defined by the Kansas data. The individual
data’ points shown are spectral estimates obtained over a tidal flat by Miyake, Stewart and:
Burling (197'0) Svectra of u and w for Hanford; Round Hill; Cedar Hill and Vancouver are
the composite curves published by Busch and Panofsky (1968). The.v spectra for Hanford
! and Round Hill ave from data reported by Elderkin (1966) and Cramer and Record (1959)
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. ~ Spgttinl astimates for the tidal fat roll off more éteeply ut the’ hxgh-freqt.ercy gad thaft ;
L other spcctra, but ﬂus dxscre':ancy is remived when the estimatés aré corrected for spat.al’ -
respons:in the sonic snemometer. array; At lowér. frequencies the tidal fist gpectrmnfit ihie -
Kinsas; daéa semarkably el The zevere hight frequenty attenuation. of the Hanford v
‘pectrum is probably related to-the time lag.of the servo systemwhich hunts:the azimuth
wind direction, The Vancouver:spectra of 'u and 10, dérived from:measurements-over-the .
sea by Weiler and Burling: (1967),. Mbpear to have’ shg‘xtiy higher memal-nubmnge ‘intefie :
gities thsn t§:e m;her LpReEra, :

5. SpeciRuM OF TEMPERATURE

} zbc memal subrange temperature spectrush may also be expressed mmndzmensxonai
form by redrranging lerms in Eq. (3). The resulting expre;s.on is

I PRE S

PR TR T)




- R X RO 1 L., .
F TSN ‘ur}‘i’% g 27 - . N g
I B s A R R e R P s va;g AT

.oamy
w

’- &

for 87/2 and turbulent energy: respectzvely. The observed balance between the productz( 0
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where T. is the scalmg temperature and-¢x and ¢, are the dimensionless dissipation ral s
I3 1,

and dxssxpatxon rates (i.e: N'="—w#@ d6/dz) enablés us to substitute éa for g An empirizil

relationship for ¢ has been derived from-the ‘Kansas data by Businger et-al. (1371):

(0741~ 9 2Ly, <2< 2L <0 )
¢r = { 074 447 2L, 0<z/L < +~} - - {10)

Since the product ¢n ¢!/ is a function only of 2L, the expression in Eq. (9) i$ consistent
with similarity theory. At f=4'and using. B, = 0-8 and k.= 0-35, Eq. (9) becomes

S
[nT'(? )] =019 4 . . . {11y
The prediction in Eq. (11) is compared with observation in Fig. 8. The agreeinent- good,.
with a standard deviation of ho more than 10 per cent. A roughly similar curve was t4tained
earher by Panofsky (1969). Allowing for the difference in the selected f' value and the vie of k
in the definition of T4, 'both curves show interrepts at z/L = Owhichagree within 105per cént..
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Fagure 8. Normalized logarithmic @ epectial estimates at; > 4 compared with 0:19¢n $e=1/? curve derived
froo hot-wire and mean piofile data.,

By including ¢» ¢,~%in the normalization of the logarithmic temperature spectrum
we collapse all memal sybrange spectra into a smglc curve (see Fxg. 9). The stable
temperature spectra, like those of velocity, separate into distinct categories of z/L while all
the unstable spectra crawd invo the. relatively narrow band indicated by the stippled area.
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) Even though regions- occup-ed oy the stable and unstable spectra appear contiguous, the

transition from one to.tve. other is ot smooth. The spectrum shifts from 0% to the outer
-edge of the stxpplm arez 3 /L changes from positive to negative; with increasingly
negative z|L the'specttim moves back towards 0%, The trend is reversed when 2/L moves
in the opposite direction, from negative te posifive,
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Figure 9. Generalized’d spectrum for z/L values ranging from +-2:0 to ~20,

T‘le progressive shift in t1%.0 spectrum within the stippled aréa is parly a consequence
of-usiay T2 for normalization:oe/ Ty has a cusp-like behaviof near neutral, Wyngaard,
Coté'and IZumi (1971)); but the tendency of the logarithmic spectral peak to sluft towards
increasingly. larger f with increasitig instability is real.. Lumley-and Panofsky (1964) have
pointed out that the location of the. 8 spectral peak intersacdiate between those of u and w
suggests t that the fluctuations in both velocity components contribute to fluctuations:in 0.
Extending this argument further, one could i interpret the shift in the logarithmic 0 spectral
peak to larger values of fas being the restlt of a shift in the relative influence of u and w on 0,
A the surface layer'becomes increasingly unstable, the'influence of w grows steadily, while

that of u declineo. This shift is reflected in the:trend of the correlation coefficients listed'in
Table 2,

