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Using Measured Variances to Compute Surface
Fluxes and Dry Deposition Velocities:

A Comparison With Measurements From
Three Surface Types

J. Padro,G. denHartog,H.H. NeumannandD. Woolndge
AtmosphericEnvironmentService

4905Dufferin Street
Downsview,Ontarjo M3H 5T4

[Original manuscriptreceived31 October 1991; in revisedform 13 Apnl 1991]

ABSTRACT Fluxesof temperature,watervapour,03, S02andC02 were estimatedfromthe
measurementof their variances,taloenovera wetland region in northernOntarjo (Canada)
during the summerof 1990andovera deciduousforestwhenit wasfully leafedduring the
summerof 1988andwhenit was Ieaflessduring the winter of 1990.A setofflux-variance
relations was employed,including empirical forms of universalfunctions that could be
adjustedwith someconstants.Resultsfrom the presentstudy show that theseconstants
neededto beadjustedwith site-speczficdata in order to achievea doseragreementbetween
estimatedandobservedfluxes.Bestestimateswereobtainedfor thefluxesoftemperatureand
watervapourandit wasfoundthat theflux estimatesof 03, S02 andC02 correlatedbetter
with water vapourt/ian with temperature.For these tracegasestheflux-variancemethod
yieldedestimatesof dry deposîtionvelocitiesthat were eithercomparablewith or larger
t/ian thoseobtainedftom a resistanceanaloguemodel.Both methodsyieldedvaluesthat
overestimatedthe observeddry depositionvelocities. The employmentof theflux-variance
methodin an operationalnetworkwould require the use offast-responsesensorsand a
practical methodfor reducingthe noiselevelof the measuredvariances.

RSUM On a estimé,à partir de la mesurede leurs variances, lesflux de température,
vapeurd’eau,03, S02etC02 au-dessusd’unerégiondeterreshumidesdu norddel’Ontario
à l’été 1990, et au-dessusd’uneforêt caduquematuredurant l’étéde 1988 et, sansfeuilles,
durant l’hiver J990. On a utilisé un ensemblede rapports flux-variancesen incluantdes
formesempiriquesdefonctionsuniversellesquipeuventêtre ajustéesà l’aide deconstantes.
Les résultatsde l’étude montrentque cesconstantesdoiventêtre ajustéesen utilisant des
donnéesspécifiquesà la location afin d’avoir un accordqui approchelesflux estiméset
observés.Lesflux de températureet de vapeurd’eau ontproduit lesmeilleursestimés;les
flux estimésde03, de S02 et de C02 ont unemeilleurecorrélation avec la vapeurd’eau
qu’avec la température.Pour cesgaztrace, la méthodede variancedesflux aproduit des
estimésde la velocitédesdépositionssèchesqui étaientsoit comparableà ou plus grands
queceuxobtenusd’un modèleanaloguede la résistance.Les deuxméthodesont produit
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des valeursqui surestimaientles vélocitésde dépositionsèche.L’usagedela méthodede
variance desflux dans un contexteopérationnelnécessiteraitl’utilisation de capteursà
réponserapide et un moyenpratiquede réduite le niveaude bruit desvariancesmesurées.

