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• Ab, tract 

Alric ulture Canada, in collaboration vith McGi 11 Univeraity 

and the .a tional A_ronaut ical !8 tab 1 i,ha. nt', 

le •• arch Laboratory, ba, .. de tbe tiret a.anre.ent of 

carbon dioxide exchanl_ u1inl an airborne eddy flux ay.te •• 

Tbe in'tru •• ntation ,yatea ia briefly de.cribed. Tbe 1980 

flilbt prolr .. i. outlin.ct and tbe analy.i. and re.ulta 

t' 
di.cu •• ad in detail. Tbe data IUI.e.t tbat •• veral pa".a 

over a ,i"en .urface can provide rapre.eDtative aV8ra •• 

value. of C02 axc baille. 
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A.gr iculture Canada, en collaboration avec l"'universit' McGill 

I~ et 1""tablis8.ent Mational Alronautique, a .esur' pour la 

pre.ière' foi. > les échange. 4u dioxide de carbon entre le 

couvert v'gétal et' l"'ataosphère a 1""&i4. 4""inatruaenta 

installé. à bord 4"'un avion. One description 4 •• instruaenta 

ainsi que de. -'t.ho&ta d~ calcul pour "t.erainer le flux de 

C02 par la technique ~ eddy correlation'" sont inclus. Après 
... 

l""tude du progr-. de vOl ain.i que d •• r'aultata obtenu., 

il noua' est per.la 4e croire qu"'une valeur .oyenne et 

repr4 •• ntative du flux de C02 peu~ atre obtenue. 
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1 LIST OF ABBRBVIATIORS 
, 

AGR-oPA - Agriculture Canada Open-patb C02 Analyzer 

BIO-C02 - Bèdf&rd Institute of OceaDOgraphy Open-path 
C02 Analyser 

BSRI Bngineering and Stati.tical Res.arch Institute 

R.A.B. - lIational Aeronautical Batablishaent 

SAS - Statistica1 Analysis System 

C02 - carbon dioxide 

c.v.. - Coefficient of Variabi1ity (root aean square divided 
by the a.an and expressed as a percentage) 

DELTA. - change in vind direction 

Dir - Wind direction 

f - frequency (per second) 

ba - hectare 

bas - Greenwich Mean Time in hours, ainutes, seconds 

br - hour 

IR - Infrared 

• - meters (exeept when uaed with h • a) 

av - aillivolts 

p - probabi1ity of obtaining a higher correlation 

ppm - parts per .111ion by volua. 
) 

r - Pearaon-product .. ent slaple llnear correlation 
coefficient 

RMS root .. an square (standard devi~tion) 

" S (f) - spectral. or coapectral density 

S.I. - standard error of a .. an (RNS divided by the 
square root of the nUilber of ob.ervations) 

TAS - trua airapeed in .. ters per second 

U - borisontal guat veloclty 

" - vertical guat velocity 

xi. 
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v' fluctuation of w about ita .. an 

c .asa .ising ratio of C02 ln air 

c' fluctuation of c about its .e-.o 

~ - denslty of air 

• f' - .fluctuation off about ita •• an 

z - observation altitude 

SEC - skewness of uncorrected C02 signal 

., ...... 
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1 CHAPTER 1 INTRODUCT l OH 

1.0 introduction 

The burning of fossil fuels and wood, cultivation of soil., 

reclaaation of large forestad regions aod the drainale of 

aar.hes and bogs are aaool the practices that contribute to 

the rising levell of carbon dioxide in the ataosphere. Only 

part of the relea.ed C02 i. recycled by the production of 

Il tandiog bioaas. and by the .low .ediaeotation of organie 

_a tter on la nd and in tbe oceans. Based on cliaatololieal 
, 

_ od.,ls, tbere is auch speculation as ta tbe loog-ter _ 

effects of rising, atao.pheric C02 concentration; bovever, 

realistic dynaaic aodels require the continuous updatinl of 

illput parue tera. 

Recent de'velopaeots in ataospberic turbulence reaearcb fro_ 

aircraft, coabined vitb the aicroaet-eorolo,i-st's intereat in 

us iOI C02 li, excbaole as an incHcator of bioaa.s product ion, 

have provided the tools nece.sary for tbe developaent of a 

systea that can aonitor, rapidly and on. lar,. acale, the 

_ajor source. and .i_ks of COl. A,rieulture Canada, in 

collaboratioo vith tbe aational AeronauClcal l'tabli.h.ent 

<R .A.It.), bas uken the initiative iD deyelopin, such- a 

sy. tea 'under . tbe Crop Infor_tion Pro,r... The .ys tea 

R.Â.I.'s Tvin Ott.r Ataospheric les.arcb 

Aireraft aod a fa.t-respons. C02 aDaly •• r, d.si,oed and 
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{ bailt a. the re.ult of cooperation betvaen the Enlinearinl 

and Stati.tical I..s .arch and Land les ource --Ie.earch 

institutes of the n.partaent of 'Agriculture • 

.. 
\ 

The feasibiliey .tudy deacribed-in thi. thea~ vas the f.Lrlt 

atteapt at u.inl an airborne instraaentation .y.tea to 

es t bu te C02 exchan,e over varioua na tur al lU rface. È_Y the 

eddy correlation technique. Tbe atudy involved: 

(i) Preliainary teatin, and calibration of the 

aforeaentioned C02 analyur and of a C02 aenaor 

obtained on loan froa the Bedford Inltitute of 

(ii) Plannina of a fliaht proarq in the Ottava 

aeaion. 

(iii) Bvaluatinl in.truaent perfor_nce. 

(iv) A.alyainl a.rially ob'taiaed e'tiaate. of' COZ 

eachaaae and related data in arder to deteraine 

the .y.ta'. ability to deteet differ.nce. in 

.aanitude. of C02 eacha.,e. 

The envi.ioned u.e. of the,airbar.e .y.t .. are' 

( {il A ........ t of aetu.1 ,rowth rat •• of crop. and 

for •• t. relative ~o pota.ti.l production for 

• 
po •• ible avaluation of .ana.a •• nt practie.. and 



1 

( 

for yield foreea.tina. 

(iO aapid evaluation of the extent of d .. as.. to 

ec:onoaicall.y iaportant plant Ipe cie. eau.ed by 

bail, drOulbt, pe.tI, flood. or fire vitb pOllible 

application ta erop ineuranee. 

(i i i) Kappin, of larle-Icale C02 .ource-. ink 

diltribution. for u.e in c:li.atolo,ic.l aodel1iol. 

Since tbe eddy correl.tion technique •• y be uaed ta •••• ure 

the exchanle of otber at.o.pberie con.tituent., liven 

appropr i. te in .tru.e ntat ion, an .irbo rne 'Y. tea eould alla 

be u.ed ta .onitor the tranafer of variou. pollutant •• 

,. 

, 
" 

J 
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1.1 Scop~ 

Thi. te Il ibi lit y • tucly co.bined tbe ef fort. of .taff of 

Aaric u,lture C.nada 

le tab 1 iab.e nt vi th 

and 

that of 

of tbe R.tional Aeronaut ic al 

the Depa rt_ nt of Aaric:ultural 

Cbeai.try and Pby.ic. under a contraetuli IrraDle.ent. Tbe 

role of the autbor va. to a •• i.t in calibratinl the C02 

.eD,or., in planninl of tbe f ligbt prolr,a. .nd,' priurily, 

to .naly.. tbe data obtained in 1980. Â larle part of tbe 

vork con.i.ted in beco.inl fa.ili.r vitb the KcGill Co.puter 

Sy.t •• and vitb the Stati.tical Analy.i. Sy.t •• packaae, a. 

vell a. in developina prOlr ... for co.putation of variable. 

and plo ttinl. 

4. 
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CHAPTIR 2 LITERATUII RIVIIW 

2.0 Introduction 

ln Itudyinl tbe effect. of the .phy.ic.l environ.ent on crop 

Iro_th, it i. i.port.nt to obtain '0 •••••• ur. of the Iro_th 

rat. of th. crop. In fi.ld Itudie., th. technique u •• d, to 

det.r.ine the Iro_th rate Ihould Dot affect the natural 

Ifovinl environ.ent. One approach to deter.ininl the 

photo.ynthetic potential of a crop i. to •••• ure the rate of 
'~ 

excbanle of C02 betveen the crop canopy and the .tao.phere. 

Thil idea i. ba •• d on the fact tbat about 45%, of the dry 

veilht of a crop aay be directly .ttributed to tb. uptake of 

c .rbon d ioxida (Gonc., 1968). Th ra •• xpari .. ntal technique. 

for e.tiaatinl cot exchanae in the field bave bean u.ed, aIl 

of vhich v.ra orilinally d.valopacl in connection vitb the 

• a a.ureaant of fluxa. of other quantitie •• Ba •• d on 

thaoretical vort by Taylor, von ~ar .. nt Prandt1, 'Schaidt and 

ocher., Thorntbvait. and Hol •• an (1939) , devalopeel an 

aerodyn .. ic •• thod for e.tiaatina evaporuion froa lanel and 

"ater .urfac... A. thi. aa thod require. knovinl th,. vind 

prof Ua and vater vapour concent'ration Iradient, 

ob •• rvation. au.t be uda li.ultanaouII, at tvo or aore 

heilbta. lt ia a •• u .. d that the Ibaarinl atre •• i. con.t.nt 

vith heiaht vitbin the bound.ry l.yer, th.t the vind profil. 

ia lOlarithaic .nd th.t the addy diffu.ivity of v.ter v.por 

il equal to that of aoa.ntua. ln u. i., thil .. tbod for 

s. 

• 
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e.ti .. tinl C02 flux, on~ ~easure. tbe aradient in C02 

concentration insc.ad of that of vat.r vapour, and th. 
1 

diffu.ivity of C02 i. a •• ua.d- .qual to that of aoa.ntua 

(L.aon, . 1960) • 

U.in, tb •• nerlY balane •. appToach, Bov.n (1926) dev.loped 

anoth~r a.thod for e.ti .. tin& evaporation. Thi. technique 

(called the Bov.n ratio a.thod) requires knovl.d,e of ail 

enerlY flux coaponent., Le ••• a.ureaed'ts of net radiation, . 
soil heat flux and a •• ries of aea,ure •• nts at different 

beighta of te.perature and vatel' vapour concentration. For 

C02 flux, one aea.ure. C02 concentration in.tead of vater 

. vapour and a •• u... that the tran.fer coefficient. of 

aen.ible heat and C02 are equal (Konteitb, 1973). 

----/ 

Tbe above tvo aethod. have been uaed for aea.~ring C02 

.xcbana. ov.r a vide variety of crop' ( •• a. rice - lnoue !l 

!l.,1965; .usar be.t - Mont.ith and Szeicz, 1960; barley -

Bi.e: oe etai. f 1975), and have C oapa r.d f. vour.b ly in S olle --
c •••• ( •• e e.a. Bi,coe et ah, 1975). Bovever, both lIetbod. --\ 
h.ve been open to tbeoreticat critici.a. For exaap1e, Dyer 

and Rick. (1970) founel tbat the r.l.tion.hip betveen the 

diffu.ivitie. of .en.ibl. h.at and lIoaentu. i. dependent on 

atao.ph.ric .tability and cannot be a •• uaed equal uoder 

un.table condition.. AltbouSb .oa. 'of the difficulti •• lIay 

be overco.. vith th. belp of eapirically-ba.ed relations, 

tb. ..pha.i. in bound.ry~lay.r ~ ••• arcb ba. .hifted to 

.tudie. ba.ad on eddy corr.lation th.ory. 

6. 
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'the ecldy correution tecbnlque ia based on ' the _aaption 

tbat IR the presence of a vertical gradient of a 

tranaferable quantlty in tucbulent flo" o •• r a aource or 
-

.ink of that quanti~, th.re exista a correlation betveen 

the vertical f1o" ca.ponent and the _agnitude of the 

quantity. l'or exuaple, ln turbulent flo" over a 
, 

photOaynthesizing crop, the air flo"lng vertically avay fra. 

the crop containa, on the average, le8. C02 th.n the air 

replacing It froa above. Tbe flux ia det.naine<! as the 

average cross product of vertlca1 "lnd fluctuatLons and of 

Ichanges ln C02 concentration. 'the .. in practlcal result of 
1 

these considerations Is that ,ln the bypotbes1zed constant 

flux layer, a.asureaents need only he made at one heigbt; 

hovever, fast-response in.truaentation ls required ln order 

to folIo" the IIOst rapid fluctuations that algbt contrlbute 

to the flux. 

Although the advantages of this technique had long been 

recognized, tbe lack of appropriate instrumentation delayed 

its first use until 1950. Swinbank (1951) vas the first to 

use It in the field. With hot-vire anemOlletera anC! 

tbermocouples, he was able to measure momentua and sensible 

heât flux over grassland. Be no~ed_that this tecbnique couIC! 

be -modifieC! ta apply to the eddy transfer of other 

propertles ln the lover atJlOsphere". Dyer (1961) clevelopëd 1 

an eddy correlation-based Instruaent~ the evapotron, ta 

measure sensible and latent beat flux. - Deajardlns (1968) 

usecl the eddy correlation technique to aeasure the flux of 
1 

C02 ovet corn. The eddy flux of ozone over corn ha. been 

t-' 

, 

.J 
1 

l 
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aea.ured by W •• ely et al. (l978>. Jane. and -- s. i th (1977) 

ned the e ddy cOrrelation t:echnique ta aeasure the flux of 

COZ over the ocean. There h.s a180 been ineereat in using 

this technique for aeasurins deposition of S02 in connection 

vith the acid-rain problea (pers. co ... Desjardins). 

It should he pointed out that the basic siaplic::ity of the 

eddy carrela tion te chniqu e does not preclude inherent 

1 i.itations. These l i.i tat ions per tain .ainly to in st ruae nt 

response and site req uireae nt. as di le us sed by Desjardins 
. 

(1974) and by Garratt (1975). Reverthele 8., the eddy 

correlation technique bu added a nev diaen.ion to the study 

of turbule nt transfer and turbulence structure in the lover 

itaosphere, as evidenced by recent 

McBean,1970; Gro •••• n and 8e8n,1973). 6t8 

s tudie s (e. g. 

aa in advantage i s 

its vers.tility: it •• y be used under aos t stao spheric 

conditions, it is ideal for aircraft aeasure.ents becQuse 

ob s. rvationa a t only one height are needed, th e da ta le nd 

the.selves ta frequency analysi. vhich allov. the s tudy of 

turbule-rice vith respect to length and .pace scales as weIl 

as in t iae. 

