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1. Intr oduction

Therearemany observationsof one-dimensionalspec-
tra from in situ sensorsin the atmosphericboundary
layer. However, for themostpart,theseobservationsare
ata few discretelevels(e.g.from towers)or notsimulta-
neousin time (e.g.from aircraft). As a result,we have a
generalunderstandingof theshapesof componentspec-
traaswell ascospectrabetweenvelocitycomponentsand
betweena velocity componentanda scalar, but little in-
formationaboutthespatialstructureof turbulence.

An exceptionto thisis theworkof Lenschow andKris-
tensen(1988)andKristensenetal. (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 �e w the two aircraft
vertically displacedto measurevertical two-pointveloc-
ity statistics(Davis, 1992). Similarly, Kristensenet al.
(1989) usedmeasurementsfrom three towers arrayed
roughlynormalto thewind during theLammefjordEx-
periment(LAMEX) to obtaintwo-point statisticsin the
atmosphericsurfacelayer.

Mann (1995) presenteda detailed discussion of
second-orderturbulencestructurein the neutral atmo-
sphericsurfacelayeranddevelopedamodelof two-point
statisticsthat usesthe isotropic turbulencespectrumof
vonKármán.Applicationsof two-pointstatisticsinclude
estimating�uctuating loadson structuresdueto spatial
variationsin theturbulentvelocity components,andcal-
culatingsamplingrequirementsin orderto estimateerror
variancesin spatiallyaveragedwind �eld variablessuch
asdivergenceandvorticity (e.g.Lenschow etal. (1999)).

With the developmentof instrumentsfor remotely
sensingvelocity, suchasDopplerradarsandlidars, it is
now possibleto measurethe radial velocity component
asa functionof distancefrom thetransmitterandthusto
mapout two-dimensional�elds of radial velocity. Here
we reporton measurementsof verticalvelocity w statis-
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tics from a ground-basedzenith-pointingDoppler lidar
deployed over a relatively �at anduniform agricultural
surface.Verticalcross-sectionsof w areusedto calculate
the integral scale,spectra,and vertical coherence(and
phaseangle)at variousseparationdistancesfor eleven
daytimeCBL cases.As far aswe know, this is the �rst
time that sucha study hasbeencarriedout. We com-
pareour resultswith thepredictedcoherencefor inertial
subrangeturbulenceandfor a von Kármánisotropictur-
bulencespectrum.

2. Experiment and Instrumentation

2.1 Lidars In Flat Terrain experiment

During August1996, the NationalCenterfor Atmo-
spheric Research's AtmosphericTechnologyDivision
(NCAR/ATD) and NOAA's Environment Technology
Laboratory(ETL) deployed three lidars at the Univer-
sity of Illinois �eld sitenearChampaign,Illinois, USA,
to observe thehighresolutionstructureof aerosol,winds
andozonein thelowestfew kilometersof theatmosphere
astheCBL evolvedfrom earlymorningto lateevening.
The site for Lidars In Flat Terrain (LIFT) was chosen
becauseof the �at terrain,goodaerosolscattering,and
nearbyUHF radarwind pro�lers operatedby theNOAA
Aeronomy Laboratory. In addition to the lidars and
permanentwind pro�lers, surface-basedmeteorological
instrumentationand additionalwind pro�lers were de-
ployed,andradiosondeswerelaunchedon a regularba-
sis(Cohnetal.,1998).Angevineetal. (1998)havesum-
marizedtheconcurrentFlatlandBoundaryLayerexperi-
ment,whichsharedinstrumentsandhadcomplementary
objectives.

2.2 High ResolutionDoppler Lidar

Oneof the threelidars, the High ResolutionDoppler
Lidar (HRDL), wasusedfor thisstudy. It wasdeveloped
anddeployed by ETL and is describedby Grundet al.
(1998). It utilizesa solid-statethulium lutetiumyttrium
aluminumgarnet(Tm:Yu, YAG) laserto generatecoher-
ent infraredpulsesat 2.0218µm wavelengthwhich are
transmittedandreceivedby a 0.2 m telescopeat a pulse



repetitionrateof 200 s� 1. A beam-steeringmechanism
installedon the roof of the shippingcontainerhousing
thelidar allowedpointingandscanninganywhereabove
the horizon. During LIFT, the lasergenerated0.8 mJ
pulseswith a radial resolutionof 30 m, anda minimum
range(dead-zone)of about390 m. Typically, the lidar
wasableto “see” severalkilometershorizontallyand,at
thezenith,wasalwaysableto seethroughthetop of the
CBL. Changesin aerosolscatteringled us to vary the
numberof pulsesaveragedtogether, andthusthetempo-
ral resolution(from oneto few seconds)onadaily basis.

