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1. Intr oduction

Therearemary obsenrationsof one-dimensionadpec-
tra from in situ sensorsin the atmosphericboundary
layer However, for the mostpart,theseobsenationsare
atafew discretdevels(e.g.from towers)or not simulta-
neousin time (e.g.from aircraft). As aresult,we have a
generalunderstandingf the shape®f componenspec-
traaswell ascospectrédetweernvelocitycomponentand
betweera velocity componenanda scalar but little in-
formationaboutthe spatialstructureof turbulence.

An exceptionto thisis thework of Lenschev andKris-
tenser(1988)andKristenseretal. (1989),who e w two
identical aircraft in formation during the Dual Aircraft
FormationFlight Experiment(DAFFEX) to obtain lat-
eral two-point velocity statisticsof all threewind com-
ponentsin the CBL. They also ew the two aircraft
vertically displacedo measureverticaltwo-pointveloc-
ity statistics(Davis, 1992). Similarly, Kristensenet al.
(1989) used measurementfrom three towers arrayed
roughly normalto the wind during the LammefjordEx-
periment(LAMEX) to obtaintwo-point statisticsin the
atmospherisurfacelayer.

Mann (1995) presenteda detailed discussion of
second-ordeturbulencestructurein the neutral atmo-
sphericsurfacelayeranddevelopedamodelof two-point
statisticsthat usesthe isotropic turbulencespectrumof
von Karman. Applicationsof two-pointstatisticanclude
estimating uctuating loadson structuresdueto spatial
variationsin the turbulentvelocity componentsandcal-
culatingsamplingrequirement# orderto estimateerror
variancesn spatiallyaveragedwind eld variablessuch
asdivergenceandvorticity (e.g.Lenschov etal. (1999)).

With the developmentof instrumentsfor remotely
sensingvelocity, suchasDopplerradarsandlidars, it is
now possibleto measurehe radial velocity component
asafunctionof distanceérom thetransmitterandthusto
mapout two-dimensionalelds of radial velocity. Here
we reporton measurementsf vertical velocity w statis-
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tics from a ground-basedenith-pointingDoppler lidar
deployed over a relatively at anduniform agricultural
surface.Verticalcross-sectionsf w areusedto calculate
the integral scale,spectra,and vertical coherencgand
phaseangle)at various separatiordistancedor eleven
daytimeCBL cases.As far aswe know, this is the rst
time that sucha study hasbeencarriedout. We com-
pareour resultswith the predictedcoherencdor inertial
subrangeurbulenceandfor avon Karmanisotropictur-
bulencespectrum.

2. Experiment and Instrumentation

2.1 Lidars In Flat Terrain experiment

During August 1996, the National Centerfor Atmo-
spheric Researcls Atmospheric Technology Division
(NCAR/ATD) and NOAA's Ernvironment Technology
Laboratory(ETL) deployed threelidars at the Univer-
sity of lllinois eld site nearChampaign]llinois, USA,
to obsenrethehighresolutionstructureof aerosolwinds
andozonein thelowestfew kilometersof theatmosphere
asthe CBL evolved from early morningto late evening.
The site for Lidars In Flat Terrain (LIFT) was chosen
becausef the at terrain,good aerosolscattering,and
nearbyUHF radarwind pro lers operatedy the NOAA
Aeronomy Laboratory In addition to the lidars and
permanentvind pro lers, surface-basedneteorological
instrumentatiorand additionalwind pro lers were de-
ployed,andradiosondesverelaunchedon a regular ba-
sis(Cohnetal., 1998).Angevine etal. (1998)have sum-
marizedthe concurrenflatlandBoundarylLayerexperi-
ment,which sharednstrumentsandhadcomplementary
objectives.

2.2 High ResolutionDoppler Lidar

Oneof thethreelidars, the High ResolutionDoppler
Lidar (HRDL), wasusedfor this study It wasdeveloped
anddeplojed by ETL andis describedoy Grundet al.
(1998). It utilizes a solid-statethulium lutetium yttrium
aluminumgarnet(Tm:Yu, YAG) laserto generateoher
entinfrared pulsesat 2.0218um wavelengthwhich are
transmittedandreceved by a 0.2 m telescopeat a pulse



repetitionrateof 200s 1. A beam-steeringnechanism 3. Lateral coherenceof a stationary homogeneous

installedon the roof of the shippingcontainerhousing
thelidar allowed pointingandscanninganywhereabove
the horizon. During LIFT, the lasergenerated).8 mJ
pulseswith aradialresolutionof 30 m, anda minimum
range(dead-zonepf about390 m. Typically, the lidar
wasableto “see” severalkilometershorizontallyand,at
the zenith,wasalwaysableto seethroughthetop of the
CBL. Changesn aerosolscatteringled us to vary the
numberof pulsesaveragedogetherandthusthetempo-
ral resolution(from oneto few secondspn adaily basis.

