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Spectral characteristics of surface-layer turbulen•e , 4

J.-J. KAIMAL, J;•CA,"VYNGAARD,,Y. IZUMI and 0. R- COT8 'A
Air Force Cambridge Research Laboratories, Bedford, Maschusetts

(Manuscript received 5 October 1971; in revised fomi 28 Frbruary 1972. Communicated by Dr. R. Shapiro) "

The behaviour of spectra and cospetra otfturbulence in the surface layer is described within the frame-
work of similarity theory using wind and temperature flucttation-dtta obtained in'the 1968 AFCRL Kansas

Sexperiments. With appropriate iiormalizati6n, the spectra and cospecira are each reduced to a family of curves
which spread out according to -z/L at low frequenciesbut ,onverg6 ,tf a single universal curve in the inertial
subrange. Te paper compares these results with data obtained by ot.er investigators over both land and water.

Spectral onstants for velocity and temperature are detirmined and the variability in the recant estimates
of the constants is discussed. The high-fre46iency behaviour is consistent with locallisotropy. In the inertial
subrange,- where the spectra fall as h-11, the cospectra fall faster: utw and wO as n-ýt1, and uO; on the average,
as n5-31 . The 413 ratio between the transverse-atidlongitudinal spectral le els is o bserv6 at iwaeleigths of
t tiooinid `uhderisiitble conditions and at wavelengths of the order of L110 under
stable conditions. This lower isotropic -limtitis showfni to be governed by-the combined effects of shear-and

'buoyancy on small-scale eddies.

1. INfRODUCTION

Sincethe,6arly 1950's, when -godern 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
show clear indication that spectra ofwind velocity and temperature obey similarity-theory
over a range of frequencies in the'surface layer. rhe 1968 AFCRL (Air Force Cambridge,
Research k'aborato-ies) experiment in Kansas (Haugen, Kaimal and Bradley 1971) vas an
attempt to 1bbtain a comprehensive set of data ot wind and temperature fluctuations over a
flat, uniform site. In-this paper we will use the framework of similarity theory to describe
the specra and cospectra in the surface layer over a broad range of stability conditions and
to compare them with results obtained byyother investigators.

Instrumentation 'for'the Kansas experiment included three-axis sonic anemcmeters,
hot-wire anemometers and fine platinum wire tbhimometers in6unted at three levels
(5.66, 11.3 and22.6 m) on a 32 m tower. Surface siress'measurements *vere obtained from
two CSIRO-drag plates (Bradley 1968) installed about 50 And 80 in to one side of the tower.
Mean wind speed aind temperature gradients were measured with standard cup anemometers
and resistance-thermometers at 8-levels on the tower betw, een 2.0 and 32 m.

Outputs from these sensors were sampled; digiiized andstored on magnetic tape by
means of a computer-controlled data 'acquisition~system (Kaimal, Haugen and Newman
1966). Analog signals from the sonic and hot-wire anemometers, the fine platinum-,ire
thermometers and the drag plates were 'sampled 20 times a second. The hot-wire anemo-
meter signaliýwere also differentiated, low-pass filtered (Wyngaard andLumley 1967) and
recorded on an FM tape recorder. 'Further details of the site, instrumentation and data
handling can bb found in thd earlier paper by Haugen et al:;(1971).

2, DATA -^.ALYSIS

Fifteen 1-hr runm , 10unstable and 5stable, were selected for analysis. With data from
three levels they comprise a large:set -of spectra and- cospectra covering a range of zIL
values from -2.1 to +3.3. The distribution of the'runs according to categories- of zIL is
given inTableJ. Mean profiles, variances, correlations and other statistical parametera for
each of these runsare presented in a ieparate data report (Iumi 1971).

563
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TABLE 1. RUN NUMUM SAMTeD ACCORDiNG To zIL 4rAzoomas. mm1 mwT Nuisa boDOT Tl r=N;
Tll MUNiEm f, 2 AND- 3 wrMTIN* kR•A mn DzxEooTs ýLr -5,66, 113 -AM 226- m m•ncnv Yv

xIL Range Runs (1 hr each)"

< -2-0 19(3), n(3)

-2'0 to --10 19(2), 2(3), 28(2)

-1'0 to -0'S 13(3), 14(3), 19(1). 20(2), 28(1), 30(3), 40(3)

-0'5 to -0'3 13(2), 14(2), 20(), 21(3), 30(2), 40(2), 48(3

-0,3 to -0'1 13(1),;14(0, 210(), 21(2), 30(l), 31(2), 31(3), 40(1), 43(t), 48(2)

-0-1 too 31(1)

0 to +0"1 37(1)

+0.1 to +0.3 17(l); 24(1). i5(1), 23(2). 37(2)

+0,3 to +0.5 17(2), 17(3), 24(2), 25(3), 37(3)

+0.5 to +1'0 23(1), 24(3)

+1'0 to +2-6 23(2)

'> +2.0 23(3)

The spectra, and cospectra were computed, using the fast-Fourier technique. The
available bandwidth was covered in two staiget. The higher range (0.005 to 10 Hz).was
obtained by dividing each 1-hr record into 16 consecutive 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 ftequenicy-bands.