Although the HRDL was used in various scanning
modesduringLIFT, a majority of theobservations(110
outof over160hours)werewith thelaserbeampointing
straightup,sincea majorfocusof LIFT wasto examine
the vertical structureof w in a CBL. This takesadvan-
tageof thelidar's capabilityto obtainrange-resolvedra-
dial measurements,from which a two-dimensional�eld
of w canbeobtainedby useof Taylor's hypothesis;that
is by assumingthatthe�eld of turbulenceis “frozen” as
it advectspastthelidar.

2.3 description of cases

Herewe show resultsfrom 11 caseswith usefulverti-
calHRDL datacollectedduringLIFT anddifferingCBL
scaling variables(meanwind, CBL depth, and stabil-
ity). Table 1 summarizescharacteristicsfor eachcase
averagedover theselectedperiodof time(approximately
centeredin the middle of the day) that waschosenfor
analysis.Theperiodswereselectedon thebasisof data
continuity andquality, andstationarityof the CBL. On
mostof thedays,fair-weatherCu formedby latemorn-
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
averagedover theentireCBL for theselectedperiod.

The CBL top zi was determinedfrom the height at
which the increasein varianceover 1-minutesegments
�rst exceeded0.7 m2s� 2 over a height incrementof 30
m. That is, whenthe aerosolbackscatter�rst becomes
too weakto provide a measurablevelocity andthe sig-
nal is dominatedby noise. Thus,we assumethatzi is a
demarcationbetweena particulate-ladenCBL anda rel-
atively cleanfreeatmosphere.This criterionalsoidenti-
�es cloud basewhenfair-weathercumulusaregrowing
out of the CBL top. The valuesof zi in TableI areob-
tainedfrom anaverageover thegivenperiod. Thesees-
timatesof zi comparewell with independentestimates
from the nearbywind pro�lers and with the analyses
of CohnandAngevine (2000),GrimsdellandAngevine
(1998),andGrimsdellandAngevine (2002).

3. Lateral coherenceof a stationary homogeneous
�o w

Coherenceis ausefultool for documentingspatialcor-
relationbetweenrandomstationarytime series.Follow-
ing thede�nition by KristensenandJensen(1979)(here-
afterKJ), thecoherenceof a velocity componentui sep-
aratedby avectorD from avelocitycomponentu j is

Cohi j(D;k) �
Coi j(D;k)2 +Qi j(D;k)2

Fii(k)Fj j(k)
; (1)

where k is the wavenumber, Fii(k) and Fj j(k) are the
spectraof theindividualvelocitycomponenttimeseries,
andCoi j(D;k) andQi j(D;k) arethe co- andquadrature
spectra.Additional informationis providedby thephase
angle,de�ned by

f i j(D;k) � arctan
�

Qi j(D;k)
Coi j(D;k)

�
: (2)

Here, the meanwind direction de�nes the direction of
the�rst unit vectori1, andthedisplacementD alongthe
vertical de�nes the secondunit vector i2. We notethat
0 � Cohi j(D;k) � 1.

For large k andD, the coherencebecomessmall, as
the eddiesbecomeindependentof eachother. In con-
trast, for small k andD the coherenceapproachesone.
Whendealingwith �nite measurementperiods,thereis
a statisticaluncertaintyin estimatingcoherence.Since
Cohi j(D;k) � 0, thisuncertaintyresultsin apositivebias,
which increasesasthenumberof Fouriermodesthatare
averagedtogetherand the lengthof the time seriesde-
creases.For oneFourier mode,the coherenceis identi-
cally one.However a time seriescanbesubdividedinto
asetof M timeseriesandthecoherencecalculatedovera
setof Fouriermodes.Theproductof thesetwo numbers
is oftenconsideredasthenumberof degrees-of-freedom
d f for estimatingthesigni�canceof themeasuredcoher-
ence. KristensenandKirkegaard(1986)addressedthe
issueof how larged f shouldbefor a givenlevel of sig-
ni�cance in coherenceestimates.