i Introduction
A numberof studieshaveshownpossibilitiesfor inferring dry depositionrates(or
surfacefluxes) from routinelymeasuredmeteorologicaiandair quality data.Hicks
et ai. (1980) summarizeda variety of such methodsandranked them. Highest
among thesewas a method referredto as “indirect calculationof dry deposition
rates”,a term that wasusedto refer to thecalculationsof dry depositionveiocity
at a site, usingthe resistanceanaloguemethod(Hicks et ai., 1987). This method
lias the advantagethat it canemployeasily measuredatmosphericvariablessuchas
temperatureandwind but suffersfrom thedisadvantagethat it requiresinformation
aboutsurfacecharacteristicsthat are notreadily available.Numericalmodeishave
benefitedfrom this approach(Walceket ai., 1986; Changet ai., 1987;Venkatram
et ai., 1988;WeselyandLesht, 1989;Padroet ai., 1991); now serlousattemptsare
beingmadeto empioyit in a monitoringnetwork(Haieset ai., 1987;Meyerset ai.,
1991).Anothermethodthat was rankedhighby Hicks et ai. (1980) for its research
and monitorlngpotentiaisis that of estimatingfluxes (or depositionrates)from
measurementsof variancesof scalarparameters.Thismethodhastheadvantagethat
it doesnot requireany information aboutsurfacecharacteristics.Its disadvantage,
however,is that in order to measurefluctuations of scalar variables, it requires
accuratefast-responsesensors,which maynot bepracticai in operationalnetworks.
Kanemasuet ai. (1979) andWesely(1983) describesome of the featuresof this
method.More recently,Wesely(1988) investigatedthreemethodsfor estimating
fluxes from variancemeasurementsandconcludedthat they are reliabiefor ozone,
suiphur dioxide, temperatureandwater vapour, but are not practical for routine
measurementsbecauseof therequirementfor fast-responsesensors.Weaver(1990)
used a siightly different approachbut limited his study to the computationof
fluxes of temperatureandwater vapourusing variancesthat weremeasuredover
grass,shrubs,bare sou and 1-m hummocks.He concludedthat in generalthe flux
estimateswere reasonablyaccurateevenover non-homogeneoussurfacesand that
the methodcouldbe usedoperationallyif certainconstantsare adjustedwith one-
dimensionaleddy correlation measurementsof fluxes that are not expensiveto
obtain.De Bruin et ai. (1991)employeda narrowerscopeof the variancemethod
and limited the studyonly to temperaturefluxes, yielding estimatesthat were in
excellentagreementwith the observationsfor thermally uniform terrain, but were
largerthan theobservationsfor non-uniformterrain.Similarly, Lloyd et ai. (1991),
using the same method, obtainedestimatesof temperaturefluxes that were in
excellentagreementwith observationsthat were coilectedover four different land
use types.

Resuitsfrom the abovestudiesindicatetheneedto testtheflux-variancerelations
with moreobservationsof trace gases.In the presentstudywe testtheserelations
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with large sets of data for temperature,water vapour, 03, SQ2 andC02 over a
deciduousforest when it was fully leafed andwhen it was ieafless,and over a
northemOntario wetlandregion. We investigatethe local dependenceof someof
the constantsemployedin the empiricaluniversal functions of the flux-variance
relations. Our primary objective is to testthe quality of the estimatedfluxes for
computingdry depositionvelocities.Theseestimateswill be comparedwith those
obtainedfrom resistanceanaloguemodels.

2 Data
A variety of air quality andmeteorologicalmeasurementswere madeduring three
separatefield experimentsover threedifferent land use types.The first dataset
(referredto as Borden 88) was collectedduring July and Augustof 1988 over a
fully leafeddeciduousforestlocatedatthe CanadianForcesBaseBorden(440 19’N,
80

056’W). The types of variables that were measuredare reported in Padro et
ai. (1991) and the methodsof measurementare describedin Shawet ai. (1988).
Neumannet ai. (1989) providea descriptionof the forestcanopy,which consists
primarily of mixed deciduoustreeswith an averageheight of 18 m. Measurements
were madeof concentrations(c), fluxes (E) and standarddeviations (~) of 03
and C0

2. Other measurementsincluded the sensible heat flux (H), latent heat
flux (L~E), momentumflux (for computingthe friction velocity ut), wind speed
anddirection, temperature(T or potential temperatureO), water vapour(q) and the
standarddeviations

0T’ <~q, <~, <~O3~and0co
2,wherew denotestheverticalmotion.

The fluxeswere measuredusingtheeddy correlationtechnique.The seconddataset
(referredto as Borden90) was also collectedover the Bordenforestbut whenthe
forestwas leaflessduring the latterpart of the winter of 1990.The sametypesof
variables were measuredas in the Borden88 datasetexceptS02 insteadof C02
measurementsweremade.This datasetis reportedin Padroet ai. (1992a,b), which
also includesa descriptionof theground conditionsthatweresometimesdry, wet
or snow covered.

The third dataset(referredto as Kinoje 90) was collected nearLake Kinoje
(51

033’N,81049’W) in theHudsonBay Lowlands,about100 km westof Moosonee,
Ontario, during the summerof 1990.The sametypesof measurementswere made
as in the Borden88 dataset,exceptthe surfacewas heterogeneousandconsistedof
wetland, dry areas,sphagnum,mosses,lichens, shnibson hummocks,pondsand
otherlandusetypes.More details,includingmethodsof measurement,arereported
in Chipanshi(1991).