Although the HRDL was usedin various scanning
modesduring LIFT, a majority of the obsenations(110
outof over 160hours)werewith thelaserbeampointing
straightup, sincea majorfocusof LIFT wasto examine
the vertical structureof w in a CBL. This takes adwan-
tageof thelidar's capabilityto obtainrange-resoledra-
dial measurement$rom which a two-dimensionaleld
of w canbe obtainedby useof Taylor's hypothesisthat
is by assuminghatthe eld of turbulenceis “frozen” as
it adwectspastthelidar.

2.3 description of cases

Herewe shaw resultsfrom 11 caseswith usefulverti-
calHRDL datacollectedduringLIFT anddiffering CBL
scaling variables(meanwind, CBL depth, and stabil-
ity). Table 1 summarizesharacteristicdor eachcase
averagedvertheselectegeriodof time (approximately
centeredn the middle of the day) that was chosenfor
analysis.The periodswereselectecon the basisof data
continuity and quality, and stationarityof the CBL. On
mostof the days,fair-weatherCu formedby late morn-
ing. Pro les of the horizontalmeanwind U were ob-
tained from the wind pro ler locatedat Sadorus,IL,
about5 km from the HRDL. In Table1 they have been
averagecbvertheentireCBL for the selectegeriod.

The CBL top z was determinedfrom the height at
which the increasein varianceover 1-minute seggments
rst exceeded).7 m?s 2 over a heightincrementof 30
m. Thatis, whenthe aerosolbackscatterrst becomes
too weakto provide a measurablevelocity andthe sig-
nalis dominatedby noise. Thus,we assumehatz; is a
demarcatiorbetweena particulate-ladei€BL andarel-
atively cleanfree atmosphereThis criterionalsoidenti-
es cloud basewhenfair-weathercumulusare growing
out of the CBL top. The valuesof z in Tablel areob-
tainedfrom anaverageover the given period. Thesees-
timatesof z comparewell with independengestimates
from the nearbywind pro lers and with the analyses
of CohnandAngevine (2000),Grimsdelland Angevine
(1998),andGrimsdellandAngevine (2002).

ow

Coherencés ausefultool for documentingspatialcor-
relationbetweerrandomstationarytime series.Follow-
ing thede nition by KristenserandJenser{1979)(here-
afterKJ), the coherencef avelocity component; sep-
aratedby avectorD from avelocity component; is

Co;;(D;k)? + Qij(D; k)? 0
Fi(K)F;;(k) '

COhU(D,k)

wherek is the wavenumbey F;;(k) and F;;(k) are the

spectreaof theindividual velocity componentime series,
andCo;;(D; k) andQ;;(D; k) arethe co- andquadrature
spectraAdditional informationis providedby the phase
angle,de ned by

Qi;(D;k)

f4(D;K) Co;;(Dik)

arctan

)

Here, the meanwind direction de nes the direction of
the rst unit vectoriy, andthe displacemenbD alongthe
vertical de nes the secondunit vectori,. We notethat
0 Coh;(D;k) 1.

For large k and D, the coherencebecomessmall, as
the eddiesbecomeindependenbf eachother In con-
trast, for smallk and D the coherenceapproachesne.
Whendealingwith nite measuremenperiods,thereis
a statisticaluncertaintyin estimatingcoherence.Since
Coh;;(D;k) 0, thisuncertaintyresultsin apositivebias,
whichincreasessthe numberof Fouriermodesthatare
averagedtogetherand the length of the time seriesde-
creasesFor oneFourier mode,the coherences identi-
cally one. However atime seriescanbe subdvidedinto
asetof M time seriesandthecoherencealculatecbvera
setof Fouriermodes.The productof thesetwo numbers
is oftenconsideredsthe numberof degrees-of-freedom
df for estimatinghesigni canceof themeasuredoher
ence. Kristensenand Kirk egaard (1986) addressedhe
issueof how larged f shouldbefor a givenlevel of sig-
ni cance in coherencestimates.