For the lower range (0.0003 to 0.6 Hz) a new time series-was generatd from the
original series by subjecting it to a 16-point non-overlapping block ave.rage. The spectrum
computed from this series has inherently more scatter than the composite ipectrum but the
agreement between the two in the two decades where they overlap is very good. The
higher range was, therefore, treated as ourbasic 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 •rate (e) values were obtained from the
variance of the differentiated hot-wire anemometer signals (Wyngaard and Cotd 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,
Izuri 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) andivertical (z) directions. 0 denotes the mean potential temperature and & its
fluctuating component it any level. 6 represents the average potential temperature for the '

entire layer. Scaling temperature -T#, is defined as .-- '/u., Nis the dissipation rate for
02/2 and k is the von Kirm 's constant. For reasons of symmetry, this definition for T.,
is preferred over the one with k in the denominator. Thedimensionless terms used here are

f =, nz/U a dimensionless frequency
z/L = kz(g/O) (T./uo2 ) a dimensionless height

kZe/U. 3  a dimensionless dissipation
rate-for turbulent energy

OY kzNluTT2  a dimensionless dissipation
rate fortemperature variance

km = kz(dU/dz)/u, a dimensionless velocity
gradient

= kz(dOldz)IT. a dimensionless temperature gradient
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In the discussions tofollow-wewill usw .bois =ind plots most commonly used in
atmospheric work. 'We measure frequency,.r,',t, wavenumber, spectra~and the conversion
'from one to the other is made through the ui' vf Taylor's hypothesis. Strictly speaking we
should use different symbols to represent 6h;,two types of spectra. Taking the u spectrum
as an example

If K, 27rn/U we have

It is traditional in atmospherici A ii to plot frequency spectra, e.g., S,(4) and n SU(n),
not against n but against the nondim -'onal frequency, f. This convention will be followed
in our paper. The spectral forms" ,; iolving the product with n will, be referred to as
logarithmic' spectra and cospec',

3. EýALUAIXON O0 11. 2RTIAL SUBRANGE SPECTRAL CONSTANTS

According to Kolmogor,. ,a*;for the inertial subrange the one-dimensional u
spectrum can be expressed as, PuK 1 = 23 ( 1 , .. . (2)

where K, is the wavenumberz a,the x direction (,K = 2nn/U by Taylor's hypothesis),
c is the dissipation rate and rt is`auniverszl constant estitmted from various experiments
to be about 0.5!

The u spectra compt!te6lfr'm the Kansas measurements are remarkably smooth and
follow the -- 5/3'power la-w , ,ith typical scatter no more than a few'per cent, s'ojin
conjunction with i values they are useful for estimating cq. The values in Fig. .1 are based,
on direct and indirect measurements (from hot-wire data and #, ,curve respectively) and
average,0.50 ±: 0.05 (standarid'deviation). An earlier estimate based on a portion of this
data ,was 0*52 4-,0.05 (Wyngaard and Cotd ,1971). Another analysis based on hot-wire

spectral levels and e valtue'gives 0.53 ± 0.02 (Wyngaard and Pao 3972)..
As discussed i detvl later, the inertial subrange v and tw spectral levels are higher than

theu spectral leývýJ'ly-I te factor of A/13 predcted by isotropy. Average o estimates
from v and w specira~ak:0.48 -: 0.05 and 0.50 ± 0.05 respectively.-Other recent experi-
ments by-Bostbn (19",0'indicate a value of 0.51 f6r ot while Paquin and PR.id (1971)
report 0.57. An unusually high value of 0.69 was observed byGibson, Stegen and Williams
(1970).

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

Fe(Ki) = fio-113'N K- 513t, . . . (3)

where P1 is a constant analogous to a, in (I) and'Nis the dissipation rate of zi/2 .We did
not measure N directly, but-the temperature variance budget (Wyngaard and Cotd 1971)
indicates'tCt'to'a good approximation N is equal to the P'roducti6n rate, or -u"(de/dz).
This approximation leads to P1 estimates shown in Fig. 1, which average 0.82 - 0.08.
They agree well with our earlier estimate, based on a portion of the date, of 0.79 - 0.10
(Wyngaard and Cotd 1971).

Unfortunately, ihere are two current conventions for the temperature variance dissi-
pation rate inEq. (3), and this causes confusion-when P, estimates from different experi-
ments are compared. Fof symmetry with velocity we use the rate of destruction of 0i12,

*Spectra of all three velocity components are corrected for spatial mvtrajing In the ionic anemomretr (Kalmal et dl. 1968). These
effects are I,•portint only for x, > i/I where I (the ionic path length) is 0-2 m, but they restore the -5/3 slope at the high end of the
spectral bindwidth.
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Figure 1. Spectral constants ac and Pg plotted against t/L. Direct c estimates are obtained from hot-wire
"measurements and indiret estimates from the O, curve in Fig. 2.

calling it N. Other workers use X, the rate of destruction.of F, and this leads to a, factor
of 2 difference in #I values.

Recent P• estimates, as defined in Eq. (3), show considerable spread. Panofsky's -s
survey (1969) of Russian values shows a range from 0.41 to 0.88. Gibson and Schwarz
(1963) meh"asured 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 0.831 Two other
sets of estimates by Gibson et al. (1970) and Boston (1970), based on direct measurements
of N, indicate P1 values of 2.3 and 1.6 respectively. At this point it is not clear whythe
spread in P. yalues is so large.

4. SPECTRA OF VELOCITY COMPCNEM.N;

In recefit years various efforts have been made to bring together velocity spectra from
many sites, heights and therma stabilities (e.g. Lumley and Panofsky 1964;'Benian 1965;
Busch and Panofsky 1968) and to define their general behaviour in terms of similarity
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 frequencies as ia'function of zIL. .

We note from- Eqs. (1) and (2) that the inertial subrange logarithmic u spectrum
normalized with u.2 has the form _4

S.(n) a,. (kzc (1z 1')/--14 (

Using the definitions off and 4, this is
nSu(n) _$, ,, j
-TIT . • -(5)

o _ '
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If*eirk~ihde;6&0f 3 in the~normalization of u, v andlw.spectra we remove thý-z/L
V&ý,Q6eei*ýtl cir-gqqatior's* This'brings all, spectra, .regardless of z1L, into coincideCi'
inA~r~fls~ige9.-