\ 
\ 
\ 

2.1. Previous Ground-Based Studiea 

ln a short study of the fe.sibility of aeasuri.ns C02 flux by 

the eddy c orrela t ion technique, Goncz ( 1968) poin ted out 

that the requireaent of rapid •••• ure •• nt of fluctuation. in 

e02 concentration c:ould beat be fulfiUed by s.nsors ba.ed 

8. 

.; , 
" 
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on infrared absorptio Desjardins (1972). first measured C02 

flux using a modified Beckman lB. analyzer that consisted 

basically of an outer ehamber containing an [B. source, 

Ileasuring cella, optica1 fi1ters and detectors. The design 

of this ~nd si.i1ar lnst u.ents necessitites the use of 

vacuulI pUllpS 

This lIay lead 

respo nse whic h 

vertical wind 

\ 
\ 

and intake trl,bing' for flov rate adjustment. 
\ , 

to damped flud\tuations and reduced frequency 
\ 

- \ 
further re8u1t~ in phase distortion between 

\ 
observations and \ concentration data. Both of 

these effects result in underest lIlation of fluxes . 

The york of Desjardins and others as led to the deve10pllent 

of a new concept in the design of gas ana1yzer8; the open 
\ 

path design. The design is such th~ tbe time _ c,onstant of 

• the instru.ent ia liaited on1y by the\ ele~tronic components 

since the lisht path from source to detector i8 exposed to 

the natural airflow, thus obviating the use of pu.pa and 

tubing. Tvo such instruments vere used in this project; the 

AGR-OPA described by Brach II :.!.! .. (1981), and the BIO-C02 

described by 

Ile .su r e the 

.,D 

Jones et al. (1978). Since these in8truments --
volume concentration of ~.C02, a 

• < 
correction for 

.J 

air density fluctuations aus t b.e applied.-Jones and Smith 

(1978) pointed out chat these fl~ctuations are due IIlsinly to 

tempe rature f1uetll.t~on. and that eorrected fluxes are up to 

30% lover than uncorreeted ones. The correct ion may be 

greater if the boundary condition of no flux of dry air at 

the surface is slluaed (Saith and Jones, 1979). lt is 

evident that in a.a.urins C02 flux vith open path analyzers, 

one aUlt al.o a •• sure te.perature or obtain an tstimate of , 

9. 
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sen s i b le he a t f lux. E f f e ct 8 due t 0 hum id i çy and pre s sur e 

fluctuations are usually an order of magnitJde . lo~er than 

those due to temperature changes and May be neglected. 

ln a recent 8 tudy of C02 exchange over the ocean, Sethuraman 

(1981) noted that there was 
• ,t 

a rela1tionshi p between Mean C02 

concentration and wind direction at a site in Long .Beach, ., 

New York. This poin~s to the need for assessing experimental 

sites with respect to surrounding sources and s~nks of C02 

s inee low frequeney changes in the me an h a v e a di r e e t 

bearing on tpe variability of flux estima tes when the 

s8mpling tillle is very short, as would be the caSe in 

aircraft monitoring of 8mall arelÏs, Th i 8 rp 0 in t i 9 par t l y 

suppor-ted by Ohtaki's (1980) finding of~si&nificant pOwer in 

the low end of the C02 spe.ctrum (over riee paddie8) although 

no attempt was made to relate thiB with changes in wind 

direation. A Btuay at Barrow, Alaska by Halter and Peterson 

(1981) a180 showed thst changes in mesn C02 concentration 

could be attributed to variations in the .origin of air 

masses flowing over the site. 

2.2 Aireraft Studies 

--B u nk e r ( 1 9 5 5 ) developed a me thod fo r computing the 

horizontal and vertical cOllponents' of turbulence from the 

outputs of" an anelllollletér, a vertical aecelerollleter and a 

gyroscope mounted on an airplane. Although his system was '. 
sensitive to fluctuations rest~ricted in scale frollP 20 to 350 

10. 
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m, he vas able to measure turbulent stress with some 

reliability. Technical improvements to aircraft systems, 

including the use of inertial navigation systems and Doppler 

radar have extended the sensitivity range to from a few 

meters to several kilometers, depending on tbe flying speed, 

lengtb of flight and frequency response of the sensors (see 

e.g. Reinking, 1977). 

Detailed descriptions of aircraft-.ounted gust analysis 
1 

systems ar,e available. Tbe NAE Twin, Otter ,Atmospberic 
, , 

'., 

Researeh Aircraft used in this .study' i8 described by 

MacPherson et al. -- (1981) • A less costly alternative Is 

discussed in a report on flux me~surement uSing an 

instrumented powered glider (Milford 'et ·al., 1979),. of' --
perhaps the most complete and descriptive report on an 

investigation by aireraft of boundary layer cexcbange 

processes and turbulence structure la that by Grossman and 

Bean (1973). The motivation for and objectives of the study 

are clearly defined and followed by a straight-
-,~ 

forward 

analysis of the dependence of turbulence statlstics and 

spectra on height· and stabillty. On,e of the moré i~terestlng 

aspects of this study was the comparison,of alongwind and 

crosswind spectra and the conclusion that crq,sswind 

estimates tend to be leSà variable than alongwind estimates. 

The latter findlng could be useful in situ,tions where fetch 

[equirements cannot, be satisfied by alongwind runs but cbuld 

be on crosswind runs, even if a cross\llind run would be! -

shorter. 
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ln an investigation of the tillle and spa ce varia t ions of 

water vapour flux over Lake Ontario, McBean and Paterson 

(1975) dellonstrated the use of Nemoto's equation for 

downwind displacelllent in the co.parison of aircraft data 

with fixed-point observation.. They found a 10 20% 

in ereased correla t ion be tween the two da ta se ts aft er 

applying the advection correction. 

The developlllent of fast-response gas analyzers and airborne 

gust analysis systems has extend~d the uses of aircraft in 

atmospheric research. Bes id es the present C02 study, 

measurements of ozone flux have been made (Lensehow..!l !le , 
1 

1980) and the NA! Iwin Otter ia presently being used in 

pollution studies. 

2 • J S pe ct r al An al ys i 8 

Speet<ral analyaia ia a mathelllaticai tool which has found its 

way into lIlany fields of research, including engineering, 

ph Y sic s , Ille die in e and econo.ies. lt is basically a 

comb in ation of harlllonie analys is and statisties. ln 

b,oundary layer studies it provides a versatile 

representation of turbulence structure and a balis • for the 

study of tranafer processes. The general theory and some 

applications are thoroughly described by Jenkin. and Watts 

( 1968). The a ppl ic st ion of spe ct r"; a na1ys i s in tu rb ule nce 

studies is treated by 

synthesis of theory and 

Lum1ey and Panofsky (11964) in a 
, , 
experillental results obtained prior 

to 1964,. McBean (1970) discusses the use of spectral 

12. 
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correlation coefficie nts in comparing the transfe r 

.ecbanisaa of beat and moaentua. He notes that th, use of 

theae coefficients is often neglected in the literature 

vhereaa they can be used to compare transfer mechanisms in 

different frequency' ranges. 

The extensive uae of spectral analysis in atlllospheric 

studies la due aainly ta the developaent of rapid computer. 

and spectral analyais packagea which easily handle the large 

number of computations involved in transforaing data from 

the time to the frequeney domain. When t!le nUlIlber of 
1 

observations in a typical eddy corre,lation data set ia a 

power of 2, the Fast Fourier Transform Technique lIlay be 

used. This technique 18 described by Brigham and Morrow 

(1967) who show that for large data se t's, i t s U 8 e 

drastically reduces the nu.ber of coaputations involved. 

allowing a physical interpretation of lIleasurement., 

analys i s ia u.eful 1n a. ses8ing in 11 t rume nt 

performance and the techniquê of digital filtering and 

s.oothing •• y be used ta iaprove spectral estima tes and to 

re.ove noise effecta during analysis. McCulloch (1965) 

desisned a co.puter aethod for deter.ining coefficients for 

filtera vith preselected frequeney reaponle. This .ay be 

useful in avereo.ing the problea of contaminated data. 

{ 
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CRAPTER 3 THE EDDY CORRELATION TECHNIQUE 

.co 

3.0 Introduction 

,This aethod of aea.uring fluxes in a turbulent boundary 

layer ia ba.ed on a Reynolds separation of flow components 

into mean and fluctuating parts. It takes into account the 

fine structure of turbulent flow and i8 thus more closely 

related ta the physical cau.e of turbulent transfer than are 

other lDethods. Before outlining the assu.ptions 

equations of the eddy correlation technique, 

---­and 

it ia 

worthwhile conatructing a si.ple viaualization of the nature 

of flux.e •• urement in turbule nt f low C ondi t ion8 in the 

field. In arder to avoid the use of too many general terma, 

the case of C02 flux over a crop i. con8idered, 8a follows: 

j 

We are interested in aeaauring the rate of aptake of C02 by 

8 u crop in the field. Thi. define. the crop a. a C02 sink. 

The 80urce i. the atao.phere. ln order for the crop to 

continue taking up C02, the ataospheric C02 muat save toward 

the crop. ln the unrealistic c.se of ab.olutely still ... ir, 

transfer would take place by aolecular diffu.ion, augaented 

by free convection. U.uallf however, the air above the crop 

ia in turbulent aotion and the tran.fer is due ta the 

vertical exchange of 'l arge ' volumes of air, a much aore 

efficient proce •• than aolecular diffuaion. 

14. 
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A simple picture of turbulent flov is that of an assort.ent 

of air parcels of different sizes moving in the direction of 

the horizontal vind and making randca excursions in the 

vertical and ln the direçtlon horizontally perpendlcular to 
-, 

the aean flov. The air parcels are cOJlJDOnly called 'eddies' 

and 1 t 'is Important that they be thought of as h~vlng 

lifeti_s.· In, other vords, at. seme point ln time the 

turbulent flov reglon above the crop may be thougbt of as a 

set of closed volumes, each identifiable vi th respect. ta 

some transferable property, in thls case with respect to C02 

concentration. An eddy's propert.ies are assumed to remain 

constant for a finite length of time after vhich It loses 

Its individuallty by mixing vith other eddies. 

If ve now consider a horizontal plane above the crop, in a 

given tlme interval some eddies pass through it fros above 

and some pass through it from belov due to tbeir randos 

excursions frOll the Ile aD horizontal flov. If thete Is aore 
1 

C02 on the average ln the downvard cros81ng eddies durlng 

the time Interval, ve vould say that tbere Is a net downward 

exchange (or flux) of C02. In order to deteralne the 

direction and aagnitude of the flux, we vould nead to know 

the C02 content of each eddy and its direction and rat.e of 

motion in the vertical in a glven time int.rval. Pinally, if 

horizont~ ha.ogeneity .. y he a •• uaed, th... observations 

could be .. de at any point. vithin the conatant flux layer. 

15. ~' 
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3.1 Bquati~na 

The basic relation for flux, 

considerations, i~ 

according to the above 

-prc ______________ (l) 

where, , la the flux (aass/area/time) 

w Is the vertical vine! cO!DpOnent 

{J Is the density of air 

o Is the mass mixing ratio of C02, the 

overbar represents averaging vith 

respeot to time 

alrcraft) 

(distanoe for 

In practice, it is usually easier to measure fluotuations 

than to measure absolute values when the magnitude of the 

variable being observee! is-changing rapidly, thus it woule! 

be convenient if (1) oould be reduced to a form suoh that 

the only required aeasurellents voule! be of the fluctuations 

of the variables involvee!. This oan be achievecS by 

introducing Reynolds aVèraging and as suapt ions outlinee! 

belo". Reynolds separation yii1.da: . 

r- (Ww') f/+t') (ë+c·) _________ (2) 

~h.ra ~be overbars rapre.ent aeans and 

tbe pri ... aenote fluctuation. fra. tbe ---r.apeo~i"e aeaD8. v' '1" .a· are all equal -

to 0 by cJefini tion. 

16. 
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Upon .xpansion ve have a SUII of elght teras whlc::h reduc •• to 

the .ua, 

p- (;;;01 + ti,'e' +V'e'1 .. ,.·ë _____ (3) 

(slnce ;t:t' ,ëT-O) 

Bakan (1978) points out that ~be asauaption of constant flux 

follo"s frOII the continuity equatlon of • flu-id as long aa 

borizontal homogenelty has been assua.d.- Tbis assœaptlon la 

expressed as, 

/; r-o _____ ------------(4) 

"bich, upon Integration fraD 

beight zaO to _ the .. asuring 

height, ~, gives 

F •. - F\ -0 _______ '''' ___ (5) 

Since the assuaptlon of no vertical vind at the boundary is 

valid, 

fWl,;° ----(~) 
"hich aey be written a., 

"Ji + r-'-o ____________ (7) 

By factor Ing "i th c tenu ln (3) J --- --pa "f'c' + V·cf __________ (8) 

""... -
~nd ainee " and "~C' are botb •• 11# --~"'et '9' 
an equation In.o1ving fluctuating tera. and average 4ensity 

17. 
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wblcb uy be claaely •• tiuted. 

3.2 Bddy Correia.tion 08ing Open Path Analys.r.'"' 

Tb •• bov. d.eiv.tion 1. b •• ea on tbe •• swaption tb.t one c.o - , 

•••• ur. fluctuation • in the .... .1xin9 ratio "l'of e02, ., 

bavevar, open path anùyzer. .... ur. the voluae 

conc.ntratlonr. Let ar, tb.nl 

- -l'- r · ~a --- ---- --- --:: --- -- (w+w') (a+a') - va + via + wa' +vIa' -- -• va + w' a • (10) -----------------------------

At tbls point it -ia asauaed that..,.O so tbat only the 

fluctuations enter the flux calculations. Tbis corresponds 

to reducing (3) tOI 

.... - --
p. ! (w ',c ') + c (w ft t ) by tbe _._ aallUlaption. 

--Thua, to arrive at expre •• ion (9), the ter. c'(v~') .ust be 

subtracted tre."'i'i'" • 'lbe tara ë(vj- ') ia equivalent to .. -

(where.p 1. pr ••• ure 
oncl T .s -\itf're.C"Q,\\lfe...) 

(Bakan, 1978) " 

fte tara on the right, 1. uau'ally an ~r4er of, .. gnltu~e 
1 - , 

• ..tler tban tbat on the 1eft and 1. neglecteCJ, t.bua the 

.dure4 flux .uat. . ~ 'cocrected by an e:aèpreàalon involviu9 
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the ".ensible beat flux wbich aust therefore a180 be 

a. aeured. 