We rst considetthe coherencef theverticalvelocity
alongthe vertical axis z obtainedfrom the HRDL data
at two differentheights(i.e. two differentrangegates)
within the CBL. Using the notation of KJ, the coher
encethat we can estimatefrom thesemeasurementis
Cohpy(D; k), whereD is the vertical separatiordistance.
If theturbulenceis homogeneouandisotropic,KJ shav
how to obtainCoh;;(D; k) analyticallyfrom the enegy
spectrumE(k). If we further assumethat D is much
smallerthanthe scaleof theturbulencel, the coherence
is closeto onefor Dk 1, independenbf the behaior
of thespectrumatwavenumberk  1=L, sothattheen-
ergy spectrumcanbe approximatedy the Kolmogoro



Tablel: Characteristicef the 11 LIFT casesonsideredere.z; is the CBL depth,U is themeanhorizontalwind, L,,
is the Obukhov Iength,l‘(f) is the horizontalintegral scaleat z;=2, andlff) is the vertical integral scaleat z=2. 1700

UTCis 1100CST.

Date timeperiod  z u z=L, (G2 QG72) ISVX):zi Iff):zi
(mmddyy)  (UTC) (m (ms?h (m) (m)
080296  1700-2000 1590 3.0 91 230 372 0.14 0.23
080496 1700-2000 1440 5.2 26 198 287 0.14 0.20
080596  1700-2000 1190 8.6 6 154 222 0.13 0.19
080696  1800-2100 1390 7.8 15 462 552 0.33 0.40
080796  1800-2100 1270 5.6 13 320 419 0.25 0.33
081096 1700-2100 1770 2.2 121 311 421 0.18 0.24
081296  1800-2100 1720 4.8 23 497 609 029 0.35
081696  1800-2100 1370 2.2 251 398 541 0.29 0.39
081996  1800-2000 1280 7.2 11 312 419 0.24 0.33
082096  1800-2100 960 6.8 14 175 233 0.18 0.24
082196  1800-2100 1530 34 70 293 353 0.13 0.19
spectrum 4. Effect of beamaveraging
Ex(k) = ae?/3k 53 (3)

wherea is the Kolmogoros constantand e is the rate
of dissipationof turbulent kinetic enegy. In this case,
Cohps(D; k) canbe obtainedanalyticallyandis a func-
tion of thenormalizedvariableDk (KJ):
5/3
Cohpa(D; k) = Cohpp(DK) = (G(5=6)) 2 %"
2
2Ks,6(DK) + 3DkKy/6(DK) ;

(4)
whereK is the modi ed Besselfunction of the second
kind (Luke, 1972)andGis the Gammafunction.

WhenD cannolongerbeassumedmallcomparedo
L, the expressiorfor the coherencalependsiot only on
Dk but alsoon D=L. Assuminga von Karman enegy
spectrunmwith alengthscaleL

[ 17/3K4
(1+ k2L2)17/6 !

we obtainananalyticalexpressiorfor Cohpy(D=L; Dk),

E, (k) = ae?/3 5)

21:3311:3
2
(G(5/6))2(375 +8D?k?)2
2

Cohpa(D=L;Dk) = 9

(6)
(D%k?K11/6(S) + SKs/6(S)

whereS? = %; +D?k?. Lothonetal. (2006)shav how
Cohpo(D=L; Dk) monotonicallydecreaseasDk andD=L
increase.Oneimportantaspectof the coherencas that
for signi cant displacemenD relative to L, the coher
enceis not equalto one for Dk = 0. It can easily
be shavn that (6) becomesddenticalto (4) in the limit
D=L! O.

Lidar velocity measuremenis not a point measure-
mentof thevelocity eld but anaverageovertheresolu-
tion volumethatdependn the pulsewidth, range-gte
length and time resolution. The beamcan be approx-
imatedby an in nitely narrov cylinder so that the ef-
fect of the beamaveragingon the w measurementan
beanalyticallystudiedassumingraylor's hypothesisand
Kolmogorw or von Karmanisotropicturbulencemodels
(Frehlich(1997);Frehlichetal. (2006)).

We usethe modeldevelopedby Frehlichetal. (2006)
to evaluatethe effect of beamaveragingon our estimates
of integral scales.Thelidar characteristicassumedhere
(MichaelHardestypersonatommunication2005)area
30 m pulsewidth and30 m range-@telength. We com-
putedthetheoreticabutocorrelatioriunctionsusinga 30
m lag for the covariancealongthe vertical,and5 m lag
alongthe horizontal(assuminga 5 m's 1 meanhorizon-
tal wind and1 s ! samplingrate). The Frehlichmodel
givesthetheoreticahutocorrelatiofunctionassuming
von Karmanenepgy spectrunparameterizely the vari-
anceand integral scaleof w andtaking accountof the
beamaveraging. We usea 1 m? s 2 varianceandthe
obsered integral scales. Of course,the measurecpa-
rametersare alreadyaffectedby beamaveraging,sowe
then calculateda secondestimateof the integral scale
from this theoreticalautocorrelatiorfunction using the
sameexponential- t methodaswasusedwith the mea-
surementgseesection5). The theoreticallycorrected

estimate®f thew integral scalein theverticall (2) and

thew integralscalein thealongwinddirectionlff) (2) (de-
ned in Sections) are’ 10%and' 15%greaterrespec-
tively, thanthe measuredalues.