"SuW h-- -spctrumn, we have the new form

2213. E . f 2 3  (8)
Aýilot:6flqulthitbmic ape~trano~nmalized in this manner'is shown in Fig. 3. The spect z,

coaiverge to6ýa. -ý0/3 ht ai thiehigh-frequency end,:but at lower frequencies the're is, a'
ceay~et~bi~h~4~epr~nn acoding to(L. The apparen smoothness of the- spectral

plat, ela dnar~ion ir-between- different categories of zIL permit one to dizv
il~thcc~rispondjz ýctrk at, dscrete values of z/L. We thus obtained a family of

n-cuver -senitind w spectr-i tJ e rarigc+2 >,zIL > -2. The curves, seen in Fig. 4,
iVwisi 4nh bwghL.)d &I&~ a~~dt (~ l, 1971) and used in cornputin~ ~ 1IU convcenlonal Waue for ais o-4.
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Figure 5. C•ieraliced t4speictrum nbr iLyalues ranging from +2.0 to -2.0, 0+ and 0"denote z/L -0
apprhcdfroAnj-4ithie and negatiw aides respectivly

pp" ,, 2 y'
4'I

0/1

O.00I 001 1 s I5 500

Figure 6. Generalized u spectrum for z/L values ranging from +2'0 to -2-0.

the stable and unstable spectra*. It-appears as though the spectra are excluded from this
region (indicated in these Figures by cross-hatch) and that a sudden shift in the pre-
dominant scales of motion occurs as z1L 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 remains 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 the two envelopes indicated by dashed curves.

Examination of the unstable v spectrum reveals two distinct rdgimes, one in the range
f - 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 obtatned at 3'66 m durin
our 196S Kamns estlMrents,
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near its niaximnum,~and anotherhin the ragef < 0-2& d intd by alacrger peaki4n the .
range O*005 < f < 0.02. These two rdgimes exist also in the unstabqeti spectrumalthough
they are nota calydfenttd as in iv. A change ii1 spectrallsilope atf~ 6 .2 maks the
separation in the generalized u'plot. More discussion on the behaviour oW' he -hronta
velocity spectra follows-in' Section8.

Copring Figs. 4, 5 and 6- with spectra reported by o6ther investigators we find good
agreement with most measurements made in the first 100 mn. F4g.17 shows example~s of SoM#1
unstable spectia superimposed ol -the envelopes defined by the kansas data. The, inclvdudWI'
data points shown'arc spectral'eatimates obtained Over a tidal flat by Miyake, Ste~vart ianid
Burling (1970). Sp~ectra of u and w for Hanf6rd; Round Hill; Cedar Hill and Vancouver are
the composite cur Ives published by Busch .and Panofaky'(1968). The~v'spectra for Hanford
and Round Hill are from data reported by Elderkin (1966) an~d Cramer and Record (1969)
respectively.

10

09 1

f

KANSA.- CEAR HL LDi
'CNOV1R(V =

AROUND. HIL VIANCUE (OERLAT~OE (OVER.SEfl ,

Spectrl editiates for the tial -flat roll off, more dteely a~t the-h h-;fieiquircy nd thuan

spectrum J~s ptob~bly rTelt4ýto the time-lag o6f te s-ero, iystenvwhich h~untsithe azimuqth
wind direcotlm The- Wuicouvez spectra ofuand w ve h

sea y WcI~r~nd TrlI1Mg,(19.67),appear tO haVeialig~yhg~ nrilsbneitn

s00ties tl oter vpeiik.

.5. 6,vzdgu,, or TEM,,zRATUPRZ

T i6hxetia subrangqteqnpariture spectrumi way also be expresed in noidimepzloiwa
-form by resrranzing termnI in-Eq. (3). The -resultinfg expreasioni is
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Where T. is the scaling temperature, ando#N and 0, are the, dimensionless dissipation r.t, s
-for F12 and tuiblh'en•te• egy respeciively, The observedibalance between the productu ai

(in on .e. N dO/dz) enables us to substitute OA fr Ov. An emrpiritd
sratiomhipfor & a hOas been, eriived from, th.e Kai.sa data by Businger etal (1471).

0}0

ý04 74(1,-"-9 z/L)-' tl;- -• 1L2 
,i);i:

• ~Since the product O€,•€.-i13 ii a functiononly of z1L, the expression in Eq. (9) is consistent •
" •with sinity theory'. At f" ,4and ýusingý P, = 0.8 and k,= 0.35, Eq. (9) becomeg ,

0.60.19 
-,

0. Toy.19

" The prediction iniEq. (1l)'is compared with observation in Fig. 8. The agreefiiaent, ke good.,
with a standard'deviation of no more than 10 per cent. A roughly s:'milar curve was tobiined j
.earlier by P~an. osky (196). Allo Vvng for the difference in the selectedfvalue and the O~e of k,

-i the defintion of-T6 ;both cur-ves shoiWinteriepl at iz/L? = O-Wvhi-iagide-eiithin l-Or.fcent,, •

0.7 I I I I I IT I

0,3
0.

.00

0>," .€ i'' 0•

-2.5 2.0 -1.5 1.0 -0.5 0 0.5 1.0 1,5 2.0 2.5

Figure=. Normialized logarithmic 0 rpcc*a estirmates atj -4 compared with 0.190,vo# "tt curve derived
i f i hot.wire izid meaf pifi-e data.

"By, including 0,N,•-,-, !n the normalization of the logarithmic temperature spectrum
we collapae all inetal iiub'range spectra into a single curve (see Fig. 9). The stableI temperature specira,-liil'e those of velocity, separate into distinct categories of z/L while all
the unzstable spectra erowd'nrothe, relatively narrow band indicated by the stippled area.
Ev-en though regionsocct.ped iy the stable and unstable spectra appear contiguous, the
transition from one to,tbe',other is not smooth, The spectrum shifts from 0+ to the outer
edge of the stippled a7a 3s i/L aanges from positive -to negative; with increasingly
negative z1L ths pedrum moves back towards 0. The trend is reversed when zIL move3
in the opposite direction, fromn egative. ti yotigve,
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Figure 9, Generalized'O spectrum for z1L valu•s ranging from +--20 to -2'0.