We�rst considerthecoherenceof theverticalvelocity
along the vertical axis z obtainedfrom the HRDL data
at two different heights(i.e. two different rangegates)
within the CBL. Using the notationof KJ, the coher-
encethat we can estimatefrom thesemeasurementsis
Coh22(D;k), whereD is theverticalseparationdistance.
If theturbulenceis homogeneousandisotropic,KJ show
how to obtainCohi j(D;k) analytically from the energy
spectrumE(k). If we further assumethat D is much
smallerthanthescaleof theturbulenceL, thecoherence
is closeto onefor Dk � 1, independentof thebehavior
of thespectrumatwavenumbersk � 1=L, sothattheen-
ergy spectrumcanbeapproximatedby theKolmogorov



Table1: Characteristicsof the11LIFT casesconsideredhere.zi is theCBL depth,U is themeanhorizontalwind, Lo
is theObukhov length,l (x)

w is thehorizontalintegral scaleat zi=2, andl (z)
w is thevertical integral scaleat zi=2. 1700

UTC is 1100CST.
Date timeperiod zi U � zi=Lo l (x)(zi/2)

w l (z)(zi/2)
w l (x)

w =zi l (z)
w =zi

(mmddyy) (UTC) (m) (m s� 1) (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 0.29 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 3.4 70 293 353 0.13 0.19

spectrum
Ek(k) = ae2/3k� 5/3; (3)

wherea is the Kolmogorov constantand e is the rate
of dissipationof turbulent kinetic energy. In this case,
Coh22(D;k) canbe obtainedanalyticallyandis a func-
tion of thenormalizedvariableDk (KJ):

Coh22(D;k) = Coh22(Dk) = (G(5=6))� 2
�

Dk
2

� 5/3

�
�

2K5/6(Dk)+ 3
4DkK1/6(Dk)

� 2

;

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

WhenD canno longerbeassumedsmallcomparedto
L, theexpressionfor thecoherencedependsnot only on
Dk but also on D=L. Assuminga von Kármán energy
spectrumwith a lengthscaleL

Ev(k) = ae2/3 L17/3k4

(1+k2L2)17/6
; (5)

weobtainananalyticalexpressionfor Coh22(D=L;Dk),

Coh22(D=L;Dk) = 9 21=3S11=3

(G(5/6))2(3D2

L2 + 8D2k2)2

�
�

(D2k2K11/6(S)+SK5/6(S)

� 2

;
(6)

whereS2 = D2

L2 + D2k2. Lothon et al. (2006)show how
Coh22(D=L;Dk) monotonicallydecreasesasDk andD=L
increase.Oneimportantaspectof the coherenceis that
for signi�cant displacementD relative to L, the coher-
ence is not equal to one for Dk = 0. It can easily
be shown that (6) becomesidentical to (4) in the limit
D=L ! 0.

4. Effect of beamaveraging

Lidar velocity measurementis not a point measure-
mentof thevelocity �eld but anaverageover theresolu-
tion volumethatdependson thepulsewidth, range-gate
length and time resolution. The beamcan be approx-
imatedby an in�nitely narrow cylinder so that the ef-
fect of the beamaveragingon the w measurementcan
beanalyticallystudiedassumingTaylor'shypothesisand
Kolmogorov or vonK�arm�anisotropicturbulencemodels
(Frehlich(1997);Frehlichetal. (2006)).

We usethemodeldevelopedby Frehlichet al. (2006)
to evaluatetheeffectof beamaveragingonourestimates
of integral scales.Thelidar characteristicsassumedhere
(MichaelHardesty, personalcommunication,2005)area
30 m pulsewidth and30 m range-gatelength.We com-
putedthetheoreticalautocorrelationfunctionsusinga30
m lag for thecovariancealongthevertical,and5 m lag
alongthehorizontal(assuminga 5 m s� 1 meanhorizon-
tal wind and1 s� 1 samplingrate). The Frehlichmodel
givesthetheoreticalautocorrelationfunctionassuminga
von Kármánenergy spectrumparameterizedby thevari-
anceand integral scaleof w and taking accountof the
beamaveraging. We usea 1 m2 s� 2 varianceand the
observed integral scales. Of course,the measuredpa-
rametersarealreadyaffectedby beamaveraging,sowe
then calculateda secondestimateof the integral scale
from this theoreticalautocorrelationfunction using the
sameexponential-�t methodaswasusedwith the mea-
surements(seesection5). The theoreticallycorrected
estimatesof thew integralscalein theverticall (z)

w (z) and
thew integralscalein thealongwinddirectionl (x)

w (z) (de-
�ned in Section5) are' 10%and' 15%greater, respec-
tively, thanthemeasuredvalues.



Of course,this analysisis only approximatesincethe
vonKármánmodelassumesisotropicturbulenceandthe
measurementsdiscussedlatershow thatthew turbulence
is anisotropic. But since the beam-averagingeffect is
not large,andis similar in magnitudefor bothl (z)

w (z) and
l (x)
w (z), we considerbeamaveragingto have a minor ef-

fect on theintegral scalemeasurementsanda negligible
effecton their ratios.

Taking accountof the beamaveragingfor the coher-
enceis moreproblematicalsincewe have no simplean-
alytical approachto take accountof it. However, we did
usesomehigher resolutionaircraft w measurementsto
empiricallystudytheeffectof beamaveragingoncoher-
ence.Only thedenominatorin (1) is sensitive to this ef-
fect,andtheeffectonspectrais only signi�cant for larger
k thanwhatwe consideredhere,sowe concludethat its
effectonourcoherencemeasurementsis negligible.