3.3 Eddy Correlation' in Practice 

AltbouJb tbe above idea. are fairly siaple, tbere are 

.everaL probl ••• eneountered in practice when uaina the eddy 
1 

correlation technique. 'ir.t of aIl we bave aade tbe 

aeau.ption that tbe C02 flux e.tiaates ve bave observed are 

soaebov only due to tbe Activiey of the crop in tbe Held ve 

are flying- aval' or tbat in which our in.tru,aents are .et up. 

This vould ~e pOI.ible ortly if no otber sources or sink. of 

C02 other tban tbe, particular erop and the ataolphere vould 

have an effeet on the C02 eonce~tration"iD the air .oving 

over the crop pa.t our .en.or •• Theoretieally, this ia 

equivalent to the a •• u.ption that the field i. of infinite 

lize. ln practiee, one trie. to eneure that ob.ervations are 

.ade vithin the field'. boundary layer, a reg~~~f 

-u turbulent flow above the erop whoee charaeteristies are 

deterained .ain11 by the nature of that~fieldf. surface and 

are tbui related to the Activity of that crop. The boundary 

layer reluIt. froa the interaction of the advecting air and 

the aerodynaaic characterietic. of the" canopy .tructure a8 
-

vell al ,the field'. energt tran,fer characteria~ics (e.g. 

the d'istriôution of heat .ource. and .ink.). It il generdly 

18au •• d tbat a dovnwind di.place.ent of at leaat 100 till.es 

the aeasuring hei,ght will satiefy'that condition (Pa.quill, 

.J .... : 

19. 
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lt i. alao assu.ed that the syste. we are investigating il 

-

the in .teady-atate in stati.tical sense. This is the sa.e 

as the aasuaption of a tationari ty with respect to the 

.ea.ured variable •• Beeau.e the input. to the, .ystelll are' 
, 

conatantly chauaiul, the a.su.ption of .tationarity can only 

be val id fa raI i.ited t i.e in terva!. Th~. i .. perhaps one 0 f 

the ,_ajor probIe •• in aasessing flux esti_ates: if the , 
.a.pling interval ia too long, the as.u.ption of 

.tationarity ia not valid, but if it is too short, the 

variability of the flux esti.ate. _ay be tao high and the 

e.ti_ates viII he of no predictive or co.parative value. 

Thi. proble. i. particularly i.portant in this study .inee 

tbere can be -little control over tbe sa_pling interval on 

flights over •• a11 experiaental si~e. beeause o~ the 

li_itatioDs iapo.ed by aini.ua flying .peed. and altitudes. 
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CBAPTEIl 4 TBE EXPERIKENT 

4.0 Introduction 

Thi. cbapter su ... rizes the work done from the fall of 1979 

to tbe fall of 1980. Aa this was a cooperative project, 

.uitable refereneea are siven for docuaented work done by 

otbers. Undocuae nted t ecbnie al d etai la •• y be ob t ained fr om 

the orsanizations lDvolved (they are aentioned ln the text). 

This cbapter includes pre-flight and post-fligbt testing of 

the two analyzers, special testa on the analyzera done in 

fligbt, selection of flisbt paths, summarie. of actual 

project fLisbt. in 1980 and the preliainary andysls from 

tbe 1980 flishta. A aore detailed analyais i. presented in a 

separate .ection in preparation for tbe conclu. lODS of tbis 

Br.t phase of tbe feasibility .tudy. 
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4.1 Equiplaent 

4.1.1 AGR Open-path C02 Analyzer (AGR-OPA) 

This analyzer was deve10ped by the Engineering and 

Statistical Rese.rch Institute (ESRI) and the Land Resourçe 

Research- Institutes of the Department of Agriçulture. lts 

technical specifications are described by Brach .!U. .!l. 

(1981). The instrument ia based on the differential 

absorption by C02 st 4.3 and 4.7 micrometers. It has a 

frequency responae of 10 Hz and a sensitivity of 4.1 av/ppa. 

The advantage of thie instrulaent ia that, due to the 

open-path desig~, the tilae constant is deterained only by 

electronic characteristics. Raturai fluctuations in C02 

concentration are not dasped as they are in systems which 

sa.ple through aspiration tubes; however, a certain amaunt 

of averaging is ta be expected over the 0.75 meter 

separation betveen source and mirror, from which the 

infrarad beam is reflected, for a total path langth of 1.5 

me ter s. 

4.1.2 BIO Open-path C02 Analyzer (BIO-COl> 

This instrument, a ptototype developed by B.rringer Research 

Liaited (Toronto) was loa~d by E.P.Jone~ and S.Saith, 

Atlantic Oce.noaraphic Lab, Bedford Institute, Dartmouth, 

( 
Nova Scotia. lt is also of· the open-path ,type and ia 

described by Jones ~!l. (1978) who had .àdified it for use 

;: 

in laeasuring small magnitude C02 fluxes over the ocean. lt 
,1 J>I ; 
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gives ~ re1iable response to beyond 10 Hz and has noise 

levels ~UIValent to 0.3 ppm. Its shorter path 1ength (0.1 

.eter) gives it a' reso1ution beyond that necessary for 
\ -

alrcraft \onitoring , of C02 e~change 'when u~ed at its most 

sensitive range. At the range used, the aenaitivity is the 

same as that of the AGR-OPA. Use of the more s~nsitive range 

la obviated because instrUlllental drift wou1d force 

continuo~s offsetting of the instrument. 

4.1.3 TV!n Otter Instrumentation 

The Twin Otter was chQsen for its safety at low altitudes 

and low airspeeds. Its instrumentation, whlch Is described 

in MacPherson ~ Al. (1981), consists of a nose-mounted 

gust boom for measur ing the three components of air movement 

relative to the aircraft, a tbree-axis Dopple.r radar, 

accelerometers and rate and attitude gyros. Temperature, dew 
" 

point, altitude (pressure' and radio alèimeter) and 

geographical position are also --measured. Three on-board 

microprocessors compute the parameters in real-time. 

N.A.B. made special modifications to the TVin Otter cabin 

roof for mounting the C02 sensors such tbat the open-paths 

would protrude through the aircraft' s observation dome. A 

mounting structure to support the electronics compartments 

of the sensors was erected inaide th'e cabin, bowever, space 

limitations prevented the .ounting of both sensors at the 

saille ti.e. 
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4.2 Wind Tunnel Test of AGR-OPA 

, , 
Since this instrument was not originally designed for the 

purpose of airborne monitoring of COl, it was tested in th'e 

NRC wind tunnel tu ensure its capability of withstanding 

flight conditions. The analyzer waa mounted on a rotating 
, 

platform in the wind tunnel and its output recorded at four 

airspeeds and two orientations. Although the analyzer's 

structure was strong enough to withstand projected flight 

speeds, there wa~ a considerable increase in noise amplitude 

st the higher s'peecfa. Viaud analysis of the signal showed 

that the noise amplitude rose hom an equivalent of 2.5 ppm 

at 40 mis to 6, ppm at 55 mis with a frequency of 0.7 to 0.8 

Hz. After adjustment of the instrument by ESRl, the noise at 

40 mis was reduced in amplitude to an equivalent of 0.8 ppm. 

4.3 Calibration of AGR-OPA 

The cal ibr ation of' the AGR-OPA was originally pe rfo.rmed by' 
1 

the t ethnie ia ns at ESRI. This work in clud ed a calibration 

fo r sensitivity to C02 éSL1J one to determine th-e- effe cts of 

water 
, 

whic.h would be function of the IR abs orpt io n' vapor a 

by water mole cules at the filter wavelengths. The auth or 

~ecalibr.ted the instrument in July, 1980, before the 

instrument was to be given ta N.A.E. for mounting on the Twin 

Otter. The calibration procedure and details follow: 

a) Base perim.eter of calibration cap is cleaned and 

sealed witb silicone gresse to prevent le aking fo r 

24. 
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readings taken at atmospheric pressure. 
1 

b) With the calibration cap on the analy:zer,the chamber 

Is vacuumed and then flushed with an Inert-gaa (H2). 

Since the vacuum pump cannot give~~ complete vacuUD, 

this pr~edure ls repeated three times to ensure 

that the r,emaining C02 concentration at atmospheric 

pressure Is leas than 0.01 ppm. 

c) ~ach tlme the chamber is fl11ed with nitrog4!n, a 

readlng la taken as a zero ppm refe,rence. Tbe 

stabl1ity of the zero across flushin9~ is used as an 

indication that the remalning C02 is negligible. 

d) 'l'be tank la fluabed one more time and then fîlled to 

atmospheric pressure vith a mixture of C02 and H2 of 

known C02 concentration. A reading La taken at this 

point. 

e) Steps b) to d} are repeated using other standard 

mixtures. 

Since a run with a glven fltandard took about two hours to 

perform (due to Wcuuming time), it waaD necessa.ry 'to­

correct for zero drift. 'l'bis - vas done by taking the 

difference, Di, between tbe zero reading and tbat at 

ataoBjpheric for each standard separately. These dlfferences 

were th en used for interstandard coaparlaons.' ,The 

differences batveen pairs of Di (i.l,.~.,' 5), wbere 1 

25. : . 
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denotes the standard, were thus the output equivalents to 

the difference in concentration for each pair of standards. 

The relult 8 of the se cOIDparisons are presented in Tab le 4.1 

• As can be seen, the calculated sensitivities vere quite 

variable. This vas aSBumed to be due to incorrect lab!!ling 

or an81ysi8 of the commercial standards, particularly for 

tanks 4 and 5. The average sensitivity resulting from 

coaparisons not involving tanks 4 and 5 vas 4.l IIlv/ppm 

(coaparisons l, Il, V). This was assumed to be the correct 

lensitivity of the instrument. From this it was deduced that 

tànkl 4 and 5 both had concentrations of 360 ppm Ccorrected 

to 348 pp. for incomplete vaccuuming of flushing gas). Using 

this concentration for tanks 4 an~'5, comparisons 111,VI and 

VIII, involving tank 4, yielded sensitivities of 4.114, 

4.097 and 4.1mv/ppm, respectively. COllparisons IV,VII,IX 

involving tank 5 yielded sensitivities of 4.1, 4.08 and 4.16 

av/pp., respectively, using the corrected concentration. ln 

order tO validate the above investigation, tanks 4 and 5 

vere bo th c hecked on a Ur 4s2 analyzer and gave the same 

reading. Ihat the actual concentration of C02 was in fact 
,/ 

higher than that stated by the supplier agrees with a study 

by Bate et ..!.!.Cl969) 00 commercial standards.' Ihus the 

accepted sensitivity of tbe instruaeot vas 4.1 av/pp •• 

4.4 BIO-C02 Viad Tunnel Test 

The BIO-C02 vas received from the Bed.ford Institute of 

Oceanography in July, 1980. lt was i •• ediately tested in the 

26. 
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Table 4.1: Intertank Comparisons for Calibration of AGR-0PA. 

Label Corrected ,- Estimated 
Comparison Tank Concentrations Concentrations Difference Sensitivity 

(ppm) (ppm) (mv) (mv/ppm) 

l 2 .301.00 2137.96 7.3 4.171 
1 280.75 270.46 

II 3 .347.00 3.3.3 .10 18.3 4.054 
2 .301.00 2137.96 

III 4 .3 55.00 343.20 6.3 6.240 (3.91) 
3 347.00 333.10 

IV 3 347.00 333.10 256 4.0$9 
1 280.75 270.46 

V 4 355.00 343.20 319 4.385 (4.05) 
1 280.75 270.46 

VI 4 .355.00 34.3.20 246 4.450 (4.02) 
2 .301.00 2a7.96 

VII 5 .351.LP 3~.86 32.3 4.590 (4.10) 
1 280.75 270.46 

ml 5 351.LP (.360) 349.20 250 (4.08) 
2 301.00 2a7.96 

IX 5 35l./f) (360) 349.2.0 67 (4.16) 
3 347.00 333.10 

x 5 .351.40 (360) Same response on URAS-~ analyzer • 
4 )55.00 (360) 

(.360) is the assumed concentration of. tanks rour and five. Figures cOmputed 
with this concentration are between parentheses. 

27. 

\ 

1 
l 
1 
1 
,! 

l 
\ 

l 



28. 

.. NRC vind tunnel. Visible vibrations at 40 mIs brougbt an 

t abrupt end to this testing. N.A.E.offered to eon.truet an 

aerodynamic casing for the protruding nose of the instrument 

in order to reduce the vibrations. This was done and a test 

flight folloved by an x-ray streaa test abowed that the 

analyzer vas indeed fl ightvor thy (a Il done by ~). Th i 5 

instrument could not be calibrated ta our satisfaction 

before the August test flights because of time restrictions 

and because of the structural characteristics of this 

analyzer. lt vas aS8umed that the sensitivity published by 

Jones et al. -, (197~), vas correct. 

4.5 Testing Effects of Aircraft Inputs 

The soaetiae erratic behaviour of the BIO-C02 on the first 

tvo flights using this instrument vu investigated. A 

special test flight vas perfçraed to deter.ine the effects 

of changes in aireraft orientation on the BIO-C02. lt vas 

found that the BIO-C02 vas particularly sensitive to yawing 

disturbances and somevhat affected by pitch changes. A 

similar test performed on the ACR-OPA showed no effect due 

to aireraft inputs. ~MaePher80n, 19,,80). 

( 
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4.6 Selection of Flight Paths 

4.6.1 Preparation 

Due ta budget restrictions and prior coaaitments of N.A.K. 

it was necessary that project flishts be carried out at the 

end of the groving season and in the Ottava Region. This , 
area ia not ideal for testing of the instrumentation system 

for various rea.ons: 

1) There are few large homogeneous stretches of 

particular kinds of vegetation. 

2) Flat terrain tends to run East to west along the 

Rideau and the StoLavrance valleys wherea. power lines 

run North ta South. This foreed cbanges in altitude 

along S08e flight tralcks. 

3) Cultivated land i •• ade up of s .. ll ~felds usual1y 

bordered or interrupted_by forested areas. This makes 

it difficult to satisfy the criterion of adequate 

fetch required in boundary layer work. 