The progressire shift intl,',O spectrum within the stippled area is par',y a consequence
of, ugrqý T,,I:for nor iiaalizatiom',es/T, has a cusp-like behaviourf near neutral, Wyngaard,

i CotW',n timi (1971)),,but the tendency,of the logarithmic spectral peak to shift tow'ards
Sx'ncriasingly, largerf with increwaifg instability is real., Lumley-and Panofsky (1964) have
pointed out that the. location of the, 0l spectral peak interrh'ediate betweein those of u and w v

•i suggests that the fluctuations~in both velocity componehts contribute to flu~ctuations,in 0.
SExtending this argument furthe'r, one could Iinterpret the shift in the logarithmnic 0 spectral

Spe4 to larger values offas being te result of ashift in the relative influence of u and w on 0,
• -•'> Ai'the surface layer becomes increasingly unstable, the'influence of to grows steadily, while
,:•,• that of u declineo. This shift is'ieflected in th,.trend of the correlation coefficients listed'in
•_•, "Table 2.

• TABLE 2. WAN cbRLAToN COZF.IcIZN- FRo DIFFRENT CATEGORIES oF z/L. TinE TIME smZZEs WERE
@,. Il11101-PA$$ F|LTPEP~D BY DIFFERENCINGi WITH RZSPEC"V TO A 5-,MIN MOVINO) AVERAGE

:•-=L0 -0.1 -9.1 - 0.3 0.3 -0.5 0.5 - 1.0 4.0 -2.0.- o'5 -0-.41 -- 0 -o.22 -e.18

Srue 0,-037 0,•044 -+0.50 +6-054 +0,.59

Srw-0131 -0'27 -0,22 -0.19 -0'14

i. The generalized curves in Fig. 9 agree well with most spectra obtaLned in recent years
(see Pig -7). Conversion of spectra from other sources into the format of Fig. 7 was based on
the -otLsrved ON ý,- 13behaviour in Kansas. An exception is made with the Bomex data for

• ~wl~ich 01v appears to be five to',i times larger than for Kansas or other sites, but show PI•
S• ,slties virtually identical to thos~irom Kansas. Here the inertial subrange fit was determined

~or, the basis of Pit values reported by Paquin andl 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 clue to noise
S~contamination inherent in (their) sonic temperature signals. Spectra from the other sources

S~follow the generalized inertial subrange behaviour quite well. The composite curve for
S~Round Hill (Panofsky 1969) does not show the flatness at~f = 0.1 seen in the Kansas spectra,

-• but those for Ladner (MeBean 1970) and San Diego (Phelps and N~nd 1971) show this

I-V
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.cliarly, The curve for Bomex'(McBean,1970; Phelps and Pond-1971) stands out in sharp
contrast t"o other spectra; its peak is shifted to a higher value off(-= 0.8) and the specrar
interxsities on the low-frequency side are much lower. The Bomex curve, in fact, resembles the
stablýe spectrum at zL, IL +0.5 in. the generalized plot of1'Fig. 9,.-althoughi conditions
during the'Bomex runs are reported as unstable (-0.33 < zIL < -041). The reasons
for such anomo!ius behavioui in the Bomex data are still unclear.

6. COSPECTRA OF REYNOLDS STRESS AND HEAT FLUX

Inthis Section We will'examine the behaviour of the three non-zero cospectra in the
surface layer: uw, wO -nd uO. These are essentially the cbspectra bfthe shearing stress;
vertical heat flux and','n rizontal heat flux. The cospectrum is inlherently more difficult to
measure than the po~wei-spectrum because the correlations between the vrariables being
compared-,ar sometimes very small. 'The. cospectra are also particularly sensitive t6o
instrumental eirors whic.mitroduce cross-talk between tae two variables. For example,
instrumeriUevelling and aiignment errors (Kaithal and-Haugen 1969) ause', cross-talk
between'&,and w, while e. sbnic temperiture signal has u-contamination'(Kaimal 1969).
At highWave numbers, cospectral distortion can also arise from.spatial averaging in the
sensoirandfrom separationt distance 'between sensors. To avoid such distortion we have
liniiited&Or& KI to less thand/I1 where I (the sonic path 'lchgth) is 0.2 m. The smallest
wavefength resolved is then i.25•in. In analysing our coslectra we adopt the same approach
.used with-spectra, namely,,to c61•tase all the curves into a single universalcurve at largef.
The fincti6oiial reiationship betwen the nornalized cospectral intensiies ate s = 4 and z1L.
are determiined from plotssimilatA.Figs. 2 and 8.'

The cospectra of uw arid wý'showPa -7/3 power law in the inertial subrange. The
dimensional arguments for such a power law and ihe experimental verification of it from
the Kansas data are presented by Wyngaard and Cot4 (1972) in a companion paper in this
issue. Other investigators (Panofsky and Mares 1968; Kukharets and Tsvang 1969) have
reported a -8/3ý cospectralalope but the more recent measurements of McBean (1970)
appear to favour the -7/3 slope.

C6spectra of u 0 are nre in the literature. The few examples presented by Sitaraman
(1970) are limited inband&idth (f < 1.0) and do not, therefore, provide any information
about the inertial subrange behaviour of u6, Our 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 curve.

(a) uw cospectrum

In the --713 region the normalize'ilogarithmic uw cospectrum should be a functibn
only oi z/L andf. Denotihii the ziL dcpendence by~a function G, we can write

- oc~ G(z/L)f-W,3

where C5j(h) is the cospectral density. The function G(z/L) determined empirically from
cospectral estimates evaluated at f = 4 (see Fig. 10) has the form

0, 1 -2 < z/L < 0 O (12)

G(z/L) = + 7.9 zlL, 0 : z/l, <tq +0 - '
To bring the stress cospectra irto coincidence in the -7/3 region (-4/3 for 4he logarithmic
cospectrum) we divide by G(zlL)

n c uw~ n) . . 0 .5 6 f -1. ( 13)
u01 G(zlL) (27,) (13)

As with spectra described in earlier Sections, the normalization in Eq. (13) separates the
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Figure 10. Normalized logarithmic uw cospectral estimates at f 4 comparedwith empirical formula
in Eq. (12)t

10 ~~ a a ~ MaIa I A Iaa~ iiij a a a i a

SK; .uw COSPECTRUM

0.1 - o

0

ooo1 1 .... I , ,, t.. I ....#.. . I ,,1 .. I
00 00ot 01 to 1o 100

/ *• nz/U

Figure 11. Generalized uw cospectrum for x/L values rangin' from +2'0 to -2'0.

stress cospectra into clearly defined categories of zIL (see Fig. 11). The position of the
stable cospectrum shifts as a function of zIL, while all the unstable cospectra crowd into a
narrow band indicated in Fig. 11 by the stippled area. The dashed curves appro.,dmate the
upper and lower limits of scatter in the unstable cospectral estimates. There is some overlap
betweA 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 utv cospectrum for zIL 4 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 Uf < 0.01), particularly at the 22.6 m level, the cospectral estimates

---------------------------------------- __ 1
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show a tendency to reverse sign and become positive. Similar behaviour has bee4,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 folnd 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 Cotd 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 zIL = 0. Under
unstable conditions, therefore, the inertial wubrange stress cospectral level is determined
solely by u.1 andf.