5. Spectra

In this section,we show examplesof w spectrafrom
HRDL, multiplied by k = 2p f =U, where f is frequency,
andplottedversusnormalizedwavenumberkzi at 30 m
heightincrements.Theupturnat kzi > 150� 200is due
to measurementnoise.Theadvantageof theHRDL data
is that we canresolve simultaneousspectrathroughout
the CBL and thus comparespectralstructureat differ-
ent levels. This gives us a uniqueperspective on how
well wecangeneralizeheightvariationsin spectralstruc-
ture,aswell astheverticalextentof correlatedfeatures
in the spectra.Our resultsindicatethat the normalized
w spectralstructureproposedby Kaimal et al. (1976)
is reasonableon average,but alsothateachdaydeparts
from the generalizedstructure. This is likely a re�ec-
tion of the multitude of external variables,in addition
to convective instability,that can impact spectralstruc-
ture:varyingwind shear(andthermalwind) with height,
horizontalheterogeneityin surfaceproperties,differing
lapseratesin theoverlying freeatmosphere,anddiffer-
ing fair-weathercumulusregimes. In all the casesthe
peaksandvalleysin thespectraatsmallkzi arereplicated
throughoutmany of theresolved levelswithin theCBL,
thusqualitatively indicatingthat thereis correlationbe-
tweenw at multiple levelswithin theCBL. We alsosee
considerablevariationof thebehavior with heightin the
inertial subrange,with somedaysshowing almostcon-
stantinertial subrangeandothersdecreasingby asmuch
asa factorof threefrom thelowestto thehighestlevel.

Figure1 from 4 Augustis anexampleof asetof spec-
tra that is mostlyconsistentwith theKaimal model,but
with somesigni�cant differences. The spectralmaxi-
mum wavenumber(kzi)

(w)
m is about5 at the lowest re-

solved levels; that is, thespectralmaximumwavelength

l m is about1:3zi. Then l m decreasessomewhat with
heightto about0:6zi. Kaimal suggestsa slowly increas-
ing l m up to aboutz=zi ' 0:5, thenconstantabove this
level with l m ' 1:5. This caseis more in accordwith
the modelof Caughey andPalmer(1979),who suggest
a decreasein l m for z=zi > 0:6 althoughthey suggestan
increasein l m up to thatlevel.

Figure2 for 6 Augustis closerto theCaughey model
of anincreasein l m up to themiddleof theCBL, with a
decreaseabovethat.But it alsoillustratesanarbitrariness
in determiningthe location for the spectralmaximum.
(Later we show a similar arbitrarinessin estimatingthe
integral scalefor this case).Therearea seriesof peaks
overmorethanadecade,0:6zi < l m < 10zi, thatarecor-
relatedover mostof the CBL. The actualspectralmax-
imum dependson which peakemergesas the absolute
maximum,which, in turn, dependson thespectralaver-
agingscheme.Comparingtheinertial subrange(roughly
20< kzi < 100)betweenthese�rst two examples,wesee
thatthe4 Augustcaseshowsadecreasingamplitudewith
height(andalsoevidencefor energy input at low levels
for 10< kzi < 30), while 6 Augustshows anessentially
constantinertial subrangewith height.

In contrastto4and6August,thespectrafor 16August
(Fig. 3) shows a precipitousdeclinefor kzi < (kzi)

(w)
m ,

much faster than the normalizedw spectralplots of
Kaimal et al. (1976), and the 4 and 6 August cases.
(kzi)

(w)
m is alsosmalleron 16 August(l w � 2:5) thanfor

the Kaimal modelandthe 4 and6 Augustcases,which
suggeststhat theremaybemoreinjectionof turbulence
energy for 2 < kzi < 10 on this day. 16 Augusthadvery
light winds (2.2 m s� 1) andwasthemostunstablecase
(� zi=Lo ' 251).Thus,Taylor'shypothesisis moreques-
tionableat small kzi. However, on 10 Augustthe mean
wind wasalso2.2m s� 1, but thespectra(not shown) on
this day aremore like thoseon 4 and6 Augustexcept
that they show a considerablymorerapiddecreasewith
height,bothin theinertial subrangeandatsmallkzi.

The 20 August lidar datashowed evidenceof wave
motionabove theCBL. However, thespectra(Fig. 4) do
not indicateany signi�cant differencewithin the CBL
that we can attribute to wave motion. This is also the
closestto neutral(zi=Lo ' 14) of the four casesshown
hereand the shallowest CBL of all the cases. Again,
thereareno distinctive differencesthatwe canattribute
to this.