Through the cooperation of Mr. George Jackson of the Ontario 

Hinistry of Agriculture and Food and tvo field survey creva 

in Keaptville and Alexandria, ve ve~e able ta determine vbat 

area8- weuld be st sa til fy the fe te h and homogenei ty 

, r eq u i r '-ae nt, .. of the eddy correla t io n" technique. They 

provicled us vith Agricultur,al Land- USd System. Haps for the 
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1 
Ottava region. Th.e.e vere the resulta of fierd ta field 

survey. conducted during the sum.ers of 1979 and 1980, in 

'( 

tbe folloving tovnships: W\nche. ter, Finch, Caebrid g~, 

Caledon1a, Ru.aell, Cu.berland, Clarence, No. Plantageoet, 

Sa. Plantagenet, We.t Bavkesbury. 

Fields vere grouped into Agricultural System •• For example, , 
areas con.Latiog of at least 15% corn with a lIlixture of hay, 

slIlall grain and pasture, were designated "monoculture. Hay 

syatees are predo_inantly hay fields with salle 8mall grain 

and a .aximum of 30% corn field area. Forested, reforested, 

bog and built up areas vere a1.0 .apped. A reconnaiasance 

flight was undertaken on July 8, 1980, in a Ces.na piloted 

by Dr. Hueckel of Macdonald College. We vere able ta verify 

the informa tion provided by the map' and to find the lerger 

corn field. in the region. 

4.6. 2 P lig b t P a th. 

Five different fligbt patbs vere atte.pted dur'ing the time 

tbe aireraft va. available. Tbeae patha were flown first 

vitb tbe BIO-C02 and then with the AGI-OPA (see Table 5.2) 

at altitudes. averaaing about 40 m. Tbe pa.tha were;. 

A) Lons, strai.ht flighte over a mixture of vegetation 

types, ineluding the Al fred Spruee Bog. 

( 
B) Repeated pa •• ea aero.s a large corn field l~cated just 

to the East aide of Rus.ell Airport; tbree pa.eee vere 
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Il.de at each of three altitudes. 

C) lepeated pa ••• s over the Laroee fo rest; one round trip 

at each of three alt itudes. 

D) lepeated pa.us over Lac Delch'nes at different speeds 

to a •• e.s the background noise of the instru.enta and 

to deter.ine the effect of air.peed on the C02 

analy zets. 

z) An investigation of C02 levela around Ottawa. Theae 

runs included one at each of three altitudes upwind of 

the city, tb ree aore runs downvin d and two ru ns over 

the city. pa.sea over the ci ty vere a t the minimum 

allowable alt itude of 50'011. 

Flighta of type A) vere flovn in order co deteraine the aaee 

or difficulty vith vbicb one could relate flux values ta 

local land uae. Par ease of flying, they vere set out as 

atraight path.; hovever, tb~re vere aany forced chlnge. in 

altitude on theae patha becauae of power linea. These .igbe 

have been avoid ed if they h ad be en .h own on n aviga tiona1 

Blaps. 

Flight types Bl, C) and D) vere ea .. n1:ia11y "calibrating" 

tests. Corn and forelt are tvo type. of vegetation vbich 

have teceived attention in fixed-pQint .tudiea of C02-

exchange, are plentiful in the iaaediate vic.init, of Ottava, 

and vould be expected to exhib,it differenee. in rates of C02 

J1. 
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uptake that the aystell could detecç. Our in tent ion' was to 

( 
deteraine the- cr.edibi lit y or our flux me a.urê.e~tB by 

coaparing thea to ty pic al values for C02 excbange over 

foree t aod coro. Exchaoge over La.c Deschanea could 
• 

rea.onably be expected to be at le.et an order of magnitude 
.. 

I$aaller thao tbe flux over forest and corn. 

"' .. 

( 



CHAPTER 5 ANALYSlS 

5.0 Data Pl'ovided by N.A.E. 

The author was provided with the fo1lowing: 

'(i) Analog traces of output fram the C02 analyzers with 

analog l'epresentationa of coaputed vertical winds. 

Tiae and event marks were a1so provided. 

(ii) Plight track plots for each of the nine f1ighta. 

(iii) Printed output of one-second averages of reeorded 

par._etera includins .eans and RMS values for g1,lst 

data and C02 data for eaeh event period (l'un or flight 

8 esae nt) • 

(iv) Stereo c.assette voiee tapes including intercom 

co_.nt. made by the fI igh!: crew vith 

voice-ayntheaized tiae every ainute. 

(v) 9-track tapes contaiainl the flight data. 

The dat-a provided on the tape. i88ue fro. Track 2 of tlle 

(' 
Twin Otter', Nalra r~cording syat.a. AIl aenaor aignala are 

8~.pled a~ a rate ~f 16 per 8~cond, low-pass filtered with 

eutoff -At 5 Hz ta' p.l'e'nnt aliasing (MePhel"son !.S !l. ,1981) ~ 
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and gust data are then computed on-board in real time. A 

list of the parameters provided on the tape is presented in 

Table 5.1. Application of biaa and 
1 

scaling factors, 

according to the equation provided at the bot tom of that 

table, yields tne ranges of the parametera in the supplied 

uni t s. 

5,,1 Progr&llls Used in Analysis 

A Fortran prograa, written by the "author,was used to read 

the tape data and ta compute fluxes. The program also 

modified the tape data as outlined in the following 

pa t'agr aphs. 

Since the C02 analyzera u.ed produce a signal proportional 

ta the nu.ber of C02 aolecules per unit voluae, changes in 

air den.ity auat be accounted for. A correction vas applied 

to the 1980 data by adjusting the C02 signal for te.pel='atu.re 

fluctuations uaing the equivalerice of 1 ppa C02 equal to 1 

degree Kelvin, using thè ideal gas lawand aaau-ming a 

background C02 concentration of 300 ppa. The in i t ia 1 

t e.pe ratur e fo r a .i~ en, run vas' u8 ed as a refer enee. The 

firat' C02 v~lue vas uochanged •. Subsequent values depended on 

the difference batwaeo the corresponding temperature and th~ 

r efe rence te.perataure. If, th e di f f~ rence a 
," , 

t~.peratu~e ,iocre_.e (de~re •• e i~ ,d e n ëi t y), the C02 

conc,ntratio~ va~ incr~a.ed accordins to the above. A C02 

flux based on the uncorrected C02 ai.nai was also çomputed. 

;4. 
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Table 2-1: List of Var tables and Bias and Sca11n9 Factors 
\ 

CHANNEL 

o 
1 
2 * 
3 * 
4 * 
5 
6 
7 
8 
9 

10 
J.l 
12 * 
13 * 
14 
15 if 

16 if 

17 
18 * 
19 * 
20 * 
21 fi 

22 
23 
24 fi 

25 
26 
27 
28 
29 
30 
31 

i 

P ARAME'l'ER 

eynch GMT 
event 

UNITS 

Q«T hrs 
GMT min 
Qfl' sec 
LAT" de9 
LAT min 
LONG deg 
LœG min 
RANGE n mi ' 
B~NG deg 
BEADING -, deg 
WIND DIR deg 
WIRD SPO rtl/a 
PRESS(st) mb 
TAS mis 
R ALT m 
AN 2 (C02) volts 
Oge m/s 
Vge mis 
Wge mis 
'1'ZMP deg C 
unused constant 'voltage 
DEW PT deg C 
AN 1 (C02) vol te 
Og mis 
\Tg mis 
Mg mIs 
Omix mIs 
V.ix mIs 
Mmix' mIs 
unused constant voltage 

* used in an al ys ls 

BIAS 

o 
o 
o 
o 
o 

300 
o 

300 
511 • 
360 
360 
360 
511 
530 
511 
511 

o 
o 
o 
o 
o 

signal 
o 
o 
o 
o 
0, 

511 
o 
o 

signal 

SCALE , RANGE 

1 
1 
1 
1 
1 

10 
1 

10 
10 

2 
,2 

2 
10 
'1 
10 
1 

51.1 
10 
10 
la 
la 

10 
51.1 
10 
10 
10 
10 
10 
10 

0-102 
0-360 
0-360 
0-360 
0-102 
20-1640 
0-f02 

+/-11> 
+/-50 
+/-50 
+/-50 
+/-50 

+/-50 
+/-20 
+/-50 
+/-50 
+/-50 
0-102 
+/ ... 50 
+/-50 

NorE: conversion fran bIts: eng. 'ünits "(volts ".: bia~n/sca1e 

(This table was adaptéd fram MacPhe~son, 19BO) 
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The flux pr ogr am also ad.v'aneed the C02 Signâl by two d sta 

sI ie es ( 2/16 -second) ln o r4er to acc,ount for the physical 

separation (8 me,ter s) be tween the C02 sensor and the gust 

pr ob e. A true airspe~d of 60 mIs was assumed. 

The horizontal g~st component, which was required fo r 

<.: omputat ion of the lIIomentum" flux, was supplied ln 

earth-f ixed axes (ie. North-South). The la teral component 

was aIso in earth-fixed axes (East-Wesd. The flux program 

changed the horizontal component from earth-fixed axes to 

axes representing the direction of the corresponding gust 

according to the formula; 

:a. 2 'h 
U"'(Uge + Vge) where Uge and Vge were the supplied 

gust compone.nts 

Another progra .. , written in Fortran, was used to plot the 

time histories of fluxes for each run. The c oàap ut a t ion 0 f 

run statistics, spectral and cospectral coefficients, 

correlations, and plotti~g of spectra and cospectra were aIl 

done u8in~ the ,SAS. (Statistical' AnalYliis System) facility 

which is- available on the McGill comput~r system. 

Although the SAS procedures U.8 e d were expensive, 

considerable prograa_ing ti.e. was saved by their use. SAS i8 

a very flexible' app'lic~tion - package which offers the 

following: 

(i) A variety of procedures for statistical data 
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analysis. 

(ii) Procedures for subsetting and regrouping data 

sets. 

(i ii) Pr ogr amming la nguage fo r t r ans fo rma t io n of 

data, creation of new variables and deletion of 

unwanted data. 

5.2 Review of Test Flights 

The following review of the 1 9 80 tes t f 1 ig h t sis ma dei n 
Q 

order to clarify the ressons for basing the evaluation of 

the airborne instrumentation system on the data se ts 
( 

described in section 5.3. A general summary of the nine 

test flights is presented in Tâble 5.2. 

'FI ight AG-OI vas a reconnaissance flight at a large corn 

field jus t East of Rus sell Airport (s 1 ight 1y North of 

Embru n) • Si'nce this had previously been chosen as an 

experimental site for its size, it rema'ined ta find a safe 

approach and depart flight 1 ine. Thus, only three' runs were 

made on that day. True air speed was 71-77m/s, yielding an 

extremely noisy C02 signal. The computed fluxes on the three 

runff were, -25.5, -77.1, and -10,6 kg C02 per ha per hr. 

These fluxes were based on cletrende4 signaIs of C02 and 

vertical wind. An attelllpt at rereading this data in order 

to calcula te the fluxes with mean removed only, me t wi th 

failure. The tape had apparently deterloratéd and the data 
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Table 5.2: Flight Summary - Agriculture C02 Project - 1980 
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".re DOt r.coy.rabl •• 

Pli,bu AG-02, AG-O', AG-Oa, aael AG ..... ' ".r. "'1 A, IOIl. 
\. 

-nrailht lei' over alricultural aDd ':arlt'Cat raitel. Tbe C'02 

.i'llal v .. v.ry noi.y 'on AC-02 and AC-08~ and aIl of th •• ,. 

fli,bt. included forced chal1le. 111 altitude due to po".r 

linea. Tbe. e cro •• -country t1 pe f liaht. alver ia clud.4 

Izt.uded run. oVlr bo.oleneou. veletation. Thi. voulel .ate 

cale ula teel fluxe. diffic:ult to in t;erpret. Moreover, ther. 
, 

,!.ere no repeated l'un. over any part o't tb~ ,tli,bt path 10 

, 
that no .ea.ure of error could b. obeained. 

railure of tbe po.er .upply to oue of th. raCe ,yro. eluriD' 

AG-04, l'e.ultecl in artifiçial lUit data. rlu ••• could not.'be' 

calGtulated ~for that flilht. Dnlortunatel,., ,tbe t;'una vera 

ov.r 1.ac D •• cheDe. and .Ire ,ta provid. clata ..... ver .ater for a 

Doi •• "er.u. ,pI.d .naly.i. on tbe llO-COZ .• ~~.or. The' 

.b.lnc. of tbi. t •• t r •• ult. in aa i.oa1aace of tbe o.erall 

.. , 

• ~'. 1 

analy.i •.• ine. tbe aoi'l an.ly.iI coulel onl,y. be. p~rfo:r~,d 'oa,,', 

th. AGa-OPA. 

ln order ta .D'Ur. tbat tb. AGI'-OPA .a. ind •• el •• n.itivl to 

cbaé ••• in C02 a.cl ••• a'ot proelucia .... i,Del d.p,oel •• c 0011 

on air.peed, ODe pa •• (la.tiDI .pproz. 22 lecoDcl.> .a. fla •• 

throulb an indut trial •• ot •• tack plu ... 'Tbe • i,u.l i •• ba •• 

in fiaure 5.1. A flux of +233.0 ~.C02/ba/br .a. obt.iu.cl for 
~ 

tbi. .e ... nt, inclicatin, tbat tb. factory ".. incl •• d a 

,ourcl of COl. 
, ' 
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aavinc con,idered the overall qu ali ty of data and 

experiaentd technique in ter .. , of the objectives of the C02 

pro j e c tan d 0 f the con 8 t rai n t s i IDp 0 S e d bye d d Y cor rel a t ion 

tb.ory, .everal criteria .ere set fo-r purposes of initial 

data reduc:t ion. Tbe,e vere: 
~ 

(i) FI ilbt 1 eg.e ntl wbicb vere not 

"(replicated) abould not enter:: enter the analysis. \ 

Thi, criterion ja underltandable in that .ean 

fluxe a of tepeated runa ·exhibit lubltantial 

variability as will be seen later. 

(ii) Rune for whieh the C02 and/or vert{cal wind 

• icnal vere particularly noi sy (RHS va lu es 

exceeding the nora by a factor of three or lIlore) 

o r un r e al i a tic a h ou Id be excluded s inee fluxes 

calculated frc. 'bad' data cannot be treated vith 

,Any degree of ' confidence without . ap pl-y ing 

.aootbi~g and filtering techniquea. However, 

techniqu'ea are app\licable when either thé" 

the .. e 

t rue 

,ilnal .i s vell-known or vhen the frequeney range 

of noise can be defined. 