TABLE 2. MEAN CORAELATION COEFFICIENT FOR DIFFERENT CATEGORIES OF z/L. THE TIME SZRIES WERE
HIGH-PASS FILTZPED BY DIFFERENCING WITH RESPECT TO A 5-MIN MOVINU AVERAGE

—z|L 0~01 Dl = 03 03 — 05 05 —10 10— 2:0
) -0+56 -0°41 ~—0°33 -0+22 =018
Yug +0°37 F0°44 +0°50 40054 +0°89
Yuw =03 ~0:27 ~0:22 ~0+10 -0rl4

The generalized curves in Fig, 9 agree well with most spectra obtained in recent years
(see Fig 7). Conversion of spectra. {rom other sources into the format of Fig. 7 was based on
the-observed ¢x$,~1/ behaviour in Kansas. An exception is made with the Bomex data for
which ¢x appears to be five to*six times larger than for Kansas or other sites, but show g,
vajues virtually identical to those from Kansas. Here the inertial subrange fit was determined
on the basis of 8, values reported by Paquin and Pond (1971).

Spectral estimates for the tidal flat (Miyake et al. 1970) show fair agreement with the
Kansas spectra at f < 1:0, but depart markedly at f> 1.0, presumably due to noise
contamination inherent in (their) sonic temperature signals, Spectra from the other sources
follow the generalized inertial subrange behaviour quite well. The composite curve for
Round Hill (Panofsky 1969) does not show the flatness at f =~ 0-1 seen in the Kansas spectra,
but those for Ladner (McBean 1970) and San Diego (Phelps and Pand 1971) show this
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- «cléarly. The curve for Bomex (McBean, 1670; Phelps and Pond 1971) stands out in sharp

contrast to other spectra; its peak is shifted to a higher value of f (‘= 0-8) and the spectral
intexsitiesonthe low-frequency sxde are much lower. The Bomex curve, infact, resemblesthe
stable. spectrum at /L = 4-0:5 in.the generalized plot of Fig. 9, -althotigh conditions
during the Bomex runs: are report/’d as unstable (—0-33 < 2/L < —0:11). The reasons
for such anomolous behaviouf in the Bomex data aré still unclear.

w
<< a

6. CoSPECTRA OF REYNOLDS STRESS AND HEAT FLUX

i In-this Section \'ve will'examine the behaviour of the three non-zero cospectra in the

i surface layer: uw, w8 and uf. These are essentially the cospectra of.the shearing stress;

: vertica{ heat flux and'tiorizontal heat flux. The cospectrum is iriherently more d1f’ﬁcult to

measure than the poer -spectrum because the correlations between the variables being

compared are sometimes very small. The cospec ra are.also particularly sensitive tc:

: instrumental’etrors which introduce * cross-talk ' bétween tie two variables. For example,

= instrumers-Jevelling and augnment errors (Kaimal and-Haugen 1969) cause- cross-talk

3 betwean u.and w, while # sonic temperature signal has u-contamination”(Kaimal 1969).

4 - At high»wave numbers, cospectral distortion can also arise from.spatial averaging in the

, sensor.ani-from separation distance between sensors. To avoid such distortion we have >

limited:oir &, to less than; lll where I (the sonic path leagth) is 0-2 m. The smallest ' |

- wavelength resolved is then 1-25, In analysing our cospectra we adopt the same approach

used with ‘spectra,. “namely, to collapse all the curvesinto a smgle universal curve at large f.

The functiona! reiationship betwzen the normalized cospectral intensities at f = 4 and z/L.

are determined from plots, sumlarh Figs. 2 and 8.

! The cospectra of ywarid w8'show’a —7/3 power law in the inertial subrange The

dimensional arguments for such a power law and the experimental verification of it from

; the Kansas data are presented by Wyngaard and Coté (1972) in a companion paper in this

issue. Other inves.igators (Panofsky and Mares 1968; Kukharets and Tsvang 1969) have

reported a —8/3: cospectral'slope but the more recent mcasufements of McBean (1970) ¢

appear to favour the —17/3 slope.

Cospectra of uf are tre in the literature. The few examples presented by Sitaraman
(1970) are limited in bandwidth (f < 1-0) and do not, therefore, provide any information
about the inertial subrange behaviour of u8, Qur data show an average slope of —5/2 in
the range 1. < f < 10. No dimensional justification can be made for this power law, but it
serves the present purpose of collapsing the cospectra into a single ctirve.