6. Integral scales

To calculatethe integral scales,we make useof the
autocorrelationfunctionRw(r). The integral scaleof w,
which is a measureof the lengthover which w is rela-
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Figure1: w spectrafor 4 August1996.Levelsvary from
0.25zi (dark blue) to 0:75zi (yellow). Units arem2s� 1,
not m3s� 1 asgiven on the plot label. The straightline
with � 2=3 slopeis drawn asa referencefor the inertial
subrange.
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Figure2: SameasFig. 1 for 6 August1996.
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Figure3: SameasFig. 1 for 16August1996.
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Figure4: SameasFig. 1 for 20August1996,exceptthat
levelsvary from 0.34zi (darkblue) to 0:75zi (light blue)
becauseof theshallowerCBL.



tively well correlatedwith itself, is de�ned as:

lw =

Z ¥

0

Rw(r)
Rw(0)

dr; (7)

wherer is thedisplacementand

Rw(r) �
Z ¥

� ¥
w(r0)w(r0+ r)dr0: (8)

A good estimateof lw can be obtainedfrom the max-
imum of the running integral of (7) (Lenschow and
Stankov 1986):

lw(r) �=

� Z r

0

Rw(r0)

Rw(0)
dr0

�

max
; (9)

which is reachedat the�rst zerocrossingof Rw(r). Kris-
tensenet al. (1989)show that for isotropicvon Kármán
turbulencespectrumthe lengthscaleL in (5) is propor-
tional to the intergal scales;i. e. for the the transverse
integral scalel (x)

w (z):

L =
2
p

G(1=2)G(1=3)

G(5=6)
l (x)
w (z) ' 2:68l (x)

w (z) (10)

andfor thelongitudinalintegral scalel (z)
w (z),

L =
G(1=2)G(1=3)

pG(5=6)
l (z)
w (z) ' 1:34l (z)

w (z): (11)

Integral scalesof w canbe estimatedalongboth the
alongwindandverticaldirections:

� Thealongwindintegralscalel (x)
w (z) at level z is cal-

culatedfrom Rw(z;x), wherex = Ut.

� The vertical integral scalel (z)
w (z) is obtainedfrom

Rw(z;dz). In thiscase,weconsiderareferencelevel
z, andcalculatethecorrelationcoef�cient asafunc-
tion of height z and dz, where dz is the varying
heightincrementabovethelevel z, betweenthetime
seriesat z and the time seriesof the levels above.
Shiftingthelevel zprovidesapro�le of l (z)

w (z). Note
thatin thiscase,theheightz is thelower limit of the
heightinterval overwhich l (z)

w (z) is calculated.

Previously Lenschow and Stankov (1986) estimated
l (x)
w from the �rst zerocrossingof Rw(z;x) and(9). But

this methodcould not be consistentlyusedto estimate
l (z)
w (z) becauseof the limited rangeof valuesof dz in

Rw(z;dz), which are restrictedto aboutdz � z� 0:7zi
dueto thelidar deadzone,temporalandspatialchanges
in zi, andnoise.So instead,we useanexponentialleast
squares�t,

Rw(z;dz) = Rw(z;0)exp� dz/lw; (12)
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Figure5: Comparisonof l (x)
w (z) estimatedwith the �rst

zero-crossingmethod and with the exponential least
squares�t. Only levels in the middle of the CBL are
considered,i.e. 4 levelsbelow and4 levelsabove zi=2, a
heightinterval of 250m.

to estimatel (z)
w (z). To justify this, we comparethe es-

timatesof l (x)
w (z) using both techniquessincethe time

seriesarealwayslong enoughfor Rw(z;x) to crosszero.
Recognizingthattheraw lidar datacontainsrandomun-
correlatednoise(Lenschow etal., 2000),beforeestimat-
ing lw thenoisecontributionwasestimatedandremoved
by extrapolatingRw to zero lag. Then the exponential
�t wasmadeon thecorrectedrenormalizedRw over the
lagsfor which Rw > 0:5 in orderto obtainan objective
estimateof lw. We found(Lothonet al., 2006)thatboth
l (x)
w (z) and l (z)

w (z) are well �tted by an exponentialfor
separationdistances< 1 km. Of course,they cannotbe
perfect�ts, sinceanexponentialautocorrelationfunction
impliesak� 2 spectrum.