Of course this analysisis only approximatesincethe
von Karmanmodelassumessotropicturbulenceandthe
measuremenuiscussedhtershawv thatthew turbulence
is anisotropic. But sincethe beam-aeragingeffect is

notlarge,andis similarin magnitudeor bothlff)(z) and

1) (2), we considerheamaveragingto have a minor ef-
fect on theintegral scalemeasurementanda negligible
effectontheirratios.

Taking accountof the beamaveragingfor the coher
enceis more problematicakincewe have no simplean-
alytical approacho take accountof it. However, we did
usesomehigher resolutionaircraft w measurement
empirically studythe effect of beamaveragingon coher
ence.Only thedenominatoin (1) is sensitve to this ef-
fect,andtheeffectonspectrds only signi cant for larger
k thanwhatwe consideredere,sowe concludethatits
effecton our coherenceneasurements negligible.

5. Spectra

In this section,we shov examplesof w spectrafrom
HRDL, multiplied by k = 2pf=U, wheref is frequeng,
and plotted versusnormalizedwavenumberkz; at 30 m
heightincrementsTheupturnatkz > 150 200is due
to measurememoise.The adwvantageof theHRDL data
is that we canresole simultaneousspectrathroughout
the CBL and thus comparespectralstructureat differ-
entlevels. This givesus a unique perspectie on how
well we cangeneralizéheightvariationsin spectrabktruc-
ture, aswell asthe vertical extent of correlatedfeatures
in the spectra. Our resultsindicatethat the normalized
w spectralstructureproposedby Kaimal et al. (1976)
is reasonabl®n average but alsothat eachday departs
from the generalizedstructure. This is likely a re ec-
tion of the multitude of external variables,in addition
to corvective instabilitythat can impact spectralstruc-
ture: varyingwind sheaandthermalwind) with height,
horizontalheterogeneityn surface propertiesdiffering
lapseratesin the overlying free atmosphereanddiffer-
ing fairweathercumulusregimes. In all the casesthe
peaksandvalleysin thespectraatsmallkz; arereplicated
throughoutmary of the resohed levels within the CBL,
thusqualitatively indicatingthatthereis correlationbe-
tweenw at multiple levels within the CBL. We alsosee
considerableariationof the behaior with heightin the
inertial subrangewith somedaysshaving almostcon-
stantinertial subrangeandothersdecreasindpy asmuch
asafactorof threefrom thelowestto the highestlevel.

Figurel from 4 Augustis anexampleof a setof spec-
tra thatis mostly consistentvith the Kaimal model, but

with somesigni cant differences. The spectralmaxi-
mum wavenumber(kz){)” is about5 at the lowestre-

solved levels; thatis, the spectralmaximumwavelength

| ,» is aboutl:3z. Thenl ,, decreasesomavhat with

heightto about0:6z;. Kaimal suggests slowly increas-
ing | ,, upto aboutz=z;* 0:5, thenconstantabove this

level with | ,, * 1:5. This caseis morein accordwith

the modelof Caughg andPalmer(1979),who suggest
adecreasén | , for z=z > 0:6 althoughthey suggesan

increasen | ,, upto thatlevel.

Figure2 for 6 Augustis closerto the Caughg model
of anincreasen | ,,, up to the middle of the CBL, with a
decreasabovethat. Butit alsoillustratesanarbitrariness
in determiningthe location for the spectralmaximum.
(Laterwe shaw a similar arbitrarinessn estimatingthe
integral scalefor this case). Therearea seriesof peaks
over morethanadecade(:6z; < | ,, < 10z, thatarecor-
relatedover mostof the CBL. The actualspectralmax-
imum dependson which peakemegesas the absolute
maximum,which, in turn, depend®on the spectralaver
agingscheme Comparingheinertial subrangd€roughly
20< kz; < 100)betweertheserst two exampleswe see
thatthe4 Augustcaseshavsadecreasingmplitudewith
height(andalsoevidencefor enegy input at low levels
for 10< kz < 30), while 6 Augustshavs anessentially
constaninertial subrangevith height.

In contrasto 4 and6 August,thespectrdor 16 August
(Fig. 3) shaws a precipitousdeclinefor kz; < (kz,»),(,t”),
much faster than the normalizedw spectralplots of
Kaimal et al. (1976), and the 4 and 6 August cases.