13
:

8
L
4

3 (a) uw cospectrum

In the —7/3 region the normalized logarithmic uw cospectrum should be a function
only ot z/L and f. Denotinj the 2/L dependence by-a function G, we can write

; ' nCw(n) nCuelt) o Gz o0,

where Cuu(n) is the cospectral densnty. The function G(z/L) determined empirically from
cospectral estimates evaluated at f = 4 (sce Fig. 10) has the form

-2<2/L <0
G/L) = {1 +79zIL,  0<Lzll < +2}' - . (1)

To bring the stress cospectra irto coincidence in the —7/3 region (—4/3 for *he logarithmic
cospectrum) we divide by G(2/L)

nCuw(ﬂ) . 0-56

“wieE@n eyt o o - 13
As with spectra described in eaclier Sections, the normalization in Eq. (13) separates the
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Figure 11, Generalized uw cospectrum for /L values ranging from 4-2:0 to —2-0,

stress cospectra into clearly defined categories of z/L (see Fig. 11). The position of the
stable cospectrum shifts as a function of z/L, while all the unstable cospectra crowd into a
narrow band indicated in Fig. 11 by the stippled area. The dashed curves approximate the
upper and lower limits of scatter in the unstable cospectral estimates, There is some overlap
betweca the stable and unstable regions, 0% being located within the stippled area. This
overlap is consistent with the constraint imposed by our normalization, which requires the
integral of the uw cospectrum for z[L < 0 to be unity.

The logarithmic cospectral peak is spread over only two decades of f, separated
roughly as follows: between 0-01 and 0-1 for z/L < 0 and between 0-1 and 1-0 for z{L > 0.
At very low frequencies (f < 0-01), particularly at the 226 m level, the cospectral estimates
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show a tendency to reverse sign and become positive. Similar behaviour has béen reported
by Zubkovsky and Koprov (1969) and-McBean (1970). In the Kansas data this-sign.
reversal is observed only under unstable conditions when the low frequency cospectral
estimates fluctuate between large positive and negative values. This erratic behaviour-in
the cospectrum occurs precisely in the frequency range where the logarithmic spectra of
u and v attain their maxima, i.e., the range where the effects of surface liyer convective
circulations are most strongly felt. Some convective elements have been found to transport
momentum upward, against the velocity gradient (Kaimal and Businger 1970), others to
transport it downward (Haugen et al. 1971). It is not surprising, therefore, that cospectral
estimates in this range are erratic and highly unpredictable.

Local free convection arguments (Wyngaard and Coté 1972) predict that G(z/L)
should be constant under very unstable conditions, and as with other similar-predictions
(Wyngaard et al: 1971) it is found that this behaviour holds right up to z/L = 0. Under
unstable conditions, therefore, the inertial subrange stress ccspectral level is determined
solely by u42 and f.

In Fig. 14, the unstable stress cospectra from Kansas are compared with results
obtained by other-investigators. The cospectral estimates from Ladner (McBean 1970)
agree well with the Kansas data while those from Bomex, described in the same reference,
appéas higher by a factor of 1.5.at f > 1:0. The composite cospectrum for Round Hill
(Panofsky and Mares 1968) falls off more sharply at f > 1.0, but otherwise shows fair

-agreement-with our-results; The-composite curves for Hanford and Vancouver (also from

Panofsky and Mares 1968) show even greater departure in the inertial subrange, with
slopes and cospectral intensities substantially different from any observed in Kansas.
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Figure 12, Nofmalirs  Dgarithmic wd cospectral estimates at £ = 4 compared with empitical formula
in Eq. (14).

(b) wa cospectrum

Applying the same arguments used for the uw cospectrum but denoting the z/L
dependence by a different function, H, we write
Cueo(n)
Uy

"L"j-'." o H(z{L) f~*5.
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H(z/L) determined from the cospectral values evaluated at f = 4 (see Fig. 12) has the form

-2<z[L <0 }
Hz|L) = 1+64z/L 0Lzl <L +2f - (4)
The negative sign in the proportionality results from the definition of Ty; ty Ty is, therefore,
the negatxve vertical heat flux. The constancy of H(z/L) under unstable conditions is
consistent with local free convection behaviour,
To bring the w6 cospectra into coincidence in the —4/3 region we divide by H(z/L).

nCu(n) 1.62
=~ T HGD =

The cospectrum thus normalized (see Fig. 13) shows behaviour very similar to the stress
cospectrum, both in regard to the location of its peak and the roll-off on the low-freiqquency
side. But on the high-frequency side, the —4/3 line is shifted at least an octave highes on
the frequency scale. This extended contribution at the hxgh frequency end. nges the wo
cospectra, especially the tunstable ones, a flatter appearance in thé midrange. Asin Eq. (13),
this normalization requires the integral of the cospectrum for z/L < 0 to be unity, causing
the 0+ curve to lie within the stippled area. The inertial’ subrange cospectral level for wd
is about three times as large as for uw, Smaller eddies, thereforc. transport heat more
effectively than momentum. The ratio of the two cospectra in the inertial subrange can be
expressed as

(15)

R N I

Since the integral of the cospectrum is the covatiance, Eq. (16) has the corollary v. + the
larger eddies (f < 1-0) fransport heat less effectively than momentum.