We thencompareboththeclassical�rst zero-crossing
and the exponential�t methodsto obtain l (x)

w (z). Fig-
ure5 showsthatin mostcasesbothmethodsgivesimilar
results. For two cases(6 and19 August),the exponen-
tial methodgivessigni�cantly smallerintegralscalesbe-
causefor largex, Rw(z;x) decreasesto zeromoreslowly
thanthe extrapolatedexponential�t at small x. Inspec-
tion of the time seriesindicatesthat this is the result
of larger-scalecoherentstructuresin the velocity �eld,
which inevitably leadsto somearbitrarinessin charac-
terizing the integral scale. This is also re�ected in the
spectrafor 6 August,shown in Fig. 2, which hasanex-
tendedregionof largevariancefor smallkzi.

Both l (x)
w (zi=2) and l (z)

w (zi=2) are shown in Table 1.
Figure6 showsl (z)

w (z)=zi versusl (x)
w (z)=zi for all daysand

for levelscontainedwithin a 250m thick layercentered
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at zi=2. The two scalesarevery well correlatedandthe
ratio is remarkablyconstantover all thecases.Accord-
ing to predictionsof isotropicturbulence,l (z)

w shouldbe
twice aslargeasl (x)

w (Batchelor, 1953). We �nd instead
that l (z)

w (z) ' 1:3l (x)
w (z); that is, l (z)

w (z)=l (x)
w (z) is 0.65

timeswhat it would be for isotropic turbulence. Thus,
thew eddiesareare“squashed”in theverticaldirection
even in the middle of the mixed layer and the amount
of squashingis independentof zi=Lo, whereLo is the
Monin-Obukhov length.

Figures7 and 8 display the vertical pro�les of, re-
spectively, l (x)

w (z)=zi and l (z)
w (z)=zi for the 11 days.

The empirically estimatedpro�le of l (x)
w (z)=zi found

by Lenschow (1986) from aircraft observationsduring
the Air Mass TransformationExperiment (AMTEX),
l (x)
w (z)=zi = 0:28(z=zi)1/2, is also plotted. The pro�les

thatweobservedare,onaverage,of similarmagnitudeto
thoseobservedin AMTEX, but in contrastto theincrease
with heightobtainedin AMTEX, we seeherea nearly
constantvalueof l (x)

w (z) throughoutthemixedlayer. We
speculatethatthismaybedueeitherto theheterogeneity
of the surface(a patchwork of soybeanandcorn �elds)
in LIFT thatmaygeneratelarger-scale�uctuations near
thesurface,or to thepresenceof somestratiformclouds
in AMTEX that may generatelarger-scale�uctuations
neartheCBL top. Angevine et al. (1998)show thesur-
facevirtual temperature�ux atnooneachdayfor theen-
tire summerfor both a corn anda soybean�eld. They
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Figure7: Pro�les of l (x)
w (z) for 0:2 < z=zi < 0:8 for the

11 LIFT cases.A compositeRw(z;x) obtainedfrom the
averageof Rw(z;x) at � ve successive levels wascalcu-
lated beforecalculatingl (x)

w (z). The dashedline is the
empirical�t obtainedby Lenschow (1986).

foundthetemperature�ux overthesoybean�eld to beas
muchasafactorof two higherthanoverthecorn�eld till
mid July, whenthissystematicdifferencevirtually disap-
peared.They concludedthatthetemperature�ux differ-
encesweremostly relatedto the maturity of the crops.

In contrastto l (x)
w (z), for z=zi > 0:3 we seea signif-

icant decreaseof l (z)
w (z) with height (Fig. 8). Herewe

have no previous observationaldatawith which we can
compare.We note,however, that this is consistentwith
theeddiesbeingsquashedasthey approachthetopof the
CBL (Kristensenetal., 1989).

Thereseemsto benostrongfunctionaldependenceof
eitherl (x)

w (z) or l (z)
w (z) onzi=Lo, althoughwenotethatthe

casewith the smallestvalueof zi=Lo (5 August)is also
at thesmallendof theobservedvaluesof l (x)

w (z)=zi and
similarly thecasewith thelargestzi=Lo (16August)is at
thehigh endof theobservedvaluesof l (x)

w (z)=zi. This is
consistentwith moreneutrallystablecaseshaving some-
whatsmallernormalizedw eddysizes,but thescatterin
thedatadoesnotgiveade�niti vefunctionaldependency.
Thereis evenlessevidencefor any zi=Lo dependency in
thel (z)

w (z)=zi data.
Figure 9 shows the averagesof both integral scales

over 11 days,which makesmoreobvious theconstancy
of l (x)

w (z)=zi and the decreaseof l (z)
w (z)=zi with height

throughthe upperpart of the CBL, and thus the vary-
ing anisotropy of w with height. In effect, the vertical
eddiesbecomeevenmoresquashedandanisotropicnear
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Figure8: Pro�les of l (z)
w (z) measuredfrom a reference

level (in ordinate)just above the deadzone(' 390 m)
for the11LIFT cases.Every �fth level is plotted.

thetop of theCBL dueto thecappinginversionWe also
notethat at the lowest level (i.e. z=zi ' 0:25), l (z)

w (z)=zi
increaseswith height,which is what onewould expect
nearthesurface.