(kzi)f,?) is alsosmalleron 16 August(l ,,  2:5) thanfor
the Kaimal modelandthe 4 and6 Augustcaseswhich
suggestshattheremay be moreinjection of turbulence
enegy for 2< kz < 10onthisday 16 Augusthadvery
light winds (2.2m s 1) andwasthe mostunstablecase
( z=L,' 251).Thus,Taylor'shypothesiss moreques-
tionableat smallkz,. However, on 10 Augustthe mean
wind wasalso2.2m s 1, but the spectranot shavn) on
this day are more like thoseon 4 and 6 Augustexcept
thatthey shov a considerablymorerapid decreassvith
height,bothin theinertial subrangeandat smallkz;.

The 20 August lidar datashaved evidenceof wave
motionabove the CBL. However, the spectra(Fig. 4) do
not indicateary signi cant differencewithin the CBL
that we can attribute to wave motion. This is alsothe
closestto neutral(z=L, ' 14) of the four casesshavn
here and the shallovest CBL of all the cases. Again,
thereareno distinctive differenceghatwe canattribute
to this.

6. Integral scales

To calculatethe integral scales,we make useof the
autocorrelatiorfunction R, (r). Theintegral scaleof w,
which is a measureof the length over which w is rela-
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tively well correlatedwith itself, is de ned as:

Zy
R, (r)
l, = dr; 7
o Ru(0) @
wherer is thedisplacemenand

Zy
R, (r) w(rOw(r%4r)dr® (8)

¥

A good estimateof |,, canbe obtainedfrom the max-
imum of the running integral of (7) (Lenschev and
Stanlov 1986):

4

|W(r) =

"R o0 .
o R,(0) o ©)

max

whichis reacheditthe rst zerocrossingof R, (r). Kris-
tenseret al. (1989)shav thatfor isotropicvon Karman
turbulencespectrumthe lengthscaleL in (5) is propor
tional to the intergal scales;i. e. for the the trans\erse

integral scalel ( (2):

2G31=2)G(1=3) | (v ()
L=———7>7>F—"I'(2" 268l (z 10
o @ @ @0

andfor thelongitudinalintegral scalel S (2),
L= G120 1300 (1)

pG5=6) "

Integral scalesof w can be estimatedalong both the
alongwindandverticaldirections:

Thealongwindintegral scalel & (2) atlevel zis cal-
culatedfrom R,,(z x), wherex = Ut.

The vertical integral scalel{ (2) is obtainedfrom
R,(z dz). In thiscasewe considerareferencdevel
z, andcalculatethe correlationcoefcient asafunc-
tion of heightz and dz, where dz is the varying
heightincrementbovethelevel z, betweerthetime
seriesat z and the time seriesof the levels above.
Shiftingthelevel zprovidesapro le oflff)(z). Note
thatin this casetheheightzis thelower limit of the

heightinterval over which 15 (2) is calculated.

Previously Lenschav and Stanlov (1986) estimated

Ifj‘) from the rst zerocrossingof R, (zx) and(9). But
this methodcould not be consistentlyusedto estimate
1) (z) becauseof the limited rangeof valuesof dz in
R,(zdz), which arerestrictedto aboutdz z 0:7z
dueto thelidar deadzone,temporalandspatialchanges
in z, andnoise. Soinstead we usean exponentialleast
squarest,

Ry(zdz) =R, (z0)exp %/ (12)
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Figure5: Comparisorof Iff)(z) estimatedwith the rst
zero-crossingmethod and with the exponential least
squarest. Only levels in the middle of the CBL are
consideredi.e. 4 levelsbelov and4 levelsabore z=2, a
heightinterval of 250m.

to estimatelff) (2). To justify this, we comparethe es-

timatesof IV(;")(Z) using both techniquessince the time
seriesarealwayslong enoughfor R,,(z X) to crosszero.
Recognizinghattheraw lidar datacontainsrandomun-
correlatechoise(Lenschav etal., 2000),beforeestimat-
ing |,, thenoisecontrikution wasestimatecandremoved
by extrapolatingR,, to zerolag. Thenthe exponential
t wasmadeon the correctedenormalizedR,, over the
lagsfor which R, > 0:5 in orderto obtainan objective
estimateof |,,. We found (Lothonetal., 2006)thatboth
Iv(j‘)(z) andl,(f)(z) arewell tted by an exponentialfor
separatiordistances< 1 km. Of coursethey cannotbe
perfectts, sinceanexponentialautocorrelatioriunction
impliesak 2 spectrum.