The measurementswere averagedover 30-min intervals.The datawerequality
controlled accordingto suggestionsby Webb et al. (1980), Businger (1986) and
Hicks et al. (1989). Theseled to datasetsthat were drastically smaller than the
original ones. Figures i and 2 give an indication of the noise level in the mea-
surementsof the variancesof the different variables.In Fig i the meanpower
spectrafor selectedhaifhoursof temperature(nCrr) andwatervapour(nCqq) indi
cate little noise,showinga —5/3siope,with theexceptionof thenight-timewater
vapourmeasurementsof 9 April 1990 whenthe concentrationswere very small.
The frequencyis denotedby n and the spectralcoefficients of the variancesare
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Fig. I Meanpowerspectraof (a) teroperatureand(b) watervapourfor EDT periods:(j) 1200, 13 JuIy
1990 (fihled circles),(ii) 1300, 10 August 1988 (open squares),(iii) 1600, 8 April 1990 (open
triangles), (iv) 0230, 9 Apnl 1990 (filled triangles).

denotedby CTT and Cqq. Similarly, thesiopeof thepowerspectraof carbondioxide
(nCcc) shou, ~nm~ n~rPPmPnt with the —~ /3 sinne (Fie. 2a). This is not true for
thepowerspectraof ozone(nCoo)and suiphurdioxide (nCss),which give a clear
indicationof white noise.The high-frequency(n > 2) roll-off was dueto low-pass
filters (nominal 10-Hz cutoff) on the instrumentationoutputs.Forcarbondioxide
in 1988, the roll-off was observedat a lower frequencyand refleetsthe response
of the instrumentitself as determinedby sampleceli volume and flow rate.

3 Theory
a A Discussionof the Flu.r-Variance Equations
A consistentset of equationsrelaîing the fluxes of scalarvariables to their van-
anceslias beensummarizedby Wesely(1988).The equationscanbe derivedfrom
the Monin-Obukhovsimilarity theory (Monin andObukhov, 1954; Panofskyand
Dutton, 1984).Their theorystatesthat thenon-dimensionalstandarddeviationof
a scalarvariable canbe expressedas a universal function 4(Z/L) of the Monin-
Obukhov stability parameter(Z/L). Attempts to derivetheseuniversal functions
empirically from field measurementswere madeby Wyngaardet ai. (1971) and
Hicks (1981).Hicks (1981)andWeaver(1990)haveshownthat certainconstants,
which form part of the empirical functions,may assumedifferent valuesdepend-
ing upon the datasetsfrom which they are computed.Thus, in practice,certain
non-dimensionalfunctionsmay notbe as universalas expectedfrom theideal sim-

I I ....I
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Fig. 2 Mean power spectraof the concentrationsof (a) carbon dioxide, (b) ozone and (c) suiphur
dioxide for thesaineEDT periodsasin Fig. 1.

ilarity theory. Instead,they may vary from site 10 site andfrom onescalarvariable
to anoîher.In thepresentstudy,we computea variety of valuesfor theseconstants
by adjustingthem with the observedfluxes,usingWeaver’s(1990)method.After
including the constantsin the unîversalfunctions,we solve the flux-varianceequa-
lions for fluxesandcomparethemwith observations.If we denotea scalarvariable
by s andrearrangesomeof the equationsthat appearin Wesely(1988),we obîam
the following set:

IF~I = F5~ (1)

cT~u~
= ~(Z/L)

0.010 0.100 1.000

Fro~iuency (rO

(2)
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= a2(—Z/L1
113, Z/L < —(a

2/al)
3 (3)

L = —pc~u~8
icg(H+LwE/14) (4)

and u,~ can becomputedfrom the following empiricalrelation(Hicks, 1981):

u*~Gw/1.3, z/L>O

— ~~/F1.3(1— 2.0z/L)’/3], z/L < O

H
FT=—, F—E (6)

pcp

wherep is the air density,c~ is thespecific heatof air atconstantpressure,ic (= 0.4)
is the von Karmanconstant,g is the gravitationaiaccelerationand a

1 and a2 are
constantsassociatedwith the universal function ~ that wiii be determinedusing
the method of Weaver (1990) and the existing datasets.Wesely (1988) selected
a1 = 1.85, a valuethat agreeswith that of otherstudies (Wyngaardet ai., 1971)
and a2 = 1.25, which differs from themore commonvalueof 1.0 (Panofskyand
Dutton, 1984) but agreeswith thedataof Wesely(1983),obtainedovera different
land usetype. In (5), the valuesof 1.3 and2.0fit our datasetsquitewell, but they
may not necessarilybe ideal for ail otherdatasets,as explamedby Hicks (1981).
In (3), the stability rangesof (a2/aî)