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,
appear higher by a factor of 1.5 at f > 1.0. The composite cospectrunmi 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
Panofaky and Mares 1968) show even greater departure in the inertial subrange, with
slopes and cospectral intensities substantially different from any observed in Kansas.

0.20 " I.

0.18/

0.16

' 0.14
'.5-0.02? H (/L)"t 0.12 0

0. 10'

S 0.08

S 0.06

0.04 --

S 0.02

-2.5 -2.0 -1.5 -L.0 -0.3 0 0.5 1.0 1.5 2.0 2.5

Figure 12. Noinuli 11-taridhmic tO cospcctral estimates at f -4 compared with empirical formula
in Eq. (14).

(b) wO cospectrum

Applying the same arguments used for the uw cospectrum but denoting the z1L
dependence by a different function, H-, we write

"nCUw(n)7, c LT

'A\
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Figure 13. Generalized uw cospectnum for ziL v'alus ri~nging from +2"0 to -Z'0.

H(z/L) determined from the cospectral values evaluated atf -- 4(see Fig. 12) has the form

0 oV

0.001+ 6.4 z0L, 0 0 zL • +2t (

The negative sign in the proportionality results from the definition of T#; u, T. is, therefore,
the negative vertical heat flux. The constancy 'of H(z[L) under unstable conditions is
consistent with local free convection behaviour.

To bring the wO cospectra into coincidence in the -4/3 region we divide by H(z'IL).
nCw•,(n) 1-62 4/3

COT. H(z/L)=- (2.r)415

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-frequency
side. But on the high-frequency side, the -4/3 line is shifted at least an octave higher on
the frequency scale. This extended contribution at the high-frequency endcgives the wO
cospectra, especially the uhstable ones, a flatter appearance in thd midrange. As in Eq. (13),
this normalization requires the integral of the cospectrum for z/L <i 0 to be unity, causing
the 0+ curve to lie within the stippled area. The inertial subrange cospectral level for wO
is about three,-times as large as for uw. Smaller eddies, ,therefore, transport heat more
effectively than momentum. The ratio of the two cospectra in the inertial subrange can be
expressed as

CW#(n)= 2 *H(zlL)T. " .9(01 uw), -2 < zlL < +2. . (16)
Cum~n) G(z/L) u*

Since the integral of the cospectrum is the covariance, Eq. (16) has the corollary t,. ' the
larger eddies (€ < 1.0) transport heat less effectively than momentum.

The agreement between the wO cospectra obtained by MeBean (1970) at Ladner and
the Kansas results of Fig. -13 is extremely good. However, his Bomex data show considerable
departure; the bandwidth is narrower and the logarithmic cospectral peak is shifted about a
decade higher than in results obtained over land. A comparison of the unstable runs from
Ladne: 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 off 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) uO cospearum

The •-5/2 cospectral slope (ý-3/2 for the logarithmi4 cospectrum) indicated for uO is
not as clearly established as-areýthe -7/3 slopes for uw and wO. The stable runs s4w a
slope of -5/2 at all heights but the unstable runs show sl'pes varying from -3 (at 5.66 m),
to -7/3 (at 22.6 m). The theoretical prediction of --34 .y Wyngaard andCotW (1972) is
approached only in a few cases at the lowest height.

Using theoverall average of -5/2 for the cospectral slope we write

nCu,(n) oc K(zlL)'%"I 2

u,T,

where K(z/L) is a function determined empirically (see Fig. 15) to be
K~l)=1, -2 < zL< 0 (17
K Iz/L + 17.4 z/L, s •<,zlL -<- +-21' , (17

Like G(z/L) and H(z/L), thisfunction, J also a constant wider unstable conditions.
As before, we collapse the logarithmic cospectra at the high-frequency end by including
K(zJL) in the normalization.

nCu,(n) 0.55 (

uToK(zIL) (21 r).(

The normalized u 0 curves in Fig. 16 are spread over a much wider range of cospectral
intensities than either uw or tvO. The stable cospectra show the same systematic progression
with z1L seen in earlier Figures. The overlap between the stable and unstable regions is
larger than for uw and wO, apparently the result of using u*T* instead of 0 for normali-
zation. For z/L < 0 we can use the local free convection prediction of Wyngaard et al.
(1971) and write

uT. = 0015 Om O; zlL < o . . . (19)
Although no attempt is made in Fig. 16 to show the trend within the unstable co-
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Fkhure 16. Generalized uO cospectrum for ,/L values ranging from +2'0 to -2'0.

spectra, there is nevertheless a rough separation according to z1L. 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 third by the z/L range -1.0 to
-2.0.

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

Cýu(n) 0.34 K(z/L)
Cws(n) - (21ri)')' H(z/L) (20)

Atf= 1, the ratio varies from a -0.25 (constant for z1L < 0) to an asymptotic value of
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-0.68 on the stable side. It is interesting to note that the ratio'is considerably les thin unity
in the Mrage f> 1.0, which suggists that,the smaller eddiesalways tran fer heat more
effectively in the verticalthan in, the'horiziontal. Thereverse is true with the larger eddies,
this being most prbnounced'in stable2conditiors when ue cospectral levels become 2 - 3
times larger than the w9 levels.