The agreement between the w6 cospectra obtained by McBean (1970) at Ladner and
the Kansas results of Fig.-13 is extremely good, However, his Bomex data show considerable
departure; the bandwxdth is narrower and the Jogarithmic cospectral peak is shifted about a
decade higher than in results obtained over land. A comparison of the unstable runs from
Ladner and Bomex with the Kansas curves is given in Fig, 14. The average Round Hill
cospectrum (Panofsky and Mares 1968) also indicated in the Figure, falls oﬂ' more rapidly,
starting at least an octave lower than the Kansas cospectrum.
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Figure 14. Envelopes for unstable Kansas cospectra compared with other recent cospectra.

(c) ud cospectrum

The —5/2 cospectral slope (3/2 for the logarithmi¢ cospectrum) indicated for uf is
not as cleariy established as-are,the —7/3 slopes for uw and wé. The stable runs shaw a
slope of —5/2 at all heights but thié unstable runs show slopes varying from —3 (at 5:66 m),
to —7/3 (at 22.6 m) The theoretical prediction of —3° E)y Wyngaard and.Coté (1972) is
approached only in a few cases at the lowest height.

Using the overall average of —5/2 for the cospectral slope we write

'%%’9 o K(z|L) f-312

where K(z/L) is a function determined empirically (see Fig. 15) to be

1, —2< 2L <0
Kz(L) = {1 +1742z]L, <2l < +2}' ' -

Like G(z/L) and H(z/L), this.function iz also a constant ufider unstable conditions.

As before, we collapse the logarithmic cospectra at the high-frequency end by including
K(z/L) in the normalization.

nCuy(n) 0:55 (18)

usToK(z/L) (z,,.)anf 3, . )

The normalized u8 curves in Fig. 16 are spread over a much wider range of cospectral
intensities than either uw or wé, The stable cospectra show the same systematic progression
with z[L seen in earlicr Figures, The overlap between the stable and unstable regions is
larger than for uw and w0, appatently the result of usmg uy Ty instead of ug for normali-
zation. For zIL < 0 we can use the local free convection prediction of Wyngaard et al.

(1971) and write _
u,T. = u9/5 ¢m ¢M Z/L <0 . . . (19)
Although no attempt is made in Fig. 16 to show the trend within the unstable co-
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spectra, there is nevertheless a rough separation according to z/L. The top third of the
stippled area is occupied predominantly by cospectra in the z/L range 0 to —0-3, the
middle third by the z/L range ~0-3 to —1.0 and the lower thir¢l by the z/L range —1:0 to
-2'01

The relative efficiency of the horizontal and vertical heat transports in the high-
frequency end of the cospectrum can be estimated from Eq. (15) and (18)

Cu(n) 0-3¢ K(=z/L)
o = e EGD @

At f = 1, the ratio varies from a —0-25 (constant for z]L < 0) to an asymptotic value of

~
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~0:68 on the stable side, It is intéresting to riote that the ratio‘is considerably Jess than unity
in the range £> 1.0, which suggests that-the smaller eddies always transfer heat more
eﬁ'ectxvely in the vertical than in, the horizontal. The'reverse is true with the larger eddies,
this being most pronounced in stable conditions when u8 cospectral levels become 2 — 3
times larger than the wé levels.

7. EmpiricaL FORMULAS FOR NEUTRAL LAPSE RATZ

The. relatlonshxps derived in the previous Sections uniquely define, for. all stabilites,
the behaviour in the inertial subrange. At lower frequencies, empirical formulas can ‘be
obtained for. specific ranges of z/L. To enable comparison'with other atmospheric and
laboratory data we present formulae which fit our neutral spectra and cospectra. For w the
neutral spectrum is defined unambiguously as the curve separating the near-neutral stable
and unstable spectra. For all other spectra and cospectra, where the transition is obscured’
bya gap or an overlap, the lxrmtmg curve on the stable side, 0%, is used instead.