(iii) .una of less than 20 .econdl over hoaogenaoua 

vececation ah ould not be Iton.idered. This 

cri tèrion vas e. tab 1 i ahed a. a result of 

i~.pection of cuaulative flux plots "hieh aIl 
\ 

ahowed large fluctuation. in the cuaulative aean 

flux over the fir~t 10 to 20 seconda of the ruaa. 

41. 



, 

( 

( 

The above decisions effectively seant that of the nine test 

flights made, AG-OI, AG-02, AG-04, AG-05, AG-OB and AG-09 

would not enter the filnal analysis. Some runs fl:'om the 

re_aining flights were also left out of the overall analysis 

•• per crit~rion (ii). 

The final data were grouped acc0t:ding to in st r u me nt use d, 

then sübsetted vith respect to surface type. This yield~d a 

corn data set for each, instrument, il water set for the 

AGR.-OPA, and a forest data set for each instrument. Thua, 

five 'data sets are considered in the analysis. Wnile 

processing the data, it was found that too much computer 

.pa ce was needed to co.pute spectra and cospectra for the 

foreat data sets. They vere each split into two sets of nine 

runs. 

5.3 Description of Data Sets AnalY,zed 

The following data sets were - chosen for evaluation o'f the 

potential of the airborne syste. to determine ra tes of 

exchange ot C02 between the atraosphere and terrestrial 

surfaces. 

DSl - FI ight AG-06.; Aug. 28, 1980 (AGR.-OPA) Corn Fie Id north 

of Embrun: 

This f1ight consisted of nine runs over a corn field. 

Three runs vere made.t each-pf three altitudes. The 

purpose of these runs was to atterapt to establi&h the 

variability of the seasured fluxes at a given altitude 

42. 
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1 
and ta establish an optimum measuring height, if sucb 

a thin9 exists within the supposed boundary layer. 

SOm~ results are presented in Table 5.J. 

DS2 - Flight AG-OJ1 Aug.18,1980 (BIO-C02) Corn Field north 

of Embrun: 

Sue purpose as AG-06, but _ vith BIO sensor. Results 

are presented in Table 5.4. 

DSJ - Flight AG-07; Aug.28,1980 (AGR-OPA) Larose Forest: 
, ' 

Flights of three minute duration at three different 
, 

altitudes over the same path. Each three-.inu~e flight 

is divided into three one- minute runs (segments) for 

analysis, making a total of eig~teen runs. Results are 

presented in Tables 5.5a,b. 

DS4 - _ Flight AG-Ol; Aug.l8, 1-980 (BIO-C02) Larose Forest-: 

Same. as- DS.J' but w i th BIO-C02 an.d only two aIt! tudes 
/ 

investigated. (appx. sOm and appx. 6Sm). Results ace 

shown in Tables 5.6a,b. 

DS,5 - Flight AG-06; AU9~ 28, 1980 (AGR-OPA) Lac Deschenes: 

Three cuns of-approximately three-minute duration, one 

at each of three airspeeds (5J~-- 64, 74 m/s) vere made 

in order to evaluate the-'effect of airspeed on sensor 

output. The runs dur ing which the C02 sensor vas 

,stable were to provide a 'calibr~tion' for the 

instrumentation system sinee-the lake la no JDOre than 

a weak source or slnk of C02 in comp~ri80n to 

43. 
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.. vegetated land- surfaces. Results from these runs are 

presented in Table 5.7. 

From these data sets, fi~e runs vere deleted. Run 3 from DS4 

vas deleted because spikes were found on the anal~g traces 

of aIL signala. Th.ese were caused by an ele ctronte 

lIIalfunction of the recording system according ta 

J.l.McPherson of N.A.E •• Runs 1 and 16 from that data set 

., 
vere also deleted because thé COZ sensor had drifted 

offscale during those runs and required offsetting. The 

-offset vas reflected'in" RHS values_ three times the norm for 

the BIO-C02 signal. Runs land 7 from DS2 vere dele ted for 

the same reason. 

5.4 Overvie~ of Analysis 

Thére weres~veral difficulties encountered 1n analyzing the 

1980 data-. There we~e certain factors, known ta 'have'bearing 

, on photosynthetic ac-tivity, that the ins,truœent;ation syst-em 

could not méasure! 5011 œoisture conditions, and' insolation' 

are the most obvioua of these. Runs over a ~iven surface 

vere not properly randoœized' vith respect to aIt i tude, as 

will be seen later. Tva factors that could be related-~o the 

magnitude of the C02 flux eatiaates are coûfounded. These 

are: day and C02 sensor used. Differences in C02 excbange 

est i.a tes cou ld be due t-o ci if fere'nces in -Ile tèorol-~,~c al -a'od 

soi 1 condit ions on th,e, two days or could be due to 

instrument sensitivity ot'frequency re.ponse. ln an atte.pt 

to arrive at a fair evaluation of the airborne sy.te. 
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Table 5.31 Result.a from AG-07. Embrun Corn Field. 

Rün 
No. ,Start '1'1me lÀlration Alt. TAS 

h .. 1Il~_.8 ' 1 _6 ' -IL. .mU... 

1 19 12~ 29 25 58 
2 19 16 24 25 22 57 
3 19,20 17 22 .t2 59 . 

.4 192428 28 29 58 
5 19:28.04 2e 29 59 

-6 19,.31 52 28 30 59 
7 19' 35 41. ;28- 39 58 
8 19 39 20 28 41- '57 

\ 

9 ' 19 42 57 ' 27 LP .~, 

_.~~~_---.L _____ ~~_~_~._. __ 

10'*"'-1'1 ' 

002 Flux Sensible Momenttun Mean 
002 l"1ux Corrected Heat Flux Flux Wind 
Kg/halh -K'g/tl§/h ,,1m2 N/~ !l.!L 

-29·4 -27.8 . 28 ·-.152 3.4 
-02.4 -02.4 l -.218 1.8 
-21.8 -20.5 24 .016 3.3 

' -:i).4 -48.1 42 -.053 3.0 
-20.7 -19.8 15 -.029 3.6 
.... I.8.8 -41..9 7 -.024 3.4 
-50.8 -47.1 66 .022 3.5 
-37.2 -33.8 fi;) .049 J.7 
-62.6 -58.2 79. .a)l 3.3 

- ----;---- ~~~, ~~~. 

& 
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Table 5~4: Results!rom AG-03. Embrun Carn Fi:eld. 

Run C02 Flux Sensible Momentum Mean 
No. c6tart 'l'ime turatian Alt. -TAS C02Flux Corrected Heat Flux Flux Wind 

h m 
1 

~ Ks/ha/h KsJha/h W/~ H/m:;. !!IL 8 8 m -
1 18 14 55 38 44 61 -+10.7 +11.6 16 -.174 3.0 
2. 18- '17 45 29 44 61 -31.7 -27.8 66 .261 3.1 

3 ,182009 29 43 59 -00.9 -05.9 53 .O~ 2.6 

4- 1822~ 30 2S 61 -29.7 ~23.6 110 -.384 2.0 

5 18 25 J.I.) 26 25 64 -08.7 -07.2 27 -.i76 1.8 

6 18 28 34 26 25 63 -09.4 -O7~4 36 -.193 3.1 
7 18 31 33 33 33 61 +55.5 +57.5 36 - -.118 3.2 
8 l~ 34 43 28 33 tIJ -ll.O -10.) 14 -.1,93 3.0 

9 18 37 47 ;n 33 60 .,..02.1 -01.8 4 -.lOS 1.9 

o· 

-----
g . 

, •• r>-.-* __ .. ,..,....- -~ .... ,--
~ 
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Table 5.5a: ResuJ.ts!rom AG-Q7. Larase }oUrest (west ta east). 

Run' 002 Flux Sensible Momentum Mean 
No. Start Ti1ne lnrat:ion Alt. TAS 002 Flux Corrected Heat !3-ux Flux Wind 

h m s 8 .....!!!... '!d.!.- Wha/h Ks/ha/h 'fiL N/m2 !iL 

l 19- 48 33. &J 42- 58 -22.1 -19.7 43 .113 ,2.0 

2 19 49 33 tIJ 38 57 -09.3 -07.8 27 -.010 1.6 
3 19,50 33 &J lIJ 58 -1l.6 -OB.o 64 . -.055 ,1.6 

4 200052 tIJ 53 57 -00.7 -00.5 5 ~, -.080 2.5 
5 A> 01 52, &J 57 56 -24.9 -21.9 55 -.133 1.9 
6 1 20 02 52 tIJ 54 59 -.:n.9 -20.7 22 

1 

-.121 1.4 

7 ~ 13 46 f:J:J 68 57 -31.3 -28.2 56 ' ,.OllJ 1.1 

a 20 14 46 €:J:J 66 58 -09.3 -05.4 69 -.101 2.4 

9 20 15 46 €:J:J 66 57 -19.5 -18.0 1 2? -.093 1.8 

__ ~_~.________ _~. __ . ___ ._.~.L __ .. _._ 

~ 

\, 1 • 

...t >'kf~t ~-1.'''t'''~~-H!~1.~; .. a'',,''- ,( J,. """'t: ..... ~ .... 1> ik.j..S.~_.",.i~~~~~.tS ..... , 
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Table ~.5b: Resulte fran AG-07. Larose Fbrest (eaat to west). 

Ru.n 
Na. Start T;me Duration Alt. TAS 002 Flux 

h ID a a m ~ KgJha/h -
10 19 55 27 (jJ 43 58 -1,.4 
il' 19 56 27 (;{) 4D 58 -li.1 

12 19 57 2B (;{) 38 57 -16.1 

13 20 08 13 ' '(jJ 52 58 -16.5 
14 ' 20 09 13 (;{) 55 56 ' -17.5' 

15 20 10'13 60 51 56 -17.9 
16 20 20 '19 (jJ 72 .58 -17.7 
17 20 21 19 60 65 57 -08.9 
18 .20 22 19 &J 62 58 -26.8 

~ 

l~ ~l ,~) 
fi"" ~ 

4~ • ~ .. r..,. ....... _,~I.,""~" , ..... ~~ '" oto""'" ~oi.J '" ...., ,,~of ~'"'' ~ 

-" " 

002 Flux Sensible 
Corrected' Heat Flux 1 

Ke/ha/h w/rn2 

-11.8 29, 
-IJ7.6 64 

-15.9 . 5 
-13.8 49 
-15.6 34 

-15.8 38 

-14.7 52 

-07.3 28 

-23.8 53 

Momentum 
Flux 

, 

N/m2 

-.070 
-.081 

-.026 

.037 
-.GEU 

-.031 

-.2D4 
.006 
'.004 

t: 

., 

Mean 
Wind 
~ 

1.9 
2.7 

2.0 

1.3 
2.5 

1.4 
2.4 
3.0 
1.6 

~ 
CD 

"tl 
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'l'ab1e '5.6e.: Resulte!ran AG-OJ. Larose Forest (west to east). 

Ru.n 
No. 

l 

2 

3 

4' 

5 

6 

7 
8 

9 

Start 'rime 
h m Il 

, 18 47 18, 

18,48 18 

18 49,18 

18 58 13 

18 59 13 
l:9 00 13-

19 14 03 
19 ~5 03 

, 19 16 03 

J)u-ation' 
s' 

&J 

tt:J 
60 

&J 
&J 

60-

l:iJ 
60' 
(fJ 

Alt. TAS 002 Flux 
m !!Ji.!.. Ke[ha/h -
52 -62 ~ -)8',7 

4B 57 ,-14.1 
54 59 -41.0 

63 59 ' -00.6 
65 59 -12.6 

6; ·fIJ -U t 1 

'48 'tIJ -05.9 
, 54 60 -13.2 

53 ,61 -18.0 

'=<.\0 

002 Flux' 
Corrected 
'~Yha/h ' 

-)2.4 

-10.6 
-245.1 

...(X).4 
' -07.6 

-IJ7.0 

~5.5 
-05.7 

-IJ9.) 

------ --------- -c- --1 

L. 
,'.- t ... ~*'''J!o.* ... , '''1": ;;r.:( ... ~ .. !,,:,~-~'t"fl,:,,'~: "';!!t,.J: -q'~ 

Sensible 'Momentùm 

Hea~pzw: Flux 
N/~ 

114 . -.312 

64 -.230 

-3642 '3.660 

4 -.099 
89 -.219 

91 -.253 

8 -.)15 

135 -.399 , 

1.54 -.428 

.> 

,...., 

Hean 
Wind 
~ 

5.4 
3.5 
3 • .5 

3.9 
4.5 

4.0 
4.0 
4.2 

4.5 

~ 
-.0 . 
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Table' 5.6\>1 _ Results ,ran AG-03. Larose 'Forest (eBst to west) •. 

'Fi 

Run 
No .. Start Time 

h m B' 

10 18 52 J.O 
Il 18 53 10 .'. 

U' lB 54 10 
-

13 19 02 56 / 

14 ' 19 03 56 
15 19 DL. 56 

.16 190901 

17 19 10 01 
-18 - 19 11 01' 

l ' 

Duration 
8 . 

00, 

60 

.60 -

00 

I;ÂJ 

60. 

&J 

tIJ 
60 

~._~ 

---~--~ 

p 

002 Flux Sensible Momentum 
.ut. TAS 002 Flux Corrected Hest Flux :il;, m ~ KVhà!h KtVhKh 1 W/m2 

52 . 59 , -28.~ -1~.8 l ' 157 -.327 

52 00 . -10.6 -03.) 131 -.346 
52 61 -06.0 +CO.l 109 -.321 

; 64- - 57 -17.7 -12 .. 3 97' , -.MS 
65 61 -35.2 -25.4 175 -.742-
67 00' -03.8 . +01.2 89 ':'.131 

64 62 -10~1 -04.5 100 -.253 

65 58 -14.4 -05,,8 154 ' -.721 

64 57' -02.6 -00.6 36 -.150. 