7. EM•IRICAL FORMULAS FOR NEUTRAL LAPSZ RATE

The-relationships derived in the previous Sections uniquely define, for. all stabilites,
the behaviour in the inertial subrange. At lower frequencies, empirical formulas can'be
obta4ied for. specific ranges of zIL. To enable comiafison 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 obscure&:
by a gap" or an overlap, the limiting 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 pataraeter; on the low-frequency side the slope is very ne'arly + 1.0.
The empirical formulae, therefore, have roughly similar form.

At z1L = 0, where 0. = G = H = K= 1 and 4 = .074 we'have

2. 105fl(1 + 33) 13  . . . . (21a)

nSv(n)/u. 2 = 17f/(1+ 9.'.f)5s 3  
. . . . (21b)

n=w(n)/us = 2f/(1 + 5.3 .f3] . . .. (21c)

= f534fl(1 + 24f)513, f 4 0 1 (21d)
24'4f/(l + 12.5f)s13, f > 0.15 '

-nCuW(n)/Uý2 = 14f/(1 + 9.6f)2 4  . . . . (21e)
=11fi(1 + 13.3f). 75, f< (21i)

-nCw,(n)/ueT. = +4.4/( + 3.8f)14, f > 1.0*1}

nC,,(n)/uT. = 40f/(1 + 14f)i'6 . . .. (21g)

The above formulae are good approximations of the observed curves (see Fig. 17 for plots).
The only departure exceeding ±-10 per cent are at the low-frequency ends of the vaspectrum
and the uO cospectiutrn. Empirical curves proposed by Busch and Panofsky (1968) and
Panofsky and Mares (1968) are very similar to those shown in Fig. 17, except for a 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. B•-HvxouR AT LOW FRqUENCCES

In earlier Sections of this paper frequent mention was made of systematic s5hiftg in the
spectral and cospectral peaks with respect to changes on z/L.,The most consisteLt behaviour
in the logarithmic peak frequency, fin, is.observed muder stable conditions, i.e., z1L > 0.
For z/L <«0 only the spectra of 0 andw show a systematic trend; the others have their
peaks scattered over a decade or more off.

Figs. 18 and 19 shows plots offm vs. z/L in the ranges where a clear relationship exists
between them. The curves 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 zjL for
all parameters. The following approximations can be made for the stable spectral peaks:

I-
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Figure 17. Empirical curvesfor spectra and cospectra for zIL - 0 (see formulas in Section 7).

5.0

2. 0 : 5.66m n S Wn

+ 22.6m +

o.,•- ++ n. . S.., W
U. I I I I I
0.1 +-

0.06

0.6

0.1- + n $8nW

0,05 + -* +

0.02 -+

0.01

0.00o I I J. .... L
-2, -. 0o -L3 -1.0 -0.5 0 40,5 0.10 41.5 +2.0

Figure 18. Looaithmic spectral peak for u, v, w and 0 plotted against x/L. Curves shown are fitted by eye.



Sspk RAL CHARACTERISTICS 581

•,• '0.5 - + + • 0. + ¢ f r] " ",i "'

n nC,,,,(n)+

0. - 0.2 0.2 A

0.1 0.1 7.
+ 22.6m

--ot 1 005L . I --

0 0.5 to 1.5, 20 0 05 1.0 1.5 20 0.D ..L0 1.1 2.05-

Figure 19. Logarithmic cospectral peals for uw, wu and uW.

>" (f,,Y)w 5 U',),, WLt,), 3-3 .(f,,), (22a) --

;(f•,)*,w ---U'.),. = 2U",)u, . . (22b)

On thý unitable side, fm for the to spectrum continues to decrease with decreasing z/ll
but levels off to a constant Value of about 0-17 when i/L exceeds -1.0. Specitirof-to
-obtained from-the-Cedar Hli to0ver (KJil-i and Hau-gen 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 to andr
(Wyngaard et al. 197i), should also hold for theirfm values. In locel fgee convection L loses,
physical, Mgnificance and z becomes the only important lerith Scale, so that the peak
wavelength (An)w for example, is proportional to z. It follows that

(fn~w =ZI(nm)w =-zonstant,
as observed.

The peak frequency of the unstable temperature spectrum shows the opposite trend
from to in its approach to local free convection state, Proceeding from zero to increasingly
negative values of zaL, fnm increases from 0.01 to 0.05 in the range 0 > z1L > -2.0 and
levels off to a constant value of about 0.05 at zIL = -2.0. The trend near zlL = 0
suggests a discontinuity at neutralwith a jump of approximately 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 zlL = 0, the shift being of the
order of, 1 to 2 decades. One obvious consequence of this discontinuity is the excluded
region k, the generalized spectralplots of Figs. 5 and 6. The absence of any clear
dependence betweenfm and zlL on the unstable side is attributed largely to the influence of
mesoscale features in the atmosphere; in fact there is a tendency ibr tnm, rather than fri,
to be constant with height. The constancy of nin with hezight fits in wi'th recent observations
(Kaimal and Businger 1970) which indicate that convective systems have vertical integrity
,so that the time intervals between them change littlN with height. For ihe unstable u and
v spectra, nm falls invariably between 0.003 and 0.005 Hz corresponding to time periods of
3 to 5 min, approximately the average interval between the large convectivesystems in
the surface layer.

The strong similarity of shape among the stable spectra suggests that a different
normalization might be appropriate. 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 ut2 . A modified frequency scale f/fo, where fo is the intercept of the extrapolated
inertial subrange spectrum with the nS,(n)1a = 1 line (a = u, v, w or 0), brings all
spectra into coincidence on a -2/3 line in the inertiM subrange. When all stable spectra
are plotted in this manner, they display -a universal shape (see Fig. 20) which can be

"*Vriance uted iett Is Uited to a bandwidth 000to to i0x In ortde to avoid thl unlautmc oftremd and long.trmnoscalations.
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C - •,,roxiirat•ed em~ircWn1y-y the formula,

0-16(f/fo) .

,Onciethee-somt a ap) , is de•ned, We-have a fixe. relationship between (fo), and (fm).