We thencompareboththeclassicalrst zero-crossing

andthe exponential t methodsto obtain 19 (2). Fig-
ure5 shavsthatin mostcase$othmethodggive similar
results. For two caseg6 and19 August),the exponen-
tial methodgivessigni cantly smallerintegral scalese-
causeor largex, R, (z x) decreaseto zeromoreslowly
thanthe extrapolatedexponential t at smallx. Inspec-
tion of the time seriesindicatesthat this is the result
of largerscalecoherentstructuresin the velocity eld,
which inevitably leadsto somearbitrarinesdn charac-
terizing the integral scale. This is alsore ected in the
spectrafor 6 August,shavn in Fig. 2, which hasan ex-
tendedregion of large variancefor smallkz;.

Both vax)(z:Z) and I\(f)(z,-:Z) are shavn in Table 1.
Figure6 shcwsll(f) (2)=z versusff) (2)=z for all daysand
for levels containedwithin a 250 m thick layer centered
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Figure 6: I,(f)(z) versuslfj‘)(z) for the 11 LIFT cases.
Only levelsin themiddleof the CBL areconsideredthat
is, 4 levels belov and4 levels above z=2, asin Fig. 5.

The solid line is the 2/1 slopecharacteristiof isotropic
turbulence.Thedashedine is alinearleast-square$ to

thedata,constrainedo interceptzero.

atz=2. Thetwo scalesarevery well correlatedandthe
ratio is remarkablyconstantover all the cases.Accord-
ing to predictionsof isotropicturbulence,lsf) shouldbe
twice aslarge aslﬁ’,‘) (Batcheloyr 1953). We nd instead
that 1 (z)* 1:319(2); thatis, 19228 (2) is 0.65
timeswhat it would be for isotropicturbulence. Thus,
thew eddiesareare“squashed’in the vertical direction
even in the middle of the mixed layer and the amount
of squashings independenbf z=L,, wherel, is the
Monin-Olukhov length.

Figures7 and 8 display the vertical pro les of, re-
spectiely, 1$Y (2=z and 1) (2=z for the 11 days.
The empirically estimatedpro le of 1§’ (z)=z found
by Lenschav (1986) from aircraft obserationsduring
the Air Mass TransformationExperiment (AMTEX),
1 (2)=z; = 0:28(z=7)%/2, is also plotted. The pro les
thatwe obseredare,onaverage of similarmagnitudeo
thoseobseredin AMTEX, butin contrastotheincrease
with heightobtainedin AMTEX, we seeherea nearly
constantvalueof I&?‘)(z) throughouthe mixedlayer We
speculatehatthis maybe dueeitherto theheterogeneity
of the surface(a patchwork of soybeanandcorn elds)
in LIFT thatmay generatdargerscale uctuations near
thesurface,or to the presencef somestratiformclouds
in AMTEX that may generatdargerscale uctuations
nearthe CBL top. Angevine et al. (1998)shav the sur
facevirtual temperatureux atnooneachdayfor theen-
tire summerfor both a cornanda soybean eld. They
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Figure7: Pro les of 1 (z) for 0:2< z=z < 0:8 for the
11 LIFT cases.A compositeR,(z x) obtainedfrom the
averageof R,(zx) at ve successie levels was calcu-

lated before calculatinglv(f) (2). The dashedine is the
empirical t obtainedby Lenschav (1986).

foundthetemperatureux overthesoybeaneld tobeas
muchasafactorof two higherthanoverthecorn eld till

mid July, whenthis systematidifferencevirtually disap-
peared.They concludedhatthetemperatureux differ-
enceswere mostly relatedto the maturity of the crops.

In contrastto I&j‘) (2), for z=z; > 0:3 we seea signif-

icant deceaseof Iff)(z) with height(Fig. 8). Herewe
have no previous obsenationaldatawith which we can
compare.We note,however, thatthis is consistenivith
theeddiesdbeingsquashedsthey approachhetop of the
CBL (Kristenseretal., 1989).

Thereseemso beno strongfunctionaldependencef
eitherlff)(z) orl‘(j)(z) onz=L,, althoughwe notethatthe
casewith the smallestvalue of z=L, (5 August)is also
at the smallendof the obsered valuesof | (2)=z and
similarly thecasewith thelargestz=L, (16 August)is at

the high endof the obsered valuesof Ifj‘) (2)=z. Thisis
consistentvith moreneutrallystablecasesiaving some-
whatsmallernormalizedw eddysizes,but the scatterin

thedatadoesnotgive ade niti ve functionaldependeng

Thereis evenlessevidencefor ary z=L, dependengin

thel?) (2)=; data.