~~------­_. __ .~~---_._-------------_ ... __ .. _-~ _.~~~_._---

1 

1 

,r 

~~~~...l..l< ......... ),.J.~~"""~'~I!~@iMnrt'~~~-"'---
1 , , ... 

-. 

Mean 
Wind 
mL!L 

4.-4 
5.0 

ci. l.-
4.0 

4.8 

4.4 
4.3 

4.5 

4.3 
4.0 

\J\ o 
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Table ·'.7s a,aulte ~ A,G-07 .. ' Lac Dèeehenes. , . , 

1 f 
, l " , , 

: 
~~~~-~ ~ 

, 

Momentum Rw1 002 nux Sensible Mean 
No. Start 'TilDe Duration , lit. TAS 002 Flux Corrected Reat Flux Flux Wind i ,Ih m 8 è ' '...J!L 194- IÇg/ha/h _ Ke./pa/h w/m2 N/m2 ma 1 , 
1 ' 15 25 43 60 31 53 - 1 -00.1 +00.2 25 .017 ~.8 

,. 1 

1 

. t ,2 . 15 26-43 l:I:J 28 53 -17.4 -17.1 . , 18 -..168 3.1 
1 o ' 

3, .15 27 .43 «J -. '-1 29 '5,3 +04.7 +04.9 15 .001 3.2 

1. 4 15 29 lIJ ~", , 1 29 64 - +43.0- +43.7 13 .. 112 . 4.3 r 
i 

5 ' 15 30 'l/J 1 60.: 28 
1 . :. 64 . 25 -.744 4.4 ) -147.4 ... 144.5 1: - , l 

6 15 31 4D 50 ~6 64 +44;.2 +L.O.l 33 · -.254 i' 4.4 1· (. , 
74 ' :--'+<>4.2 

1 

7~ 15 4D 00 
- , l:IJ ' 27 +03.9 29 .597 3.3 j 

j 

a 15 41 00 'fi) 29 73 -03.S -09.9 58 -.126 3.3 . 
9 15 42 00 JI) 28 74 -tl4.6 -03.6 li -.022 3.3 

~ 

.1 

----r - , Ij 

, l 
. ) 

F . 
'tl 
• 

Il ,SIl? l' '1 J' 'III "11- l'fa \pm 'J ,," .: .. ' ". nt 1 - . 
, .'. ' / _ j . _ .' ' 1 ---- . _ ", ~ . , . . ' . . ., . : 



" 
i 

1 
1 _. 

• D 

',,'1-

"".lIIIi!llj __ a.'''tI!J!!lilII'l!I't"",,,.'III1l1I_''_1 •• n •• ;lIIItM.&&:iWlr •• __ z ....... __ .""; !t'il_." __ ' "", ... , ... ,_ • .....;. ;.. ...... ___ ..... .;;. ..... _...;"..;... .......... ~ .... ~_-.. __ ~ __ . _ , 

( 

( 

.-

through interpret~tion of the ogiven, data, the following 

an-alyses and graphieal represe'utatious were made: 

(i) Analysis of the eff'ects of 
c, , 

true air,peed on noise 

levels of the AGR-O,PA in arder to det'ermirte 

whether this c;ould afhct estimat,ea of C02 fl'ux. 

(ii) Correlation analyais o~the .B~-C02 data to' 
\ 

d et~Lminè ~bè th~.1: t r,ue aif spe ed; Ife nsor noi se and 

C02 flux co~ld be related~ 

(iii) Computation of meaua, RMS valu~s and skewness 

for use 1.n se~ti~g criteria for the deletion of 

runs - from the analysis and to "be uSe d in 

cor rel a t ion a n,a lys i s t 0 ai d _ in ter pre ta t ion 0 f the 

data. The . Pearson-produc·t-moment s i mp leI in e a r 

correlation coefficient was'used and the 0.10 

level of - s i8nifi~anee was as sume d. (RMS and 

skewness vafues used in cor-relation analysis are 

presebted in Appendi~ B~ • 

-Ci.v) Testing o,f differ'enées be twee'q me.ao C02 fluxes ... 
, -using the S,tudent' • t-test for in depe-ndent 

-
samples. The O. OS level of s îgni fic ance was 

a. 8ume d. -

(v) Plotting o f c umu lat ive fluxes to show the t ime 
, ,~ 

hiatory of _ . (lu 4(je sin order to provide an 

indication of the .validity of the steady-state 

52. 
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f 

1 

1 
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. 
cuaulathe flux plotl beé.u .. e it vu .u.pe~t.4 

cbat chanl.' in vind d1r.cti~o could h.'vé bèari~. 

Oll tb •• en.ed fluJl;e •. A .u.:tàiDed cha'lll' in wiod. 

,clirec-tioD cou1d 'be r.pr~""Dt .. tiYe of a cball,e, il1 

.. aD 'air flo. and/Qr CQ2 .coQca.tr~don~' 

, . 
, . ..., . 

(.i) PlottiD' of •• era,e .peetra a~d'co.pectra.~o,belp 

il1 tbe iD terpr.tati.oo of' - 4ar;a. , , 

il1dicated the i.pO'1:'t~Dt .cal,e. of tr •• uter aDd 

.er. u •• d •• inly for ,.nefal coapari.ons ,vi th' 

il1foraation Il.an.d fre. tb. lit.rature. 
~ 

1 

Tb. dependeDt aJl; •• o~ tbe cuaul,~tiv. flllJl; plot. for .0"Dtaa.. 

fluJl;, un.ibl. beat flux and C02 flux·pr .... Dt.~ L'Il Appeoclilf: 

C, are repre •• nted by tbe fUDction; 
.1.. ," 

.. 

,. 
, ' 

Ai' r.,r •••• t. • 
fluctuatio. 

1 

iD U for .O_Dt •• fl,:,x, 

1. T for .ea.rible 

in t~,erature corl'ect.d COl 

fo-r COZ nux 

, . 

" 
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Il k t III 1 !l b lb 1211 Wb Jij dt 21 3 SUd JI BI :SUIt JJtI!l7,. 
, . , 

LDI.rie ... Df •••• k Illth ••• cb ••• 'u for t'''. iud,p.1ld.a~ .ai". 

of th •• pact~.l .Dd ·co.pactr_l plot •• iac. '. elirect .rd.tio'u 

C,o .p.ea .c.la i. e •• ily a.d •. JPr.qu.llC:y-v.ilh~.d Dorealiz.el 

.au.itie ••• re llI~d for- thf d,ep.àcl.nt .lte. bec.ua. they .bo. 

tb. ralati •• c,oDtributioD to .ari'Dee (,.p~:etr.'), or tr'D.far. 

(c:o.pact-r.) ,in tbe lo',.ritb.1c x-.lti. iot'Tvala" •• C.n b. 

abo~ll by lDtelr.tiDI vitb fupect t.O o.tur.l 10luitba of 

lt .b.ov.ld be Dotad tba-c: tbe ,pl(:t'ra1, d.ll.ity •• t'i .. u. 

c:oapute1i by SAS procedure SrEenA v.ra obt.ièed tbrou-I,b 
1) 

.pplicatioD of • v,eiabted ao .. iD, .... r.~., 
,j 

•• iabt. iu tbe ratio 1: 2~3:2: l, "bD tbe peri-c;»ôo,r ... 'Thil 

'fuDction .ct. a. • low-"pa.. filt.r, .tteou.tlui bilb 

fr.queDcy o.elllatioo.," (eddie.'. Tba fr.quency -l'.'pon •• 

fuuet ion fo r ., •• trically If.ia.bt.d aO.iDI ••• ra, •• i., ,i ••• 

iD 'a.of .lty aa~ "'1' ia r (1.9 sa>. 

" 

d, 

\ 

. " 

'. 

a_ 

'.' 
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.1D. runs over Lac Déecben •• , at 'thr_ 41f:fe&'~t .ir ...... 

&!Id at the._ altitude, &bond that Doi •• leve1a 'of tbe 

IGIl~A incre .. ed vith tr'ue airap,ed. fte .. l'n pEobl_ ... 

to deter.ine wb ether the blgber 
.. . 

noise le v411 a coul.cl 

'cootribute to e.t~te. of C02 fluz. ~e average spectra of 

tbe.uncorrected C02 signal at three airape.da (fig'. 6.1) 

lIhoweè1 'that noise levels vere relatee! to a ftequency 

,corre-rx>ndir,g to, a apace scalé of about 1.55 (log .. ter) a. 

repre.ented by . tbe peak. at that scale. 1I1gber frequency 

DOia •• y ba". been pr ea~nt but vould Dot show up in the 

spectra '4ue ta tbe . tiltering àpplied to the rav data br 

•• A •• 'and to tbe .mothlng of spectral estilUtes diseussed 

in the precèding .ecti~n. Tbe vertical wind spectra for 

tbeae runs are peaked at longer wavelengths (fig. 6.2). ~h. 

DOL .. vou1.d therefore nà"t. be espected to contribute 

_19nlf1cantly to the .atillated flux as deaonatrated by the 

~ relative contribution to the area uDoer the cospectrua 

at the ~, .. 55 acale (fig. 6.3)" "l'he frequency doaain 
.... 

Interpretation i.a aUppOrted by the lov correlation between 

èa2 flux and true airspeed for the runs at Lac Oeschenes 

(r--O.40,paO.28) . 'l'he C02 fluxes ovet corn and forest were 

Dot related to tbe airspeed-dependent BMS of C02 C •• e 

Appendi. A). Pinally, si.gnifieant differences betveen .. an 

,> 

55. " 
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59. 

C02 ' fluxe. 

P-

(both corr'ected and uncorrec'ted) vere 

( forelt and vater'on ,the .aae d~y vith be tveen corn, the 

- .1 

l 
AGR-OFA Jaee section 6.1). 

On the basis of the above infor .. atl.on, one woul-d c'onc'lude 

that asti_ates of co2 flux ,'are not rélated to. tr.ue airspeed 

fO'r the AGR-OPA.' Slnce it vas n'ot possibie 'to conduct a 
, 1 

, . ' 
,.i.~far set of runs over the lal<e with the BIO~C02. results-

fro. corn and forcet runs with that instrudllent vere uaed to, 

ev'aluate' the effects of o1llrspeed. 

The range of true alrspeeds over corn ~as 59-64 mis and over 

t b e for est v Il S 5 7 - 6 2 m /5 • l n bot h S El t 8 , RH S 0 f the CO 2 

'. 19n al vas h 19,hly correlated vith 'true 41.tspeed (corn:' 

r-0.96, p-O.OOOS; foreat: r-0.43. p-O.OS]), but COl flux was 

Q 0 t rel a te d t,o e l the r t ru e air a pee d 0 r RH Soi CO 2 • 

The data 
o 

s e cm ,t 0 .t mp l y t h a t C 02 f lux v as n 0 t related to 

.\, 

of the open-pat~ aensors. Further 

a.sesame nt of data cao therefore be lIlade on the basls' of 

d 1. f te rene ea be tween surfaces; hovever, i.e cannot be 

eatablished whether the C02 fluxes obtained are independeot 

of the lDstrument uacd B1.nCe the C02 scnBors were not flown 

at the sa_e ticae. 

6.1 Co_pari.on of Mean C02 Fluxes 

A suaa. l'y of ae an C02 fluxe., both corrected and 

uncorrected, and of meau heat fluxes 18 presented- Ln Table 



, 

6.1 F-tests on .tl1e vatisllces of C02 fluxes ànd corrected • 

C02 fluxes w~re perfor.e~· to investigat.1! differenc~'s in 

variab1.l.1ty between fluxes lIeas'ul"ed Qver differênt surfaces 

and 88 prerequi81.te "to tcating differences be'tween lÙean 'Co'2· 

fluxes us ing > ·the' Il tudent' s t-test: fo r tWD independent 

aamples. Results are presented"in Table 6. Z. 

S~gnlfl,cant differences were found between tlleuç uncorre.cted 

C02 . fluxes ':}ver . ~ orn~ foreot ~nd vatel' on tn·e 28th of 

August'. :10 d: fferences wat} dctccted be tve en c arr: and fo l'es t 

on the- lBth. 'l'he c:or~ectcd C)('an COZ flux.c3 yielded the sase 

result!- except n: the case .. hen 3urfaces lJe:-e cOClpared 

between days. The Corrected fluxes showed differences 

between days for ~ orn and for forest. 

l t &as,! be 1.ntetesting to note that t Il e 'c oe f f 1. cie n t S 0 f 

variablllty (C.V.) 

C02 flux are lover 

for C02 flux and tellperature-corrected 

on the 281:h of August than on the 18th, 

vhile t:h~ C.V.'g ior sensible heat flux are about the same 

on both days. SinGe the C.V. Illay be used as an lndicatlo'n of 

relative error oetwéen e le P e r i lae n t 8 , 

questloos could he raised. For example, 

error of measurement of COZ flux due to 

S olle lnteJesting 

Ïa the relative 

a dlfterence ln 

dally conditions or due to the C02 sensor used? If it 18 due 

to daliy conditHTnS, why docs sensible heat flux demonstrate 

about the aase variability between duys? 

The comparison of mean C02 fluxes scema to lndicatc that 

conditions vere better suited for photosy'nthetic act:ivl-t1 on 

60. 
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-Table 6.1: -SUalnary of Mean Fluxes. ' 

1 

002 Flux , C02 Flux 
No. of (Uncorrected) (Corrected) 
Runa K&!ha!h KgLhaLh 

AGR-OPA Mean , SO,E. 'f:1:.. Mean ~ ~ 

Corn 9 -)6.01 :6.35 53~ -35.83 .t6.J8 53~ 

Fbrest i8 -16.44 !I.77 461> 
If 

-14 .. 25 .tl.70 5f>'1, 
;: 

Water 9 -O~.41 ±.2.25 14~ -o}.Ol' '!2.25 , 224'" 
" 

BIO-C02 

, 

-12.03 Eh~ Corn 7 -14.50 :t.4.32 79% 1:3.71 

Fbrest 15 -1)'.0) ±.2.43 721> l- -o7.l.7 !:1·9J 99'f;, 

______ ~_ ~ ___ .... _~ __ .L ____ ~ ____ _ 

S.E. ~ Standard errer 

C. V.:::I Coefficient of variability 

" 

, • Pf •• t!Jl'C?U' r,.".~~_~.,\(.,..) ..... ..r;-4:..'v 1 1 f .) 'F r Jil 'r . , .m lilln.iitn71 Il ' ~ - ~ 'Je' M'flt.Ni.'PI."'!:i1 ...... IF "PIC.lllrUll!lir .wa IX IJI 

Sensible 
Helit Flux 

l'J/~ 

" 
~ 

. Mean :..§.&.. 

36 8.93 

4D 03.94 , 

25 1.87 

44 12.78 

99 13.6.1 

~ 
1 

f:1:. 
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221> 

7.7% 

53% 

0-
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Table 6.2; Compar.1.son 01:" Mean 002 Fluxes. 