(f." - *t(f)e, . . . . (24)

,so, th: ]•q. (23)r Tay-so be expressed .i, terms of peak frequency.
We (an- -re riaang- the inertial subrange expressions given in Section 4 to obtain

-a.'+ther-balat.i."hikn'i-tofo. gaOlg w as an example we have

zim °7 • t ), %-21, .(2-5)
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where aeis~the standard deviation of w. Since (fo)w is, by definition, the f valhe when the
right-hand-siide of Eq: (25) is unity

4. ~ \~~* ~0.09 (Z/l10), (26)
20w3

where 1, - 43/c. Using Eq. (24) we'have for w

(f),,. = z/AM), = 0.36 z/4,, . . . (27)so that

,(AN). = 31, . .. (28)

The wavelieig1h corresponding to thepeak of the logarithmic w spectrum in stable con-
diiionsý, therefore, three times lp; On the basis of experimental resulte from other
turbulen'iflows (Batchelor 1953), we can indeed expect l to be a length scale characteristic
of the energy-containing eddies of the w field.

&itprein similar to Eq. (26) can also be written for u and specaa:

(J'o) = (Jo). = 0.09 zAll, . . . . (29a)
Ufo)• ,t2.') 6.06 zll,i • • . (29b)

where, 1, -= av,/c and 1, = •c•r3/ . . . . (30)

Fortemperatuie~we write from Eq. (9)

nS,(n) 2 1 Nz 413 .

Agan exý,rpolatilng this behaviour to the nje(n)/l,' 2 1 line gives-

U"o, =[2- Z,_ o~~, .-1 X118 (32)

where I&• e./N'I2 is a leWgth scale for temperature analogous to the length scales
defined for vcloty.

The stable logarithmic cospectra for uw and tvO also exhibit similar shapes when plotted
in thegi~smeimanner as the spectra. In Fig 21, yo is defined by the intercept of the -4/3
inertial subrange sl6pe with the nCQ•(n)/c = 1 line (z and fP are the variabls in question
and 7 is the covariance in the frequency bandwidth 0.005'to 10 Hz)..A curve that fits
both cospmctra is

nC.(n) 0.88(flfo);7 = 1 + 1"5(fifo)2" " "03

where 4p:= uw or wO.
The cospectrum ofuO, withfo redefined by the intercept of the -3/2 inertial subrange

slope vith nCv,(n)/ui? = 1, may also be represented by a single curve(see Fig! 21)

nCvs(n) . 085U'f.) . (34)
7U 1 + 1.U7(/fo)M' (34)

Usng.cospe:tml relationships expressed in Eqs. (13) and (15) and (18) we can write

WN o) = 0.10[G(zlL)]'1, . . . . (35a)

(fo)w - 0.23[H(z/L)J', . . (35b)

U:fo)ut == O'11[K(z1L)]=I1, [- u00. (35c)

The expressions for fo in Eqs. (26), (29), (32) and (35) when used in the appropriate
interpolation formula give predictions of spectral and cospectral behaviour in the stable
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Figure21. Logarithmic cosjtpOiof ut, wOsnd uO,,normalized by their covariance, plottMdgapinst modified
f samle., uw and ttD ,iý4ves correspond to Eq. (33); ,iO curve corresponds to Eq. (34).

surface layer. The unstablik qrectra might also,be formulated in the same mannxer, but the
shapes differ for each partpieter, and more complex empirical formulas would be needed
(except in w) to represent tr'ikfi.

A simple physical. nipvfl explaining the variation of fo with zIL is given in the
companion-pape'r. This ntAA (called local z-less stratification) predicts that in the very
stable limit, z becomes- uiidm--1rtant and-,L is the only significant length scale. 1Ao, the
wavelength corresponding t-op, Would therefore be asymptotically proportional td)L and

fo =z/Ao ý: z1L.

Fig. 5 inthe companion v~pr ~ows, how (fo)uw and (fotw follow the lincar- prediction,
Ii with'Eqs. (35a) and (35b) 1'1:)v~djag the transition to the predicted neutral and unstable

behaviour. Such linear tren&i c-An' e found in the asymptotic behaviour of otherfo's as weli.
Finaly, w shoud metio:!. I t the 'frozen field' expresion, i~=2~I o

f = xt z/2tr) which we have use to canvert from frequency. to wavenumber is only
approximate, particularly at ltw .f t~quencies. If the conversion wure exact, a given tur-
-bulence field-, whether measvuei frvým a fixed tower or a rapidly moving aircraft, would
yield'the same spectra when, I :ptteii against f. However, Lumley (1965) discusses three
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reas••s why i- =•2mi/Ubreaks down in'high-intensity shear flows:-(i) the mean shear
causes, aliasing, (ii) eddies are continuously changing and are not ' frozen' as they are,
sweptppast theiiumrnent;.and-(ili) smaller eddies are imbedded in larger ones, giving in
effect a.fluctuating coavedion velocity. He shows that at high frequencies (inertial range
and beyond) only (iii) emains.bat this can also b,- troublesome (Wyngaard and Pao 1972).
At low frequencies, al- hree bcone sgnicant and'it is important to note that the effect of

the-latter two~ipends on-turbulence.level (•u/U). The turbulence level of a given field
appears lowe-r--tio aný,jrcraftobserver than to one who is fixed (the aircraft velocity being
-larger, than-U); so we expectaircraftspectfa-to 'be more nearly interpretable as K1 spectra.
Spectral shapes i4 the lowf range would,-therefore, be different for the tw6 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 firnd-isotropy at largef values, confirmation of this in the first
20 m has'been lacking (Kaimal, Borkowski, Panchev, GcAing and Hasse 1969). For
example, tb, 4/13 ratio between the inertial subrange spectral levels of the transverse and
longitudinal velocity componentswas not found in earlier experiments (Weiler and Burling
1967; M•yakei et al. 1970). Busch and Panofsky (1968) noted a trend towards the 4/3 ratio
'in th' 6itiid Hill datia; more recedtly Bidsvik afidPanofsky (1970)'have iepo•t•d measure-
ments 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 ihe most stable cases
(zt > 1.0). At f = 4, we find the average spectral ratio to be 1.33 for Sw(n)/Su(n)Zand
-1.28 -for Sv(n)/Su(n).