It is quite apparent that there is considerable similarity in the shapes of the logarithmic
spectra and cospectra, On the high frequency side they fall off according to —2[3, —4/3, or
—3/2 depending on the parameter; on the low-frequency side the slope isvery nearly 410,
The empirical formulae, therefore, have roughly similar form,

At zJL =0, where ¢, = G = H == K= 1 and ¢» = 0-74 we have

nSu(n)fue? = 105F/(1 + 33£) . . . . (21a)
nSe(n)fue? = 17f(1:4+ 9518 . . . . (21b)
nSu(mfue? = 2f[[1 +5:3(f)*"] . : : . (210)
. [534fl(L + 2418, <015
sl = (g ISon) - - @)
—nCun(n)us? = 1451+ 96 . . . . (2le)
11f/(1 + 133)¥'S, £.<10
S R P A U A S CY)
nCus(n)fueTe = 40 fl(1 + 14 )26, . - : . (21g)

The above formulae are good approximations of the observed curves (see Fig, 17 for plots).
Theé only departure exceeding =:10 per cent are at the low-frequency ends of the vspectrum
and the u@ cospecttum. Empirical curves proposed by Busch and Panofsky (1968) and
Panofsky and Mares (1968) are very similar to thiose shown in Fig. 17, except for 2 small
displacement on the ordinate. Although our formulae for the cospectra indicate asymptotes
which are steeper than the observed values, the equation fit the data extremely well in the
range 0:01 < f < 4.0,

8. BEHAVIOUR AT LOW PFREQUENCIES

In earlier Sections of this paper frequent mention was made of systematlc shifts in the
socctral and cospectral peaks with respect to changes on z/L. The most consistent behaviour
in the logarithmic peak frequency, fm, is.observed unider stablé conditions, i.e., z/L > 0.
For z/L <0 only the spectra of 6 and-w ghow a systematic trend; the others have their
peaks scattered over a decade or more of f,

Figs. 18 and 19 shows plots of fm vs. z/L in the ranges where a clear relationship exists
between them. The cutves drawn through the data points are- fitted by eye. Different
symbols are used to identify the different heights of observation and they all apparently fit
the same curve, In fact, on the stable side, fin exhibits nearly the same trend with z/L for
all parameters, The following approximations can be made for the stable spectral peaks:
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(Fmdeo = 5(fmdu = 2(fm)v = 3:3(fm)s . . . (22a) I
(fmduw 2 (fmdwe = 2(fmus. .+ . . . {22b) ?

On the unstable side, fim for the w spectrum continues to decrease with decréasing'z/L, -
but levels off to a constant value of about 0:17 when z(L exceeds. —1.0.-Spectra-of-w-

.obtained:from"the-Cedar Hilltower (Kaimal and Haugen 1967) show approximately the;
same value of fm maintained to a height of 320 m.

Local free convection predictions, which are successful for other statistics of w and: 0
(Wyngaard et al. 1971), should aiso hold for their fm values. In local free convection L loses’
physical. significance and’z becomes the only important lerigth scale, so that.the peak
wavelength (Am)w for example, is proportional to z. It follows that

e s g i b
e v T

\

e

(fm)w = Zl(/\m)w =:constant, : ;

as observed. i

The peak frequency of the unstable temperature spectrum shows the opposite trend

) from w in its approach to local free convection state. Proceedmg from zero to increasingly !

negative values of z/L, fin increases from 0-01 to 0-05 in.the range 0 > z/L > —2-0 and
levels off to a constant value of about 0-05 at z/L = ~2.0. The trend near z/L = ¢
suggests a discontinuity at neutral“with a jump of approxlmately one decade at the trans-

ition. A similar plot presented by Panofsky (1969) using data from Round Hill shows :

greater scatter, but roughly the same behaviour as Fig. 18. :

Peak frequencies of u and v also show discontinuity at z/L = 0, the shift being of the '
order of 1 to 2 decades. One obvious consequence of this discontinuity is the excluded

region if, the generalized spectral-plots of Figs. 5 and 6. The absence of any clear . ’
dependence betweenfm and 2/L on the unstable side is attributed largely to the influence of ; .
mesoscale features in the atmosphere; in fact there is a tendency for ttm, rather than f, . ¢

to be constant with height. The constancy of nm with height fits in wi; ith recent observations
(Kaimal and Businger 1970) which indicate that convective systems’| have vertical integrity
0 that the time intervals between them change littlé with height. For the unstable 4 and
v spectra, nim falls invariably between 0:003 and 0-005 Hz correspondmg to time periods of
3 to 5 min, approximately the average interval between the large convective, systems in
the surface layer.