'} 

Comparison 002 Flux Uncorrected 002 Fl.ux Corrected 

De.te Sur:J;ace F ~rnb~F t tt.ai5ulated (.05) F P!'O;b>F' ' t t ,tabulated . ( • Q5) 

08/213 Corn 6.4065* .roJ'7 2.967* 2.liO t 2.306- 5.9980* .coo<r 3.102* 2. 1l0-C't <2. 306 

r 
08/'22 Forest 

œj2a Corn 8.6~ .0032 4.705* 2.262 6.8525* .0067. 4.858* 2.262 
! -08/'28 Water 

08/28 Forest 1.3446 .2879 4.077* 2.060 1.1423 .42)7 3.897't 2.060, 08/28 Water 

00/18 Corn 1.47tIJ .2561 0.300 '2.086, 1.7é1:J9 .),.794 1.215 2.086 \ 
08/18 Forest 

O8j2S Corn 2.7S20 .1146 2.629* 2.145 3'-2318 -5 .0851 . 2.8~ ,2,,145 08/18 Corn 

.7 œ/2J3 Forest 
08/18 Forest 1.5600 .. 1904 1.i56 2.0)8 1 f 0541' .4529 2.659* 2.0)8 

" 

* Denotes aignifican~e at the 0.05 level.· 

R)-
• , ' . 
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reportei 1.8 and 2.8 .•• of ra(n,falI '. on the 26-th and 27th of 

AUlnlt, reapectiv.ely; vitn' total iadî,ti,on., o.f 4.7 and 8.1 
, ',., , 

•• ter •. aadiation, v' .. -23."3, M-f/a q :. J on ' -: - M-elilJoûle a pe ~ Iq uu:e 
, 1 1 

the 28th vith.no prec,~pitation. Pr_eci~it ... t,i~n from ,the 14th 

to the 18th of Auguat va. 9.0, "0.,4, '0.0', 0.0, 0.2 •• , 

re~p-ecd.vely, and radiations vere '7.1, 13.9, 23.6,24.4, '.'l1d 

18.1: HJ/sq.m. The high sen.ible hea1: flux over the fbrut on 

·the l8-th, cQupled' vith the ab~ve inforllation, vould see. 'to 

indicate, that, ~onditions veré dry op the' 18th, ' and, wi,th 

lover inlolation on that' dar, could account for- the lover' 

C02 ,flux esti~.tes o'btained". 

6.2 Analyli8 of ~orrelaçio~ 

111 an atte.pt at rurther 'evaluatidn of the 1980, data, _simple 

lineilr correlation coefficients were computed' bet""ee\) pairs 

of variables Chat were 'expected-to provide more insight. 

Correlation matrice,. ~ere produc~d 

in v.rious grouping,; 

for tne chosen variables 
./ 

(i) 49 run8 over corn a~d foreat on. ~he 18th and 28th 
l ' 

,'o'f August. 

(ii) 9 runl over corn on the 28th of Augult • . 

(Hi) 1 rua. over corn on the' 18th of Augult. 

'1 ' 
\ 

---~--
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.. 
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1 
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" ' "(11) 15 rUDI 'o •• r for .. t.on tbe 18tb 01 4ulu'.i:. , . 

"', 

", 

Thé C or'reapo ndinl t ,ble s • re ,pr4e~ented in Appe,qdix _A. 

$illlificance v .. a.au.ed- 'a t' ,the 0.10 level. It, shoulcfbe 
, , 

noted that th..e li,n of the corTel.tio~ coefficient indicatu 

the di r ect ion' of the r'ela t ionlh ip 
"'-

and that thia ia relative 

to the aian,a of the variables involved. • 
's trong re.la,t ionship be tw~en 'C02 flux (aore negat ive 

indicateshigher rate of "tratisfer tovard the c'ro~) . and 

-
sensible heat ,flux (libre ,po.itive indicates aore tranafer 

avay froll tbe crop),' would be· répreaented l'-y a larae 

" 
1Îeg.tiv~ coefficient of correl'ation. 

lt is st.ted at the out.et t.Qat - thia type 'Of an:alyaia ill 

exploratory and aeant to r.~le queationa aa vell as ta lend 
, 

,auPPo,rt to soae of thê :êoncluaions ~hich have been drawn. 

'One IIUS ta-Iso c'onaider the fact that the experiaent waa not 

auitably rudoaized vith respect-to the vari,a!?les involved 

and lIany correlations arise that would perhapa not othervise 

exist. -~' 

For exa.ple, the correlation .atrix for .11 49 runl (Table 

A.l) shovs a IItronl correlation bet"een heat flux' and, 

altitude (r-O.3i5, p-0.008). A closer 'look at the actua! 

data reveala that sensible beat ,flu,x over the forellt (high 

~~--.. --~~ .. ----------------------------~--~.----------~/~ 
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alt.i~ùde run.) on the 18th of Augu.t wu lI.och higher than in 
) c, 

tbe ether run- "sroupings. Coup1ed ,v.i'th the fact that 

ià.ohtion durin& .the 44. runs vas higher than during ·the 

pr ecedi~ S 10 ver-alt i tu de, producing a trend tovards higher 

heat flux vith altitude on 'the Auguat 28th corn series; c-he 

.purious c orrèh ti;on i ~ accouated fa r. 
\ 

,ln other ~o.rd8" 

vithout _prClper randoll.iza~ion and, parametrization of 

V arlab te .. , si.ph correlation ana1ysis lDay lèad to vrong 

conclusiona. Soae correlations vhich vere found to be 

èl a ta are' outl ined in the follovlng' ,.c:" , , 

par·arsph •• 

, The C02 flux, uOcotreeted ~r te.pèrature fluetuation~, va. 

h ig h1y C orr-e-la ted vi'th sensible. hest flux, over corn 
, ... 
(r--O.84, p-O.'0176) sOli over forest (r-':'O.756, p-O.OOll) on 

the 18th of Au~u.t, and over corn (r~-O.62, p-O.07.5) on the 

28th ~f August.. For' th'e Au~ust. 28th fores't runs, ' the-

coefficient vas, .I!-eaative, but not signifieant 

p·O.2~.55). 'lt il' intere.ating to note,that 'th~ C02 flux based, 

on' t bec 0 ~ r e c t e d a i g n al i saI vay el le" 8 rel a t e d t 0 sen s i b 1 ~ 

beat flux, indi,cating th.at the C02 ,aensar ia' in fact, 

-
affected by teaperatur.e f,lu'etuatipna in a lIIanner r::elated' ta 

the sensible beat' flux. This, poiI~t r.equires fu~ther, 

. ' 
LaveHiastion: if the C02 sensor .'ig~a'l is correeted f9r 

t,eaperature fluctuationa and ilf t'he lIIagnit-ude of' thie 

, correction is rel.l,ted ~o sensi,.ble heat flux, then applying a 

d • Q 
'further correction for aen.ible hea-t fhx, aa ,u,ggeat~d by 

Saith and Jone.'(19.79) vould, be so.evhat auperfluous. lt ia 
~ . 

also intereatinl tà i ... ioe' tbat a C02 - flux could be 

-', 

/ 
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obt~irie-d: i{ 'the. ,?pen-:path. lIé'nsor were not 'correct-ed for 

. te-aperatu.re fiuctua'tidns, if 'a heat flux 'exist'e'd wher~ there 

werè no source or sink of C02. 

~oth the. corrected and,"uncorre~'ted C02 fluxes were in-versely 

rela,ted ,to ~MS of .ve~tical wind over, corn and fO,rest on both 
1 

days. Probabilities for the ,correlatio,ns rangeq froID 0.0143 

S~nsible h:'e'at flux was' alao re.1ated to RMS w 

(,po~itive coefficients) with probabiliti~s ranging from 

,O.0909,to 0.Q520. This seèma to imply a, relationship bet;ween 

the f ~ 0 w reg i me and t tan s fer e f fic i è n c y ; h 0 w e ver, 0 n e s hou 1 d 

nQt n~gle ct the fà ct that in sola t ion wes va,riab le and would 
, 

bave an effect On C02 anA senMible heat exchange, as well as 

'on the flow'field by creating changes in the effects of 

buoyancy. 

On the 28th' 'of Augu~ t, RHS of w increased with alt itude over 
• t 

both corn (r-O.966, p-O'.OOOl)·and'forest (t-O.671, p-O.OO2-3.) 

8ad .RMS T decreased with 'alt_it~ ('corn; r--O.705, p·O.0039: 

• 
forest; 'r--O.747, __ . p~0._0004) ~ Neither relationship held on 

~ 

th-e, 'l8th of ' August. Acc,ording to the di~cussion of the 

~ e i g h t v a ri a t i..o n 0 f "RH S w g ive n ~ n Lu mIe yan d Pan 0 f s k y 

(1964)" these ,results, would ,be indicative of differences in 

8t.osphe~ic stability on the two days. U,nfortunately, it is 

not, possible to qo.pute atmospheric 'stability with sny 

_degree of- cônfidence frOID the provided data since the 

questionable, fluxes are particularly those aOllle ntum 
J 

obtsined over corn on both days (Gany of the lItomentum fluxes 

w e r e po s i t'i v e in ste 8 d 0 f n e g 8 t ive) • 
L 
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Tbe ao .. iltu. fluz baled on the 1 UI t-axe 1 h or'i&on tal 

co.ponant val inverlely related t~ IMS w (r--Q.574, p •• OOOl) 
" -

and ta aean vind (r· ... O.523, p-O.OOOl) over all the run., al 

oDe vould expect (.ore ao.entu. tranofer and turbulence 

"--..J 
intensity vlth higher .ean vlnd). -The data Ihov, hovever, a 

, 

lubltantial nu.ber of c •• el vhere ,thè aoaeotu. flux 

elti.ate. vere p08itive'(indlcating tranlfer avay froa the 

surfa ce) • percentage of' ao.entua 
t,> 

fluxe. VhlCh vere 

pOlitive over corn va. 33%. Over fonut 'the percenta,e va. 

31%. lt vould be difficult ta dr.v any conclusions fro. luc,h 

a s.all data set and tbe aatter val broug.bt ta the atteotion 

of J.I.KcPherlon who sugge.ted that the hôrizontal co.p~nent 

vould perhaps be better referenced ta a .ean wind direction. 

It vould be interelting ta coapare aoaentua fluz 

calculationa based on a .ean vind direction with those based 

on gust direction. One vou,ld expect that the siailarl_tt, of 

the tvo vould depend on the variability of vind direction. 

6~3 Discussion of Cuaulative Flux Plotl 

The cumulative flux plots, with cu.ulative changes 1n vind 
Q 

direction, were meant ta time bistory of fluxes and 

to determine hov much in changes in wind direction 

vould have on flux The plots for each run are 

~resented in Appendix C. the most striking feature 

is the initial variability of ea'ch tra'ce which i8 due to the 

fact that the first fev points are based on a small nuaber 

of ob'.ervations. The end points repreaent the final flux 

'" 
; 
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•• ti_t ••• The plot. of cuaulatiye c~aol.' ia .. iod direction • 
are .uperiapot.ed on the cuaulatlve aoaentua fhn: trace. and 

.. ,. be dlltlo,ul.bed by theu hllbly fluctuatlo, nature. The 

ri,bt hand aX11 labelled 'DlRECTION' li Ul delre.1 and ia 

a •• ociated vlth the chanaes l.n 

'. 
vind dl.rectlon. Froa the 

~ 

'poiat of vu~v of pre.entatlon, It vould have been better to 

~theae cuaulatlvea fro. about 'c.n aeconds untll the ead 

of each run 10 order to be able tqfataodar~ize the axe •. 

The .o.t a1gnifieant a.pects of the.e plots are that fev of 

G:,e trace. are •• ooth or have z:ero .lope ana that ju.p. in 

, 
the cuaulative. can often be associated vith .harp chaDge.' 

in .. ind dl~~cti9n. A cuaulative vith zero slope ~ould be 

indicative 'of- .tationarity (or Iteady-Itate). 

Tbe.e plo t s for l'Un. 1 tbrougb 7 for tbe August 28tb corn 

runl at l,.brun di.play upvard trendl for tbe C02 cu.ulative. 

and correspondiog dovbvard trends for tbose of sensible heat 

flu~x. This would be consistent vith observations by tbe 

flight crev of shade at the end of the corn field on these 

l'uns and of sunny conditions on ruos 8 and 9. Insolation vas 

described as hazy ta shady for the corn runs on the 18th of 

August. The C02 cumulatives for those runs do not show the 

same upward trend. lt would appear tha'i: the corn crop 

reacted rapidly ta changes in insolation due to changes in 

cloud caver. 

Tva clear exa.ples of the effects of changes in vind 

{direction can be seen on the" plots for run 4 over corn 00 

1 
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! 
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th. 78th of Au,uet and on the plot. for rua 7 over corn on 

the l8th. Tbe.e effeet. could 
~ 

be repre.entative of the 

.patul lnhoaO&e\ne;ty 6f the experlaental .lte ltself or •• Y 
1 

----.iodicate 10 adeq uat t ft! te h 10 aoae dlrectloD' vhereby 

Don-repr~aeDtative alr could reach the aenaor •• 1t it 

inter .• ".tln, to Dote that the cuaulatilve fluxes 

b.~t often l alrror tho.e of C02, Dot only vlth 

of sen.ibl. 

reapect ta 

but al.o vlth re.pect ta .harp chanaet in vind 

di r ect ion. 

Siailar effact. Caa be .eea oil the cu.ulativet for the 

fore.t rune on both day., altboulh tbe foreat runa tend ta 

be 80aevhat .aoother on the whoie. The a.oother behaviour 

cao be attributed ta the greater 

ob.ervaiions on which the final fluxes are based (u8ually 

double thoae over corn) due ta the length of ,theae runs; 

brvever, a subst.ntial nu.ber of ca •• s reflect inhoaogeneity 

.nd non-stationarity. 

1t would appear that the assumptions on which the eddy 

correlation technique is based were rarely satisfied for the 
\ 

days and sites described in this feasibility study. lt would 

nevertheless be reasonable ta e~pect that given a sufficient , . 

number of runs over a crop, a representative mean flux could 

be obtained as suggested by the comparisons made in the 

previous section and in a manner analogous to th e 

description of average density versus fie Id size ln a 

half-tone reproduction given in Lumley and Panofsky (1964, 

The question is: given a certain degree of 

, 
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• ari4bility or inboao,.ueity, On .bat .p.ac:e .~ale abould .• 

flux eui .. te be ba.ad and ho •• any .ucb a.t1ieate. yiald a,; 

re •• ouable •• ti_te of deily production? 
-.' 