The behaviour of Sw(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 St(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. Sw(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 tw spectral cross-over frequency, fc, and z/L is apparent in
the data. The plot in Fig. 23 shows f, decreasing monotonically in the range +2.0 > z/L
> -2.0, and leveling off toga constant value of nearly'0.2 at z/L < 2.0. The data points
arebounded by (fmo)w, the peak frequency of the logarithmic w spectrum, on the low
frequency side and by (J)w, the lower limit of the .513 range in w, on the high-frequency
side.

'20 IleT h~ z / L

1.6 - < -2.0

1.., - 4/. - -2.0 to -0.3
I.2 _ o * -0.3 to-O.l

-~ - ~ - 0
I _0o -,- ------ 0 -0.1 10+0.1

0.8 n # ,V A +1.0 to +0.3

0.6 - *13 U • * - V +0.31o +0.5
S0.4 - - L to • 0 0# # A A 0 0 * +0.5 to +1.0
0.2 -- A - • 0 o ... I.__ $0_L o > + ,LO

0.1 0.2 05 10 2.0 50 10

frnz/ U

Figure 22. Plot of the ratios of w and u spectral estimates showing approach to the 413 ratio required fori totropy.



b 586 j. C. KAIMAL, J. C. WYNGAARD, Y. IZUMI and 0. R. COTE

10

2.0 -2.

011
+ o.+

• 0.2 -" ' M)i o 5.66m
÷ ... . •-"• • l,3m M

0.1 I -+ 22.6m

-2.5 -2.0 -1.5 *-1.0 ;.0.5 0 0.5 1O 1.5 ZO

Figure 23. Crossover frequency, fe, for 4 and'w spectra plotted against z/L. Solid curve kifitted by eye'
dashed curvesibdicate upKr and loweo bounds for fc.

Atf > (fow, therefore, aU tiiie d id'o66ity components have -5/3 spectnra slopes and the
spectral ratios predicted by-iltr6py. Furthermore, at (fi)w both the w0 and uw cospectra
are falling rapidly (as the -7/3 power) to zero. We can, therefore, dropthe subscript w,
and tre•itfi as the loweiimiit of the locally isotropic range. From Fig. 23, ft is a constant
(= 1.2) for z1L < 0%ai, approaches 10 z1L for z/L > 0. The limiting streamwise
wavelength is, therefgre, of the order of z under unstable conditions and L/10 under stable
conditions.

The observwd~variation offi with z/L is consistent, as we will now show, with arguments
,put forth by L'qnxley andPanofsky (1964). Sinceýanisotropy results from wind shear and
buoyancy,,4.,,y suggest that only eddies with time scales small compared to the time scales
of shear a,:dvbuoyancy:wi!i be isotropic. A suitably eddy time scale is

7" = (K3 E)- 112  
. (36)

where 43 is tle -hýre-dimensional spectrum; it represents the density of contributions to
ttir,'Aient kihetic energy, from wave numbers of magnitude K. We expect the onset of
i•!AVp ,to occtir intAhe K--'5 1 range of E, so Eq. (36) may be expressed as

1. = OC-12 C-•1/3 -2.13,. . (37)

-w!C,ai'•s'0 !'three-dimensional spectral constant. As expected, this time scale decrease,;

"There are two buoyancy.time scales, one associated with the mean temperature change
with height and one caused by temperature fluetuations. Including shear we now have
tlwee significant external time scales:

(dU\ -'
kT" =dzj (mean shear) . (38a)

' 1 1 (= 112  (mean buoyancy) . . , (3db)

112 (fluctuating buoyancy) . . (38c)

Ve 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 become

SidU\ 3•2

• d) . . . (39a)

K > cOLM4 4c 12 
'- I.ý 0b

K > y1  , .. (3':c)'

Although these criteria are derived for it, e- :-rnenionali speýctrai -they Ahould. be
applicable.to ofne-dimensional spectra as ,well. i1r,---o:;,euiface-layer tetims, they ca;i <6,
expressed as

f • 0"3 ,i3I2 '#.-I2 (mea, i, . . . (40a)

f >' 03' L #1 (me~an bu6>A~cy), 4b

f ,. ON " 314 5-14, (fluctuating buoyant . (409)

Under very unswable conditions the buoyaucy criteria dominate, and in the x,,t-convctio:',
limit they givef > 0.1. -In neutral conditions only teshearacriterion is operative and it'
gives fY> 0.3. Under stable conditions allthree bLtcome proportional to zIL; here sheac
is the ifiost restrictive, giving f > 1.4 z/L. Thernf&r .j wd expect fi to approach a constant
uriler veryunstable conditions, and to yary as ý-/L On the stable side. Ourobservadqins,
"F4. 23, clearly supportvthis predictioh, and. suggest that we can interpret > in-our
inequalititie6 as meaning greater by a'fictor of 5 - 10.

10. CONcLusIONS

The sp•-,tra and cospectra of velocity And temperature flucituations show systematic
behaviour with z/L when expressed in appropriate similarity co-ordinates. All spectra and
cospeci'a~reduceto a family of curves which converge into single universal'curves in the
inertial subrange but spread out according to z/L at lower frequencies. Other data obtained
-in recent years over land and water fit,the composite curves reasonably well.

The high-frequency behaviour is consistent with local isotropy. In the inertial
.%ubrange, khere the spectra fall as n-'13 , the cospectra fall faster: uw and wO as n-111, and
A on the ,verage as n-511. The 4/3 rati ibetween the transverse and longitudinal velocity
spectral levels is observed at wavelengtes of the order ofz under unstable conditions and
about L/10 under stable conditions.

The spectral, constant a, agrees well with other experimental data, but additional
researci is needed to resolve the discrepancy between oar (indirect) P1 value and recent
directly-measured values.
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