7. Observedcoherence

The coherenceCoh22(Dk) and phasef 22(Dk) were
calculatedfor all the LIFT casesusingd f = 50 for all
theperiodsindicatedin Table1 for 0:25< z=zi < 0:8 in
incrementsof 120 m, and with 0:25zi as the reference
level. This level is high enoughto insurethat the cal-
culationsarecarriedout above the surfacelayer. From
KristensenandKirkegaard(1986),thebiasin thecoher-
encefor d f = 50 is about0.02whenthetruecoherence
is zero.

7.1 Departure fr om Kolmogorov model

Figures10 and11 show examplesof Coh22(Dk) and
f 22(Dk) for 2 and4 August1996,respectively. TheKol-
mogorov modelis shown for comparison.Althoughboth
caseshave similar integral scalesof about200 m, the
coherencesdiffer betweenthem. On 2 August, the ob-
served coherenceis alwayslarger thanthe Kolmogorov
modelanddoesnot seemto dependon D=L, but on 4
August,for smallvaluesof Dk but largevaluesof D, the
observedcoherencefalls below theKolmogorov model;
i.e. thecoherenceis alsoa functionof D=L. As pointed
out previously for thevon Kármánspectrum,thecoher-
encedecreaseswith increasingD=L, especiallyat low
wave numbers,wherethe predictedcoherencedoesnot
go to onefor Dk ! 0. Figures10 and11 show that the
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Figure 9: Pro�les of l (z)
w (z=zi)=zi (triangles) and

l (x)
w (z=zi)=zi (squares)averagedover the 11 LIFT cases.

Thedashedline is theempirical�t obtainedbyLenschow
(1986)for l (x)

w (z=zi)=zi.

phaseangleis insigni�cantly differentfromzero,indicat-
ing thatthereis negligible tilt in w with z over thedepth
of CBL probed.This wastruefor all of theLIFT cases;
theaveragephaseshift wasalways< 3� , whichamounts
to a tilt of < 5 m for aheightincrementof 100m.

7.2 Departure fr om von Kármán model

Figures12 and 13 display the coherencefor all 11
LIFT daysasafunctionof Dk for two particularvaluesof
D=L, whereL wasobtainedfrom l (x)

w (z) via (10). All the
pointsfor whichD=L = 0:15� 0:10areplottedin Fig.12
andall thepointsfor which D=L = 0:55� 0:10 areplot-
ted in Fig. 13. Both Kolmogorov andvon Kármán pre-
dictionsarealsodisplayed.In the�rst case,D=L is small
enoughfor thetwo theoriesto benegligibly differentfor
Dk > 0:5. Theagreementwith thevonKármánmodelis
generallygoodfor smallDk, but theobservedcoherence
is consistentlylargerthanthepredictedfor Dk > 0:5. For
thesecondcase(Fig. 13) thescatteris larger, likely be-
causedeparturesfrom assumedisotropicturbulencebe-
comeincreasinglylikely asD=L increases,andthesede-
parturesseemto be differentfor differentcases,so it is
dif�cult to discernany consistency in thedepartures.But
the cloud of points doesshow a smallercoherencefor
small Dk thanfor the �rst caseaspredictedby the von
Kármánmodel.

Anotherway to checkthe effect of the integral scale
on the coherenceis to keep the ratio of the two vari-
ablesD=L and Dk constant—thatis keepkL constant.
The curves obtainedfor the von Kármán coherenceas
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Figure 10: Coherence(top panel) and phase(bottom
panel)on 2 August1996,betweentwo levels separated
by D= `+': 60 m, `� ': 180 m, `� ': 300 m, `� ': 420 m,
`4 ': 540m, `� ': 660m, `� ': 780m. Referencelevel is
0:25zi. Thesolidblackline is theKolmogorov model.

a functionof Dk lie increasinglybelow theKolmogorov
coherencewith anincreasingslopeaskL decreases.Fig-
ures14 and15 show the measuredandmodeledcoher-
encefor two separatedayseachwith differentrangesof
valuesfor kL. We canseethat the5 Augustdatapoints
(Fig. 14) for kL = 0:7 and2.1 follow the predictedvon
Kármánmodelcurvesfor the�rst few valuesof Dk, then
fall below the predictedcurve, while for kL = 3:5, the
pointslie above thepredictedcurve for smallDk but lie
closeto thepredictedcurve for largeDk. For kL > 3:5,
thepointslie above thepredictedcurve for all valuesof
Dk. For thisparticularday, themeanwind waslarge(8.6
m s� 1) while l (x)

w wassmall; that is, kL is small enough
that the smallestincrementin k revealsa differencebe-
tweenthetwo theories.