The strong similarity of shape among the stable spectra suggests that a different
normalization mightbe appropnate. The normalizations used in the previous plots tended to
exaggerate the separation between peaks of the stable spectra. This vertical separation is
greatly reduced by dividing the logarithmic spectrum by the appropriate variance® rather
than by u,? A modified frequency scale f/fo, where f; is the intercept of the extrapolated
inertial subrange spectrum with the nSa(n)/a’ 1 line (x =u, v, w or 8), brings all
spectra into coincidence on a —2/3 line in the inertisl subrange. When all stable spectra
are plotted in this manner, they display -a universal shape (see Fig. 20) which can be

*Variance used here fs limited to a bandwidth 0:005 to 10 Hz In order to avold the Influence of trends and long-term oscillations,
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Sppreximated smpiticelly by the formula, .
nSy(n) . 016(f1fo) )
Tat’ 1 F0-16(f/fo)R ’ g :
Onée:thie-spectral:shape it defined We have a fixed relationship between (fo), and (fin), }
"From Fig. 20 — 2’
N . (foda 2 #(fmdes . . . . (24) i
’ i
soimat Fq.423) 1ny:also be exprassed in terms of peak frequency. |

We can: Teargange the imertial subrange expressions given in Section 4 to obtain ;
andther-felationship-foz fo. Taking w as an example we have

N nSw(n) 4«1/3 (qw’) f-a, , . . (25)

ot Py
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where oy is-the standard deviation of w. Since (fo)w is, by definition, the f valiie when the-

right-hand side of Eq. (25) is unity

oo = Zi"‘(“_;‘-')m (-‘ﬁ,) & 009 (2/ke), : . (@6)

Ow
where I ==53% . Using Eq, (24) we have for w
(fmhe. = 2/(Amho = 0-36 z/l, g . . (@1

(Pmdo = 3. . . . . (28)

The waveletigth corresponding to the-peak of the logarithmic w spectrum in stable con-
ditions. iz, :therefore, three times li: On the basis of experimental resulte from other
turbulen¥ flows (Batchelor 1953), we can indeed expect Iy to be a length scale characteristic
of the energy-containing eddies of the w field.

Expreszions similar to Eq. (26) can also be written for u and v spectia:

(fol = (foyo =~ 0-09 2fly, . . . . (29a)
(fo)e =¥ foju< 006 zflu, . . . (29b)

80 that

where. ) -

1' = 09’/( and lw = Ou’ll. . . . (30)
For.temperature.we write from Eq. (9)

nSy(n) . B, (Nz2h\.

a:z = (2,,.)‘2:3 (¢m o.z) fae . . (31)

Again ext_rq?ola'ting this behaviour to the ns.(n)/o."z 1 line gives-
32 N2

(fo)o = (%Tr')‘ (_____z_) & 011afly . : . (32

dTg3

where Iy =.€}2 2N/ is a length scale for temperature analogous to the length scales
defined for vclozity.

The stable logarithmic cospectra for uw and 18 also exhibit similar shapes when plotted
in the"same manner as the spectra, In Fig. 21, fo is defined by the intercept of the —4/3
inertial subrange slope with the nCys(n)/af = 1 line (« and B are the variables in question
and af is the covariance in the frequency bandwidth 0.005 to 16 Hz).. A curve that fits
both cospectra is

’ nCas(n) . __ 0-88(f/fo) (33)
B 1+ 1.5(f/fo)*" ) ) o

where af:= uw or wé.

The cospectrum of uf, with fo fedefined by the intercept of the —3/2 inertial subrange
slope with an,(n)IiE == 1, may also be represented by a single curve (see Fig, 21)

nCun) _ _ 085(f1f) _ {ED)
W iEnAg

Using. cospectral relationships expressed in Eqs. (13) and (15) and (18) we can write
(foluw = 0-10[G(z/L)1**, . . . . (353)
(foles = 0-23[H(z/L))*", . . . . (35b)

(foJup = O'II[K(ZIL)]"’{"“ @113 N . . (35¢)

The expressions for f, in Eqs. (26), (29), (32) and (35) when used in the appropriate
interpolation formula give predictions of spectral and cospectral behaviour in the stable

R
7




R e 17

ALITER AR

e

RIS

et

~ORERASE

A

NUR S Rl 4 RSN
I

s8 ]G RAIMAL,J.-C WYNGAARD;

L [ ey
: =

]

aO&\")S?Lé?"‘ .5

"]

o
@
I
K=}
‘©Q

R

0 Copln)s GG

o1 L R N PR DO N
0.01 ol 1.0 10
/1,

Figire 21, Logarithmic cosp«iy of uw, w6 and ué, normalized by their covariance, plottéd againat modified
£ acale; uw and wft vurves correspond to Ea. (33); u@ curve corresponds to Eq. (34),

surface layer, The unstabli: spactra might also be formulated in the same manner, but the
shapes differ for each pargeter, and more complex empirical formulas would be needed
(except in w) to represent thé.