Figure 9 shaws the averagesof both integral scales
over 11 days,which makesmoreobvious the constang
of 1$7(2)=z and the decreasef I (2)=z with height
throughthe upperpart of the CBL, andthusthe vary-
ing anisotroy of w with height. In effect, the vertical
eddieshecomeavenmoresquashe@ndanisotropicnear
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Figure 8: Pro les of 16 (z) measuredrom a reference
level (in ordinate)just above the deadzone(® 390 m)
forthe 11 LIFT casesEvery fth levelis plotted.

thetop of the CBL dueto the cappinginversionWe also

notethatat the lowestlevel (i.e. z=z;,' 0:25), Iff) (2)=z
increasewith height, which is what one would expect
nearthesurface.

7. Obsewedcoherence

The coherenceCohypy(Dk) and phasef 22(Dk) were
calculatedfor all the LIFT casesusingdf = 50 for all
the periodsindicatedin Tablel for 0:25< z=z; < 0:8in
incrementsof 120 m, and with 0:25z asthe reference
level. This level is high enoughto insurethat the cal-
culationsare carriedout above the surfacelayer From
KristenserandKirk egaard(1986),the biasin the coher
encefor df = 50is about0.02whenthetrue coherence
is zero.

7.1 Departure from Kolmogorov model

Figures10 and 11 showv examplesof Cohpy(Dk) and
f 2o(DK) for 2 and4 August1996,respectiely. TheKol-
mogore modelis shavn for comparisonAlthoughboth
caseshave similar integral scalesof about200 m, the
coherencesliffer betweenthem. On 2 August, the ob-
sened coherencés alwayslarger thanthe Kolmogorw
model and doesnot seemto dependon D=L, but on 4
August,for smallvaluesof Dk but large valuesof D, the
obsened coherencdalls belov the Kolmogoray model;
i.e. the coherencés alsoa function of D=L. As pointed
out previously for the von Karman spectrumthe coher
encedecreasesvith increasingD=L, especiallyat low
wave numberswherethe predictedcoherencaloesnot
goto onefor Dk! 0. Figures10and11 shaw thatthe
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Figure 9: Proles of Ifﬁ(zz )=z (triangles) and

19 (z=z))=z; (squarespveragedover the 11 LIFT cases.

Thedashedine istheempirical t obtainedoy Lenschav
(1986)for 1 (z2z)=z..

phasengleisinsigni cantly differentfrom zero,indicat-
ing thatthereis negligible tilt in w with z over thedepth
of CBL probed.Thiswastruefor all of the LIFT cases;
theaveragephaseshift wasalways< 3 , whichamounts
to atilt of < 5 mfor aheightincrementof 100m.

7.2 Departure from von Karman model

Figures12 and 13 display the coherencefor all 11
LIFT daysasafunctionof Dk for two particularvaluesof
D=L, whereL wasobtainedrom (2) via (10). All the
pointsfor whichD=L = 0:15 0:10areplottedin Fig.12
andall the pointsfor which D=L = 0:55 0:10areplot-
tedin Fig. 13. Both Kolmogorw andvon Karman pre-
dictionsarealsodisplayed.n the rst caseD=L is small
enoughfor thetwo theoriesto be negligibly differentfor
Dk > 0:5. Theagreementvith thevon Karmanmodelis
generallygoodfor small Dk, but the obseredcoherence
is consistentljtargerthanthe predictedor Dk > 0:5. For
the secondcase(Fig. 13) the scatteris larger, likely be-
causedeparturegrom assumedsotropicturbulencebe-
comeincreasinglylikely asD=L increasesandthesede-
parturesseemto be differentfor differentcasessoit is
dif cult to discernary consistengin thedeparturesBut
the cloud of points doesshav a smallercoherenceor
small Dk thanfor the rst caseaspredictedby the von
Karmanmodel.

Anotherway to checkthe effect of the integral scale
on the coherences to keepthe ratio of the two vari-
ablesD=L and Dk constant—thats keepkL constant.
The curves obtainedfor the von Karman coherenceas
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Figure 10: Coherencegtop panel) and phase(bottom
panel)on 2 August1996, betweentwo levels separated
by D="+: 60m, " " 180m," " 300m," ": 420m,
"4 540m,” " 660m,” ': 780m. Referencdevel is
0:25z. Thesolidblackline is the Kolmogoroar model.

afunctionof Dk lie increasinglybelov the Kolmogoro

coherencevith anincreasingslopeaskL decreasedrig-

ures14 and 15 shov the measuredaind modeledcoher

encefor two separatelayseachwith differentrangesof

valuesfor kL. We canseethatthe 5 Augustdatapoints
(Fig. 14) for kL = 0:7 and 2.1 follow the predictedvon

Karmanmodelcurvesfor the rst few valuesof Dk, then
fall below the predictedcurve, while for kL = 3:5, the
pointslie above the predictedcurve for small Dk but lie

closeto the predictedcune for large Dk. For kL > 35,

the pointslie above the predictedcurve for all valuesof

Dk. For this particularday, the meanwind waslarge (8.6
ms 1) while IV(;”) wassmall; thatis, kL is smallenough
thatthe smallestincrementin k revealsa differencebe-
tweenthetwo theories.