For 16 August(Fig. 15), theKolmogorov andthevon
Kármánmodelsgive almostidenticalresults.Thewind
is light (2.2ms� 1) sothatkL is large.For valuesof kL �
7:2 all thepointsexceedthemodeledcurve.
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Figure11: SameasFigure10 for 4 August1996.

Theseresultsshow a consistentlylargerobservedco-
herencethanpredictedby thevon Kármánmodelwhen
kL > 3. ThissuggeststhateitherthevonKármánspectral
shapedoesnotadequatelyrepresenttheactualspectraor
that the turbulencebecomesincreasinglyanisotropicas
kL becomeslarger.

To investigatewhetherhorizontalconvectiverolls play
a role in this observed anisotropy, we usedthe criteria
for rolls givenby Weckwerth(1999)to distinguishlow-
probabilityroll days(dueto largevaluesof � zi=Lo) from
daywhererolls aremorelikely. Comparisonof theauto-
correlationfunctionsandspectraon the low-probability
roll days of 2, 10, 16, and 21 August 1996 with the
remainingdays,which werehigh-probabilityroll days,
showednoobvioussystematicdifferences.

8. Summary

Measurementsfrom a ground-basedzenith-pointing
Dopplerlidar collectedduringLIFT enabledusto obtain
two-dimensional�elds of w for extendedmid-dayperi-
ods in the CBL above ' 390 m. Thesemeasurements
have beenusedto calculate,for the �rst time, integral
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Figure12: Observedcoherencefor all 11LIFT dayswith
D=L = 0:15� 0:05. Thedashedline is theKolmogorov
model,thesolid line thevonKármánmodel.

scalesof w in boththeverticalandalongwinddirections,
andcoherenceof w betweentwo levels. Thealongwind
integral scaleis approximatelyconstantwith height, in
contrastto in situ aircraft resultsfrom AMTEX (in a
convective marineboundarylayer)which showedanin-
creasewith height. We speculatethat this might be a
resultof somestratiformclouddecksin AMTEX or the
surfaceheterogeneityin LIFT. Theverticalintegralscale
decreaseswith height. We know of no other observa-
tions with which this canbe compared.We found that
the vertical andhorizontalintegral scalescorrelatewell
with eachother, andthattheratio of theverticalscaleto
the horizontalscaleis ' 1.3 in the middle of the CBL,
that is, 0.65 timeswhat would be the casefor isotropic
turbulence.This ratio decreaseswith heightthroughthe
upper2/3of theCBL.

We observed larger coherenceof the vertical veloc-
ity alongthe vertical thanpredictedby isotropic turbu-
lence,especiallyas Dk and D=L becomelarge. Thus,
not surprisinglythe larger the separationandthe larger
the wavenumber, the more anisotropicthe turbulence.
We also found no signi�cant tilt of the thermalstruc-
turesthroughoutourmeasureddomain,which is roughly
> 0:2zi; that is, wind shearis too small to affect theori-
entationof thermalsfor z> 0:2zi.
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Figure 14: Coherenceobserved on 5 August 1996 for
differentvaluesof k: (a) `� ' – k = 0:0017m� 1 (kL=0.7);
`+' – k = 0:0051 m� 1 (kL=2.1); `4 ' – k = 0:0085
m� 1 (kL=3.5). Thevon Kármánmodelpredictionscor-
respondingto thesewave numbersare given by the
thick solid line, the thick dashedline, andthe thin solid
line, respectively, while the thin dashedline is the Kol-
mogorov modelprediction.(b) k > 0:0085m� 1 with dif-
ferentvaluesof D: `� ' – D = 0 m; `4 ' – D = 30 m, `+'
– D = 60 m; and`�' – D > 60 m. Thedashedline is the
predictionfor both Kolmogorov andvon Kármán mod-
els.
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Figure15: Coherenceobserved on 16 August1996for
differentvaluesof k: (a) `� ' – k = 0:0068m� 1 (kL=7.2);
`+' – k = 0:0201m� 1 (kL=21.4);`4 ' – k = 0:0334m� 1

(kL=35.6). The von Kármán model predictionscorre-
spondingto thesewave numbers,de�ned asin Fig. 14,
overlaptheKolmogorov prediction.(b) k > 0:0334m� 1

with differentvaluesof D: `� ' – D = 0 m; `4 ' – D = 30
m, `+' – D = 60m; and`�' – D > 60m. Thedashedline
is the predictionfor both Kolmogorov andvon Kármán
models.