3 havebeenprescribedas in Weaver(1990).
Webriefiy discusseach<if theahoveeauations.The directionof the flux is not

determinedby this methodandmustbededucedby someothermeans.The basic
assumptioninherentin (1) canbe understoodfrom a simpledefinition of the linear
correlationcoefficientbetweenthe variablesw axai c (R~~) andbetweenw ands
(R~~). Theseyield

w’c’ F~ (7)
GwGc

= w’s’ = F~ (8)~

wherew’, c’ ands’ denotedeviationsfrom therespectivemeansof thesevariables.
If we divide (7) by (8), we obtain

~ ___

F. a~ R~

If we maketheassumptionthat c ands aretransportedby w in a similarmanner,
then ~ = R~

5 and this explains the limitation of (1).
Equation(2) representsthenon-dimensionalstandarddeviationas a function of
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stability denotedby P(Z/L) andit canbe derivedfrom simiiarity theory(Panofsky
andDutton, 1984).The form of the universalfunction Cp(Z/L) is expressedin (3)
andcanbe found in Wyngaardet ai. (1971)andotherstudies.In thepresentstudy
we demonstratethat the valuesof a

1 anda2 needto beadjustedwith local fluxes in
order to achievea betteragreementbetweenestimatedandobservedfluxes.Weaver
(1990)madesuchadjustmentsin computingtemperatureandwater vapourfluxes
for stability rangesthat variedin accordancewith (a2/aiV.Theoretîcally,ai and
a2 are expectedto be constant,providedthe assumptionsof the similarity theory
are obeyedrigorously. This is seldomachievedin the real world owîng to surface
inhomogeneities,non-uniformsourcesandsinks andadvectionof turbulencefrom
upstreamsources.

Equation (4) is a weii known definition of the Monin-Obukhov length L. Lt
requiresu~, which can be computedfrom (5). Empirical forms for the stability-
dependentfunction in (5) havebeen obtainedby Merry and Panofsky (1976),
Panofsky et ai. (1977) and Hicks (1981). Hicks (1981) cautionsagainst the use
of (5) without ensuringthat the valuesof 1.3 and2.0 are in agreementwith the
datasetsthat are coilected at specific sites.Aiternatively, Weaver(1990) computed
u~ from themeasurementsof wind speedand the applicationof the surface-layer
wind equation.

b Methodof Computation
We shah investigate(1) and (2) separateiyfor computingfluxes.Equation(1) lias
the disadvantagethat it requires the measurementof the flux of onevariableto
computethe flux of another.Equation (2) bas the disadvantagethat it requires
prior knowledgeof a1 and a2 and somemeansof computingL. For this reason
we also solve the combinedset of equations(1) to (6) for the fluxes, requiring
knowledgeof the variancesonly. Ail parameters,includingL, a1 and a2 are solved
simultaneously.The procedurefor the solution requiresan algebraicmanipulation
of (1)—(6) to yield the following expressionsfor L:

(c7w/1.3)
2Oai

.,~ , stablecase
lCg oq~ Z/L~.’ —(a

2/aî)
3andZ/L>0 (9)k7 14pc~ J

and
3/2

— 2ZL — = 0, unstabiecase
Z/L < —(a

2/aî)
3andZ/L <0

(10)

A third expressionfor L, valid in the “near neutral” range,also exists. Lt lias
the form of a cubic polynonual and arisesbecauseof the possibihity that part
of the stabiiity range in (5) may overlappart of the stability range in (3). We
note that the solutionsfor L in (9) and (10)dependuponthe input of parameters
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6,0T,0q, o~,,ai and a
2. Weselyassignedthe valueof 1.85 to a1 andthe value of

1.25 to a2 andsolvedfor the estimatedfluxes using(1)—(6). He usedthe stability
rangesZ/L > —0.31 andZ/L < —0.31, which agreewith the computationsof
theserangesusing (a2/aî)

3. Wesely(1988)usednoise-filteredas in (2) obtained
by employing the relationa~ = ~ï~/GT wherethe temperaturefluctuationsT’ are
assumedto havea largesignal-to-noiseratio in contrastto tliat of theconcentration
fluctuationsc’. Alternatively,Weaver(1990)treateda

1 anda2 as variablesthatwere
adjustedwith the flux datasets.The valuesof a1 and a2 adjustedthe empirical fit
of tp(Z/L) to the observedlocal flux. Initial guesseswere madefor a1 anda2 to
computethe initial fluxes (Eq. (2)), which were then regressedlinearly againstthe
measuredfluxes from eachof the datasets.If theseinitial fluxes appearto be poor
estimatesdue to inadequateai and a2 valuesand largenoise in the measurements
of the scalarvariable,then multiplying them by the regressionsiopewould tend co
yield improvedfluxes.This processis repeateduntil successivevaluesof a1 and
a2 differ from previousonesby an arbitrarily smallamount.The final valuesof a1
and a2 leadto the computationof the bestestimatesof the fluxes. In this sense,
aithougli the flux estimatesare improvedby the choicesof a1 and a2, the noise
in the as is unchanged,unlike Wesely’s (1988) method.Lt is noted that for each
solution of a1 anda2, there is a new solution for L, thusyielding stability ranges
in (3) that dependupon ai anda2.