A simple physical modsl explaining the variation of fo with z[L is given in the
companion paper. This modl {called local z-less stratification) predicts that in the very
stable limit, = becomes- uitinidrtant and-L is the only significant length scale. A, the
wavelength corresponding to /s, would therefore be asymptotically proportional i¢-L and

Jo =2zl = z|L.

Fig. 5 in the companion prput 47 ows how (fo)uw and'(fo)us follow the linear-prediction,
with Eqgs. (352) and (35b) 17 ovidiag the transition to the predicted neutral and unstable
bekiaviour. Such linear trends éan * ¢ found in the asymptotic behaviour of other fo's as well,

Finally, we should mention ¢ it the ‘frozen field’ expression, & = 2mnfU (or
f = ky 2/27) which we have usé¢ to ccnvert from frequency to wavenumber is only
approximate, particularly at low £ squencies. If the conversion were exact, a given tur-

‘bulence field;, whether measwaed froms a fixed tower or a rapidly moving aircraft, would

yield the same spectra when ylotted against f, However, Lumley (1965) discusses three
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‘reasonis why -#,-==.27n]U breaks:down in’high-intensity shear ﬂows (i) the mean shear

causes’ ahasmg, (u) eddies are .continuously changing and are not ‘ frozen’ as they are-
$wept-past the i msttument' and:(iii) smaller eddies are imbedded in larger ones, giving in
effect a_fluctuating convection velocity. He shows that at high frequencies (inertial range
and beyond). only (i) femains, but this can also be troublcsome (Wyngaard and Pao 1972).

- Atlow frequencies, all4 three become significant and it is important to note that the effect of

the-latter two. depends on-turbulence level.(ou/U). The turbulence level of a given field
appears lower:to an gircraft. observer than to one who is fixed {the aircraft velocity being

larger. than-U); so we expect.aircraft spectra to'be more nearly interpretable as &, spectra,

Spectral shapes j’i the low f range would, therefore, be different for the two observers. Thus,
in the energy-containing region, U/n provides only a rough approximation to the true
wavelength,

9, ONSET OF LOCAL ISOTROPY

Although one expects to find-isottopy at large f values, confirmation of this in the first
20 m has‘been lacking (Kaimal, Borkowski, Panchev, Gjcsing and Hasse 1969). For
example, the: 4/3 ratio between the inertial subrange spectral levels of the transverse and
longltudmal velocity components was not found in earlier experiments (Weiler and Burlmg

1967; Iw ;yake et al, 1970) Busch and Panofsky (1968) noted a trend towards the 413 ratxo

mentg over inhomogeneous terrain which indicate a 4/3 ratio for w and u at f > 1.0. The
Kansas data show good agreement with the 4/3 prediction for all but the most stable cases
(z/L. > 1-0). At f =4, we find the average spectral ratio to bé 1-33 for Su(n)/Su(n)-and
1:28 for Sg(n)/Su(n).

The behaviour of Su(n)/Su(n) as a function-of f is particularly revealing (see Fig. 22)

-since it identifies the onset of the isotropic ratio. (This ratio is established at least an octave

sooner in Sy(n)/Su(n), but its onset is not as sharply defined under unstable conditions.) To
avoid excessive crowding of data points on the plot, only averaged spectral ratios for the
different z/L categories (see Table 1) are shown. Su(n)/Su(n) increases rapidly in the
decade prior to attaining its isotropic value, moving systematically to higher values of f
with increasing z/L. Only the most stable run clearly falls short of the 4/3 ratio. A unique
relationship between the u and w spectral cross-over frequency, fc, and z[L is apparent in
the data. The plot in Fig. 23 shows fe decreasing monotonically in the range +2-0 > z/L

> —2.0, and leveling off to.a constant value of nearly’0-2 at z/L < 2.0, The data points
are/.bounded by (fm)w the peak frequency of the loganthrmc w spectrum, on the low
fr(eiquency side and by (fi)w, the lower limit of the -5/3 range in w, on the high-frequency
side.
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Figure 22, Plot of the ratios of w and u spectral estimates showing approach to the 4/3 ratio required for
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Figure 23, Crossover frequency, fz, for & and’w spectra plotted against z/L. Solid curve ix'fitted by eye;
dashed curves fiidicate upper and lowet' bounds for fe.