For 16 August(Fig. 15), the Kolmogoros andthe von
Karman modelsgive almostidenticalresults. The wind
is light (2.2ms 1) sothatkL is large. For valuesof kL
7:2 all the pointsexceedthe modeledcurve.
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Figurell: SameasFigurel0for 4 August1996.

Theseresultsshav a consistentlyarger obsered co-
herencehanpredictedby the von Karman modelwhen
kL > 3. ThissuggestshateitherthevonKarmanspectral
shapedoesnotadequatelyepresentheactualspectraor
that the turbulencebecomesncreasinglyanisotropicas
kL becomedarger.

Toinvesticatewhetherorizontalcorvectiverolls play
arole in this obsened anisotropy, we usedthe criteria
for rolls given by Weckwerth(1999)to distinguishlow-
probabilityroll days(dueto largevaluesof z=L,) from
daywhererolls aremorelikely. Comparisorof theauto-
correlationfunctionsand spectraon the low-probability
roll daysof 2, 10, 16, and 21 August 1996 with the
remainingdays, which were high-probabilityroll days,
shavedno olbvious systematidifferences.

8. Summary

Measurementdérom a ground-basedenith-pointing
Dopplerlidar collectedduringLIFT enabledusto obtain
two-dimensionalelds of w for extendedmid-day peri-
odsin the CBL abore’ 390 m. Thesemeasurements
have beenusedto calculate,for the rst time, integral
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Figurel2: Obsenedcoherencéor all L1LIFT dayswith
D=L = 0:15 0:05. Thedashedine is the Kolmogoros
model,thesolid line thevon Karmanmodel.

scalesof win boththeverticalandalongwinddirections,
andcoherencef w betweertwo levels. The alongwind
integral scaleis approximatelyconstantwith height,in

contrastto in situ aircraft resultsfrom AMTEX (in a
convective marineboundarylayer) which shoved anin-

creasewith height. We speculatethat this might be a
resultof somestratiformcloud decksin AMTEX or the
surfaceheterogeneityn LIFT. Theverticalintegral scale
decreasesvith height. We know of no other obsena-
tions with which this canbe compared.We found that
the vertical and horizontalintegral scalescorrelatewell

with eachother andthattheratio of the vertical scaleto

the horizontalscaleis ' 1.3 in the middle of the CBL,

thatis, 0.65timeswhat would be the casefor isotropic
turbulence. This ratio decreasewith heightthroughthe
upper2/3of theCBL.

We obsenred larger coherenceof the vertical veloc-
ity alongthe vertical than predictedby isotropicturbu-
lence, especiallyas Dk and D=L becomelarge. Thus,
not surprisinglythe larger the separatiorandthe larger
the wavenumber the more anisotropicthe turbulence.
We also found no signi cant tilt of the thermalstruc-
turesthroughoubur measuredlomain,whichis roughly
> 0:2z; thatis, wind shearis too smallto affect the ori-
entationof thermalsfor z> 0:2z;.
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Figure 14: Coherenceobsered on 5 August 1996 for
differentvaluesof k: (a)* ' —k=0:0017m ! (kL=0.7);
+' — k=00051m ! (kL=2.1); 4" - k = 0:0085
m 1 (kL=3.5). The von Karman modelpredictionscor-
respondingto thesewave numbersare given by the
thick solid line, the thick dashedine, andthe thin solid
line, respectiely, while the thin dashedine is the Kol-
mogoro modelprediction.(b) k> 0:0085m * with dif-

ferentvaluesofD: * ' —=D=0m; 4'—-D=30m, +'

—D=60m;and” ' —D> 60m. Thedashedine is the
predictionfor both Kolmogoros andvon Karman mod-
els.
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Figure 15: Coherencebsened on 16 August1996for
differentvaluesof k: (a)" ' —k = 0:0068m 1 (kL=7.2);
+' —k=0:0201m ! (kL=21.4);'4 "' —k=0:0334m 1!
(kL=35.6). The von Karman model predictionscorre-
spondingto thesewave numbersde ned asin Fig. 14,
overlapthe Kolmogoro prediction.(b) k> 0:0334m 1!
with differentvaluesof D: © ' =D =0m; 4'—-D =30
m, +' —=D=60m;and” ' —D > 60m. Thedashedine
is the predictionfor both Kolmogoroes andvon Karman
models.