The accuracyof eachof the equationsin the set (1)—(6) was testedwith ob-
servations. IECI in (1) was estimatedby usingmeasuredvaluesof IF. I~ a~ and a~.
EstimatedIE~j in (2) was testedby using locally adjusted4(Z/L), as explained
above,and measurementsof o~,, u~, H, E and6. Similarly, the accuracyof u~, es-
timated from (5) was testedwith the input of measuredvaluesof L (using H and
E) andO~.

4 Results and discussion
a EstimatedFluxes
Figures3a—e illustrate somecomparisonsof the estimatedfluxes computedfrom
(1) with the observedfluxes froru datasetsKinoje 90, Borden90 andBorden 88.
Ail the figures include small values that are clusterednearthe origin. We note
that for the Kinoje site, (1) yields estimatesof ET (Fig. 3a) that agreeweli with
the observationswhen Eq is a given input, yielding a correlationcoefficient of
0.97 and an averageerror of 17% (Table 1). However,whenE03 is a given input,
aithougli the scatter is not too large, the FT estimatesare mucli lower thari the
observedfluxes, yielding a systematicbias that bearsa linear relationshipto the
observedfluxes.Aithougli a linear correlationexists,the systematicerror is large.
Similarly, the correspondingresuits in Table i show a correlationcoefficientof
0.59 but a large error of 479%. That thereexists a correlationand the error is
systematicgives somereasonfor optimismregardingtheusefulnessof (1). In Fig.
3b, which containstheBorden90 datasets,the estimatesof Eq appearsomewhat
largerthan theobservedfluxeswhenFT is given butsignificantly smalierwhenFo3
is given. WhenF03 is input in (1) to estimateeitherET or Eq, bothFigs 3a andb
show underestimatedlinear biases.Theseresultsindicatethat the similarity theory
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TABLE 1. Correlationcoefficientsandaverageerrorsfor testing Eq. (1)

Flux Computcd ObservedFlux Used Correlation Average Numberof
Dataset with Eq. (1) in Eq. (1) Coefficient Error (%) DataPoints

Borden88 PT Fq 0.88 37 908
Borden90 Pr Fq 0.87 29 247
Kinoje90 FT Pq 0.97 17 397
Borden 88 Fq FT 0.67 67 908
Borden90 Fq PT 0.86 35 247
Kinoje 90 Pq PT 0.92 22 397
Borden88 Fo

3 FT 0.52 58 908
Borden90 Po3 PT 0.52 75 247
Kinoje 90 Po3 PT 0.62 81 397
Borden 88 Pco2 PT 0.57 68 908
Borden90 Pso2 PT 0.98 86 247
Kinoje9o Fco2 PT 0.19 69 397
Borden88 Po3 Pq 0.82 44 908
Borden90 Po3 Pq 0.55 72 247
Kinoje 90 Po3 Pq 0.63 82 397
Borden88 Pco2 Pq 0.61 61 908
Borden90 P502 Pq 0.98 85 247
Kinoje 90 Pco2 Pq 0.17 70 397
Borden88 PT P03 0.77 65 908
Borden90 PT P03 0.62 315 247
Kinoje 90 P~ P03 0.59 479 397
Borden 88 Pq P03 0.81 54 908
Borden90 Pq P03 0.79 129 247
Kinoje 90 Pq P03 0.53 339 397

a similar indication whenC02 fluxes are estimatedfrom the observed(Borden
on> r T d.OIU

1q’. iL~~jJ~I..I.iV~..1y, ~3OO~JOOOO1

5 ~ O0flOrn~O jO~.’-~**~ j~.. \~ L.~J3, -

than for (Eco2,ET),althoughboth show a large scatter.The samecharacteristic
may be deducedfrom Fig. 3e for the SQ2 fluxes eventhoughboth the ET and Eq
observationsyieid larger overestimatesof Eso2.Again, we note in Figs 3a—e that
the estimatedfluxes beara reasonablelinear relationshipto the observedfluxes,
sometimesyielding higli correlationsthat may be associatedwith largesystematic
errors.Table 1 lists the correlationcoefficientsand the associatederrors(in per
cent) betweenthe estîmatedand the observedfluxes for ail the variablesand the
datasetsthat were employedin thecaiculationof fluxes from (1).