Atf > (fthw, thercfore, al} thiree velocity components have —5/3 spectral slopes and the
spectral ratios predicted by-fiotropy. Furthermore, at (fi)i both the w8 and uw cospectra
are falling.rapidly (as the' ~7/3 power) to zero. We can, therefore, dropthe subscript w,
and treat f; as the lowey fimit of the locally isotropic range. From Fig. 23, fi is a constant
(=« 1-2) for z/L < (;.-and approaches 10 z/L for z/L > 0. The limiting streamwise
wavelength is, therefore, of the order of z under unstable conditions and L/10 under stable
conditions.

The obsarvad variation of fi with z/L is consistent, as we will now show, with arguments
;put forth by:}.mmley and Panofsky (1964). Since'anisotropy results from wind shear and
buoyancy,tL« suggest that only eddies with time scales small compared to the time scales
of shear ar:d.buoyancy-will be isotropic. A suitably eddy time scale is

7 = (xk3 E)-1/2 . . . . (36)

whers Z is tlie three-dimensional spectrum; it represents the density of contributions to
tirkalent kinetic energy: from wave numbers of magnitude x. We expect the onset of
i teepydo ocqur insthe x=5P range of E, so Eq. (36) may be expressed as

. . N EY)]

T = a"xlz t"’: K—zls.

‘wihute.s 3t » three-dimensional spectral constant. As expected, this time scale decreasen

with cﬁdyei.:'

“% nete are two buoyancy.time scales, one associated with the mean temperature change
wifi height and one caused by temperature fluctuations. Including shear we now have
three significant external time scales:

-]
= (%g—) (mean shear) . . . (3823)
12| 161-112
7= (—g) l%—? (mean buoyancy) . . + (3ub)
B\ [e\12 .
o= {—g-) (N) (fluctuating buoyancy) . . (38¢c)

We expect isotropy for wave numbers where the eddy time scale in Eq. (37) is small
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compared to the time scales in-Eq..(38). The criteria for isotropy. becorrie

& a""“«:‘”z (iu) . . . . (3%)

z}
!H H LYIN
x> il 1.':( \ lde . . (350)
g 311,;’*1 N \ 318 N
x> (.5)’5 {:;3‘,‘? ¢ . . - " (3QC)\

Although these .criteria are derived for 1} ~e-dimensional:spectrd; -they should. be

applicable.to one-dimensional spectra as well. ¥r:-o i sutface-layer tesms, they-cosi be.

expressed as ) 7
f>o03 ¢m"” ¢ ~112 (mead. k=mr) . . . (40a)
f>o- 3 3 ¢~12 - (mean bucyancy)- . . (40b)

1z 342
> 0% z N3 ¢34 (fluctuating buoyane * . (40¢0)
L

Under very uns*able conditions the buoyaucy criteria dosiiinate, and in the 1, xz-convactics,

limit tRey give f > 0-1. In neutral conditions only the-shear-criterion is opetative, and it'

,glves [ > 0-3. Under stable conditions allthree kxztome proportional to z/L; here shed;
is the fhost restrictive, giving f > 1.4 z/L, Therefor ; wé expect fi to approach a constant
upder very-unstable conditions, and to vary as z/L on the stable side. Our: obserw.txons.
F.3. 23, clearly supportthis prediction, and. suggest that we can interpret > in-our
inéqualititieé as meaning greater by a‘factor of 5 — 10.

10. CoNcLUsIONS

‘The spyctra and cospectra of velocity and temperature fluctuations show systematic
behaviour with z/L when expressed in appropriate similarity co-ordinates. All spectra and
cospectra.reduce to a family of curves which converge into single universal curves in the
inertial subrange but spread out accordmg to z/L at lower frequencies. Other data obtained
4n recent yeurs over land and water fi* the composite curves reasonably well.

The high-frequency behaviour is consistent with local isotropy. In the inertial
subrange, where the spectra fall as n=35, the cospectra fall faster: uw and w8 as n=7/3, and
10, on the average as n~%/2 The 4/3 ratic, between the transverse and longitudinal velocity
spectral levels is observed at wavelengtiis of the order of z under unstable conditions and
about L/10 under stable conditions.

The spectral constant «, agrees well with other experimental data, but additional
research is needed to resolve the disctepancy between oar (indirect) B, value and recent
directiy-measured values.
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