Our secondinvestigation tests the form of ~(Z/L) in (3) using the non-
dîmensionalnormalizedc~ in (2) for our datasetsfor eachscalar variables. The
literature providesampleexamplesfor the form of ~(Z/L) for T andq, but very
liule information aboutits form for gaseousspecies.Figures4a—e showthe form
of 4(Z/L) for T, q. 03, S02 andC02, usingthe datasetsof Borden88, Borden
90 andKinoje 90.Figures4a andb for s = T ands = q, respectively,agreewith
similar forms of 4~(Z/L) publishedby other investigators,who haveuseddifferent
setsof data (Wesely et al., 1970;Weaver,1990).Significantcharacteristicsof this
agreementare the lack of scatter in the data in the unstableregionand the bend
close to neutral stability. The large clusternear the neutral region indicatesthat
mostof the datahadnear-neutralstability. The scatternearZ/L = o is largefor
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TABLE 2. Coefficients a
1 and 02 calculatedusing

Weaver’s(1990)mcthodfor Eq. (3)

Dataset Flux a1 a2

Borden90 Temperature
Humidity
Ozone
SuiphurDioxide

5.44
5.95
8.79

12.37

0.84
1.13
1.67
4.23

Borden 88 Temperature
Humidity
Ozone
CarbonDioxide

3.33
1.90
2.54
4.61

0.98
0.68
1.02
2.90

Kinoje 90 Temperature
Humidity
Ozone
CarbonDioxide

5.03
3.77
4.16
4.83

0.65
0.81
1.95
1.30

both T andq, andin the stable region the scatter in q appearslarger than in T.
The commonlyusedassumptionof a constantai for T andq in the stableregion
doesnot appearto bejustifiedbecauseof the largescatter in this stability region.
The scatteris larger for 03, S02andC02 in Figs 4c, d ande,respectiveiy.Figure
4f shows the form of 4(Z/L) when the valuesof a1 = 8.79 and a2 = 1.67 are
employedin (3). This agreesreasonablywell with the form of 4(Z/L) for T in Fig.
4a andwith that of q in Fig. 4b in theunstableregion. However,Fig. 4c for the
4(Z/L) of 03 showsapooragreementwith Fig. 4f whentheKinoje 90 andBorden
Ofl a~t~t’-.~ nre iiqei The characteristicbend in ~(Z/L) nearneutrai stability that
appearsin Fig. 4f seemsto be absentin Fig. 4c for 03 and in Fig. 4e for C02.
The scatterin ~(Z/L) could limit theapplicability of (2).

Thethird investigationteststhesensitivityof theestimatedfluxes,computedfrom
(2), to changesin the valuesof a1 anda2 that appearin thefunction4(Z/L) of (3).
Measuredvalueswere usedfor Z/L, u0 and~ for thepurposeof this test.The a1
anda2 valueswere computedusingour datasetsandWeaver’s(1990) method,as
discussedin Section3. Thesevaluesarelistedin Table2 for ail thescalarvariables.
FiguresSa—eshow scatterdiagramsof computedandobservedfluxesof the scalar
variablesfor the varietyof a~ anda2 valueslisted in Table2. Fèrexample,Fig. Sa
showslittie scatterin the fluxes whena1 = 5.44 anda2 = 0.84, calculatedusing
theBorden90 datasetfor T. Thecorrespondingcorrelationcoefficientbetweenthe
estimatedand theobservedET is shownto be 0.96in Table3, in contrastwith the
correlationcoefficientof 0.86,obtainedwhenWesely’sconstantsof ai = 1.85 and
a2 = 1.25 were employed.The small overestimationmay be attnbuted,as in de
Bruin et al. (1991),to non-uniformthermalconditionsat the surface,whicb affect
temperatureadvection.Figure Sb also showsa good agreementbetweenestimated
and observedE~ for a1 = 3.77 anda2 = 0.81, having a correlationcoefficient
of 0.89comparedwith 0.66 obtamedwhenWesely’s (1988)valueswere used,as
recordedin Table3. Thesetwo examplesindicate the improvementthat can be
achievedby selectingthe optimizedvaluesof ai anda2, using Weaver’s (1990)
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TABLE 3. Correlationcoefficientsfor fluxes computedvia Eq. (2)

Computcd Correlation Average
Datasct aj q~ Flux Coefficient Error

Borden 88 3.33 0.98 PT 0.71 52
Weseîy 1.85 1.25 0.77 82

Borden 88 1.90 0.68 Pq 0.81 29
Weseîy 1.85 1.25 0.83 22

Borden 88 2.54 1.02 P
03 0.77 39

Weseîy 1.85 1.25 0.80 47

Borden90 5.44 0.84 PT 0.96 17
Weseîy 1.85 1.25 0.86 24

Borden90 5.95 1.13 Pq 0.83 37
Weseîy 1.85 1.25 0.78 43

Borden90 8.79 1.67 P03 0.62 58
Wescîy 1.85 1.25 0.58 78

Kinoje 90 5.03 0.65 PT 0.98 23
Wesely 1.85 1.25 0.89 41

Kinoje 90 3.77 0.81 Pq 0.89 20
Wesely 1.85 1.25 0.66 37

Kinoje 90 4.16 1.95 P03 0.67 61
Wesely 1.85 1.25 0.61 80

Borden88 4.61 2.90 Pco2 0.59 380
Wesely 1.85 1.25 0.59 309

Borden 90 12.37 4.23 Pso2 0.98 244
Wesely 1.85 1.25 0.98 827

Kinoje 90 4.83 1.30 Pco2 0.24 104
Wesely 1.85 1.25 0.27 128

percentageerror.Figure Sd showsthe scatterdiagramfor computedandobserved
Fco2 whenWesely’svaluesfor aj and a2 were used.This can becontrastedwith
Fco2 in Fig. Se for ai = 4.61 and a2 = 2.90, showing that both methods yield
improvedresuitsonly when thefluxesclusternearzero.Thecorrelationcoefficients
that correspondto Figs Sdande haveequal values,recordedin Table3 as 0.S9
associatedwith largeerrors.Table3 recordsthe remainingcorrelationcoefficients
betweenthe estimatedandtheobservedfluxes that were obtainedwith Weaver’sa1
anda2 valuesandwith Wesely’s.FèrC02,(2) yieldedpoor estimatesof the fluxes
wheneitherWeaver’sor Wesely’svaluesfor the constantswere used.This maybe
due to the non-uniformity of the surfaceas a sourceof C02. Theseresuitsseem
to suggestthat the a1 and a2 valuesmay dependupon the site andperhapsthe
prevailing meteorologicalconditions. This suggestionappearsin Wesely (1988),
Weaver(1990)andothers.

We now test(S) for computingu5 usingour datasets.Hicks (1981)pointedout
that the valuesof 1.3 and 2.0 in (S) may notbe universal. Figure 6 shows littie
scatterbetweenthe computedu5 andobservedu~, obtainedfrom the threedatasets
of the presentstudy. The correlation coefficients are 0.97 for Borden 88, 0.97
for Borden 90, and0.94 for Kinoje 90,and the correspondingaveragepercentage
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errorsare 9.0, 8.0 and11.0. Thus,thevaluesof 1.3 and 2.0 in (S) fit our datasets
reasonablywell.

Wehavediscussedtheaccuracythat canbeexpectedfromeachof (1), (2), (3) and
(S) andappliedthe flux-adjustedvaluesof a1 anda2 to eachof ourdatasets.Wenow
solvethecombinedsetof equations(1)—(6) using(9) and(10); insteadof discussing
fluxes,we analysethe dry depositionvelocities (fluxes divided by concentrations)
for 03, SQ2andC02. The resuitsare iliustratedas time seriesin Figs 7 and8 for
specific daystakenfrom encli of the datasets.Whenpossible,the samedayswere
selectedas in Padroet ai. (1991,1992a,1992b)sothatcomparisoncouldbe made
with dry depositionvelocities (Vd) that were obtainedfrom a resistanceanalogue
model,known as ADOM (Acid DepositionandOxidant Model) and its modified
version.Thefiguresalsoincludedry depositionvelocitiesobtainedwhenWesely’s
(1988)valuesfor ai and a2 wereemployed.

b EstimatedDry Deposition Velocities
Figure 7a shows Vd valuesof 03 for days 3 and4 of August 1988 (Julian days
216 and217) over a fuiiy leafed(summer)deciduousforest. Both Wesely’s and
Weaver’s methodsoverestimateVd but Weaver’s method agreesbetter with the
observedvaluesof Vd. The overestimationmay be an indication that the OO~ was
large becauseof a small signal-to-noiseratio. Nevertheless,the patterusof the
estimatedVd aresimilar to theobservedpattern.A similarconclusioncanbe drawn
aboutthe03 Vd overthe leaflessdeciduousforest(Fig.7b) for 23 and24 April 1990
(Juliandays113 and114).In Fig. 7c Wesely’svaluesfora1anda2 yield largevalues
of Vd for S02 whereasWeaver’smethod showsbetter agreement.Using Kinoje
90, the 03 Vd obtamedusingWeaver’s methodshows(Fig. 8a), again,reasonable
agreementwith the observations.An examplefavouringWesely’smethodis shown
inFig. 8b for theC02 Vdoverthefully leafeddeciduousforestwheretheagreement
with observationsis remarkableexcept for the midday valueson the secondday
(hour 12 on day217). However,for C02 over Kinoje, Weaver’smethodis again
superiorin estimatingthe Vd (Fig. 8c). Lt can be concluded that by adjusting
the values of a1 anda2 with the site-specificdata, the resuiting dry deposition
velocitiesarein betteragreementwith theobservations.Lt canbeseenthat at times
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the adjusted(aî, a2) variancemethod yields Vd values that are comparablewith
thoseof the resistanceanaloguemodel.

c TestingWeaver’sMethodwith IndependentData
Theabovediscussions,aileging possibilitiesfor improvedflux estimatesusingcon-
stantsobtalnedfrom Weaver’s(1990)method,needto be testedwith independent
datasets.For exampie,a1 and a2 were computedusing C02 datafor 27 and 28
July 1988 and then appliedto estimateC02 fluxesusing datafor 15 and 16 Juiy
1988.The resultingvaluesof a1 and a2 are 3.3 and 1.5, respectively.The results
are shown in Fig. 9a in the form of scatterdiagramsfor theestimatedfluxes using
Weaver’s(1990) andWeseiy’s (1988) methods.Wesely’smethod did not include
any filtering of noise. The methodof Weaverappearsto yield improvedestimates
of the C02fluxes. Similarly, whena1 = 3.3 anda2 = 1.5were appliedto estimate
the C02fluxes for 13 and 14 August1988,Fig.9b, again,showsimprovedfluxes.
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5 Summary and conclusions
We haveinvestigatedthe possibilitiesof using the flux-variancerelationsfor es-
timating the fluxes of temperature,water vapour,03, SQ2 andC02 and the dry
depositionvelocitiesof the latterthreegases.To this end,weusedlargesetsof data
measuredwith fast-responseinstrumentsover threedifferent land usecategories.
Eachequationthat forms part of theflux-variancerelationswas testedindîvidually
with theobserveddata.Weshahsummarizethecaseswhen theseequationsyielded
reasonableestimatesand thosewhenthey did not.

Wheneitherthetemperatureflux (ET) or the water vapourflux (Eq)was known
from measurements,theotherwas derivedfrom it quite accurately,given thestan-
dard deviationsof temperatureandwater vapour.Wheneither ET or Eq was used
to estimatethe fluxes of 03, S02 and C02 the estimateswere not as successfui
but Eq appearedto beara bettersimiiarity to thesescalarsthanET did. Otherstud-
ies (Wesely, 1988; Weaver, 1990) indicate that this resuit may dependupon the
moistureconditionsof the underlyingsurface.

Theflux-variancerelationsassumetheexistenceof a universalfunction(4(Z/L))
for thenon-dimensionalnormalizedstandarddeviationsandanotheruniversalfunc-
tion for the inverseof the non-dimensionalfriction velocity (u5). Aithougli d(Z/L)
appearedto be non-universaland neededto be adjustedfor each land use type
and scalarvariable, the function for u5 seemedto be universal. The site specific
functions 4(Z/L) yielded estimatesof dry depositionveiocity that were in better
agreementwith the observationsand with estimatesfrom a resistanceanalogue
model than the estimatesthat were obtainedwhenthe same4(Z/L) was usedfor
ail sitesandscalars,as in Wesely(1988).

For temperatureand humidity, the flux-variance relationsappearuseful. This
xvas not truc for 03, 502 and CO.. Hoeer for trace gases, in the casesu,here

the estimatedfluxes showeda linear relationshipto the observedfluxes, in spite
of largesystematicerrors, thereis someoptimssmthat the flux-variancerelations
may be useful. It may be possiblethat with accuratevariancemeasurements,the
flux-variancerelations may beuseful over surfacesthat are smootherthan thoseof
the presentstudy. More researchneedsto be carriedout in devisingmethodsfor
filtering thenoise in thevariancesof tracegases.
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