( 

6.~ Di.cueeion of Spectra and Co~,ectra 

Tbe. fo llo"inl poin ta au ... riz. an in .pa ct iou of apact rel and 

to~p.ctral 'plot. included in App.ndi. D. ( . 

~) Tbe C02-v kospectra Ihoved that .Olt of the tran.fer 

occurs at .cales of about 50 to 500 .aterl. Accordinl 

to the equation for 'typical eddy lize' l-kz, where l 

il typical eddy lize at beight z and k i. von Karman's 
1 

constant (~ 0.4), one would expect more~ activity at 
1 

vave le ngth. shortèr than the Illinimum ob.e~.ved. 

)'I.uaing an observation altitude of 30 meters, typical 

eddy size would be about 12 meters. Assuming a true 

airspeed of '60 metera per second, the 5Hz'·' cutoff 

low-pass filtering by N.A.E. would seriously attenuate 

contributions of 'typical' Bcale. The frequency 

response of the weighting function applied to th~ 

spectra is about 0.37 at a wavelength equivalent of 20 

meters. These combined effects would account for the 

~ apparently strange behaviour at the high frequency end 

of the spectra and cospectra. 

2) Although the average spectra of C02 for the runs made 

wi th the AGR-OPA aIt ahowed the same noise-related 

--------'------------ - - "---
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pealr. , t 101 v avele nlth, 0 fI. S S, none 0 f i:he C02-v, 

ca.peetra sboved siaoifieant contrib·ution. to Ç02 

tran.fer in that vicinlty. 

3 f Tbe C02-v and T-v c o.pectra vere ai:rr()r i.a,es in ao.t 

run gToupings, indieating that the .aee eddies are 

re.ponsible fol' the transfers of sensible heat and of - ,.. 
carbon dioxide. Exceptiona were found in the fore.t 

runa of August 18th (BIO-C02). ln that group, the T-v 

,co.pectra are shifted to longer wavelengths. 

4) The vertical wind spectra aIL show strong peaka ,st a 

.sc.le of about 100 aeters, as do the C02-w and T-w 

'coapectra. The apparent domin~nce of vertical vind 

fluctuations over the transfer of C02 and sens,ible 

h.at is consistent vith eddy correlat-ion theory. 

" 

11 5) Thoe temperature and horizontal velocity spectra are 

oearly identical over the forest, whereas th e 

temperature spectra over corn on the 28th of August 

are more like the vertical vind spectra a7d appear as 

a compromise betveen horizontal and vertical spectra 

over corn on the l8th of August. 

Observations 1) through 4), aIL factors considered, sh ov 

/ 

that some reasonable re'sults have been' obtained in this 

first year of experimental flights. One might easily 

speculate about the significance of the other ob~ervation; 

however, the suthor feels that such speculation would be 

n .. 
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bayoud tbe .cope of thi •• tudy .nd beyond the potentijl of 

.uch a li.ited data .et te ,ive Any areat insights" More-

d.tai led inye.,ati,ations of the nature ,of tran.fer proee.se. 

over natural surface. are neverthele'l to be expected ,al 
'\ 

lonéa. thi. project continues. _ 
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CU'TI. 7 SUMMAIT AND CONCLDSIOKS 

The 1980 data show that it is possible to raeasure C02 

exc:hanae rates using an sirborne instrumentationl
' system. 

F 1 u x e 8 t i ma t-e 8 w e r e gener s 1ly n e g a t i v.e 0 ver vegetated 

surfaces, indicating that; the C02 transfer was t oward 

photosynthesi~ing vegetation. Average fluxes dver corn, 

forest and water obtained on the 28th of August were 

significantly different, as ·expebted. The -high variability 

and o'verlap of fluxes over the different surfaces are not 

presently explainablc; however, the high variability 

exhibited in the sensible hea~ fluxes (except Qver Lac 

De,8chenes), would imply that much of the variability ~s 

environmental. 

So~e variabi1ity could be attributed to problems related to 

the C02 sensora. The RMS f,luctu~ations of C02 were much 

higher for the AGR-OPA, but the BIO-C02 seemed to be 

affected by changes in aircraft attitude. Cumulative fluxes 

plotted with changes in wind direction showed that changes 

in the direction of air flow can often affect flux 

estima tes'. This factor is impossible to control and its 

effects are more serious when inadequate fetch ia combined 

with inhomogeneity of"the area immediately surrounding the 

experimental site, not to men-tion inhomogeneity of the site 

itself. lt ia unfortunate that the time available for the 

experimental flights was BO limited and that test flights 

h ad t 0 bec 0 n duc t e d a t a t i me 0 f r e duc e d p hot 0 s y n the tic V 
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c ac:tivity. 

!tore useful information lIlay also have been obtained if the 

Atudy had b~en conducted over surfaces where fetch and 

hOlllogenei ty requirements could be me t. Previous airborne 

e ddy correlation f lu-x Ille asu r ellle nt s have sh own that the 

,variabi l ity of f lu x measurelllents LB related ta the 

orientation of flights w i th respect to the me an f low. The 

site and t illle limitations that this p&rticular s tudy was 

fa ced wi th did not allow s imila r investigations. 

The exchangn of carbon dioxide i~ of interest on a global 

scale to Cl i ma toI 0 gis t s, a region al sc ale to 

agr ome teorologi s ts, at the single field crop scale ta 

micrometeorologists and at the single plant scale to "plant 

\ 
physiologists. The variability of esti~ate8 of C02 exchange 

depends on the technique of measurement with regard ta the 

scale of interest. The nUlIlber of factors àffeeting exchange 

estimates mayalso vary with the scale of interest. The 

problem to be addressed is, therefore, to define the seale 
1 

of applieability of aerially determined flux estimates. 
( 

lt i8 felt that the 1980 C02 data are inadequate to provide 

the required information. In order to properly' define the 

variability of airborne C02 flux estima tes in terms of a 

r eas onab le scale of investigation, the following are 

ne ces sa ry: 

1) Instrumentation should be refined. Noise levels eould 
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~' 
~p.rb.p. be reduced by aerodynamic design improvement. 

on the parts of the analyzers that protrude from the 

aircraft. 
o 

\; 
2) Given the best possible experimental conditions, the 

.. 
variability or-C02 exchange in time and space should 

be investigated 1.n much greater detail. Studies should 

f i r 9 t b e v ma de a ver larger and more homogeneous 

" stretches of terrain, as might be encountered in the 

prairies, in order ta sparate the variability due to 

instruments from that due to technique of measurement,' 

including environmental parameters. 

3) Sources of variability such as wind direct ion, 

' .. . . '" f or1.entatl.on 0 fI ight, me an wind _c ondi tians and type 

of cloud cover (patehiness) must be better understood. 

ln other worda, the applicability of the eddy 

correlation technique 1.n a non-steady st ate 

environment should be investigated. This may mean the 

development of a methodology for monitoring absolute 

values of crop response in a t i,me-seale comparable to 

th a ton wh i che d d y cor rel a t ion est i ma tes are b a B e d • 

') 
,( 

4) A ground-referencing system, in clud in g support 

measurements such a,s.radi~tion and wind direction and 

capable of taking observations at various altitudes, 

must be included in future work. It is also suggested 

that the reference system be able ta retrieve and 

record data in the aame manner as Li.e aireraft sys tem. 
1 
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Data .et. could then be .ubjected 

analy.i •• / 

• 

t 0 "the ••• e type. of 
('" 

5)' 1 t is already known that C02 exchange rates over 

vegetation vary seasonally and diurnally. lt would 

therefore be reasonable to test the airborne system at 

various times during the year, and, on Any given day, 

at times that would reflect the diurnal change. 

6) If investigations are to be made at different 

alt itudes, the altitudes of runs should be randomized 

with respect ta time since the est i ma t e ~ s a 113 0 

influ'enced by the diurnal ~rend and by changes ~n 

general meteorological conditions. 

7) The reference system should also be used to determine 

b 0 und a ry 1 a ye r de pt h s ome t i me b e for e and a f ter the 

More experience may eventually provide 

determining an ~quate observation 

altitude under different atmospheric conditions. 

test flights. 

criteria for 

8) More attention must be paid to the consequepces of 

data modification techniques. Various 
'-' 

fo rms of 

analysis were attempted that, due to a limited budget, 

could not be properly refined. For example, th e 

smoothing function applied to spectra attenuated 

frequencies of interestlbUl= different ones could not 

be used for the given reason. 
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",ln concluaion. it can be aaid that th fea.ibility of using' 

airbor~e eddy flux .y.tem. to'eatimate·b~.a.s productivity 
" . 

ia indicated. Perhaps' th~ most impôrtant)esson leat'ned 
. '" . , 

düring this study vas that flight progràllls should be 

d ea igned fo r easel of in_terpretation of d a ta. Proper 

randomization of runs, Adequate support data and a f ig h t 

,program covering aost'of the growing 9èa~on would allowa 
. \.. 
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full evaluation 

• • ,of , t~e of the po tent ia 1 airborne ~ 

in 8 truae nta t ion 
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APPpWll 4.1 
Contelatlon Ooetticientsl A11 Runa over Corn and Forest • 

002 002 Heat. .... .--,t._ IIIS IIIS RMS filS Mean TAS 
nux nUl[ nux nU,)( 002 ., T U Wind 

(Corr) 

0.984* -0.164 -0.184 -0.453* -0.111 -0.002 0.;'77* -0.024 J.0.25 

0.013 -O.30Q1t -0.549- O.0.l6 0.114 0 .. 35.3* 0.002 0.002 

-0.661* -0.486- 0.764* 0.616- 0.415* 0.540* 0 • .269* 

0.5.33* -0.574· -0.452- -O.659't -Q.523* -O. ).22It 

-O.54~ -0 .. 107 -0./.1)5* -Q.4lJl* -0.440* 

0.305* 0.4CfJ* 0.528* 0.178 

0.304* 0.352* 0.017 

0.361* 0.2..24 
* Denote8 slgnif1cance st the 0.10 level. 

0.300*-

Z SKC 

0 • .206 0.004 

0.275* -0.027 

0.375* -0.143 

-0 • .234 0.213 

-0.398* 0.419* 

0.562* -0.179 

0.159 0.159 

0.167 0.061 

0.200 -0.473* 

-0.28)* -0.175 

-0.139 

.. 

002 
Flux 

002 Flux 
(Corr) 1 

Hest 
1 Flux i 

Momentum 1 

Flux 1 

RMS 
002 

RMS 
W 

RMS 
T 

HMS 
u 

Mean 
Wind 

TAS 
1 

Z 

co 
'-" . 
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AnaN, ,,:l 
Cor.relat.1011 Ooetfieients: Nine Run8 over Corn t August 28, 1900 (Agr-OPA) • 

002 CD2 .... t ... t_ lINS !lIS IIIS litS 
nu nux Flux nux 002 .. T U 

(ColT) 

0.999- -o,62l.. -0.591· 0.0)0 -O.~ 0.289 0.656tt 

-O.61~ -O.~ 0 .. 049 -O.T74* 0.285 0.655* 

, 0.,316 -0.046 0.889- -0.573 -0.21' 

0.125 0.664- -0.595* -o.S4JPt 

0.14) 0.273 0.332 

-0.591- -0.508 

0.562 

* Denotes 81gnifieance st the 0.10 1eve1. 
" 

Mean TAS Z 
Vind 

-0.524 -0.452 -0.753* 

-0.518 -0.457 -0.741* 

0.178 -0.046 0.586* 

0.778* 0.376 0.664* 

-0.010 -0.488 0.018 

0.440 0.105 0.966* 

-0.574 -0.125 -0.705"-

-0.746* -O. f:lJ7* -O.59OM" 

0.380 0.525 

0.114 

SKC 

0.826* 

0.832* 

-0.315 

-O.4éJJ 

0.133 

-0.468 

0.227 

0.646* 

-0.692:* 

-0.327 

-0.:,22 

.. 

002 
Flux 

C02Flux 
(Corr) . 

Hest 
Flux 

Momentum 
Flux 

RMS 
002 
RHS 

W 

RMS 
T 

RHS 
u 

Mean 
Wind 

TAS 

Z 

(Xl 

'" .. 
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M'fPP1J •• 3 

Correlat.ion Coefficients: Seven Runs over Cornt August 18, 1980 (BICHX>2). 

002 002 Heat. ~ t18 lItS RMS filS HMS Mean 
Flux Flux nux Flux 002 V T U Wind 

(ColT) 

0.994· -0.841* -0.216 -0.154 -0.843* -0.644 -0.489 -0.219 

-(). Tl f:Jtt -0.262 -0.173 -().809* -0.572 -0.495 -0.261 

-0.054 0.0}1 0.848* 0.873* 0.369 -0.019 

= . 
. -0.349 0.470 -0.242 :..0.529 0.529 

• -0.175 0.363 0.753* -0.233 

- 0.648 0.005 0.219 

0.458 -0.116 , 

• * Denotes signiticance at the 0.10 level • -{).086 

M'pt, -, e. -. " "";, é." "" •• '~" ' 
~~""Y .. _ f"l\.., ~.., ..... ~~~ ~A~ >-~"'.,p" :::~" 

TAS Z SKC 

0.004 -0.174 -0.704* 

-0.005 -0.200 -0.722:'* 

-0.046 0.011 0.490 

-0.]67 0.904* -0.197 

0.964* -0.657 0.636 

-0.255· 0.510 0.269 

0.364 -0.255 0.463 

0.643 -O.72û* 0.926* 

-0.159 0.424 0.144 

-0.676* 0.499 

-0.433 

... 

002 
Flux 

002 Flux 
(Corr) 
Heat 
Flux 

Momentum 
Flux 

RMS 
002 

RMS 
W 

RMS 
T 

1I4S 
U 

Mean 
Wind 

TAS 

Z 

1 

1 

CD 
~ 

."t', .. "'.. 
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APfIIIIlIX 4.4 
Correlation Coefficients: Eighteen Runs over Larose Forest, August 28, 1980 (AGR-ûPA). 

~ 

002 002 Reat. MomentlD BMS HMS lItS a.S Mean TAS Z SC 
nux nux Flux Flux 002 W T U Wind 

(Corr) 

0.988* -0.295 -0.188 0.121 -0.513* 0.124 -0.150 0.578* 0.028 -0.297 0.194 
oo~ 
Flux 

002 Flux 
-0.147 -O.~ 0.l4.3 -0.421* O.UD -O.l24 0.58'- 0.066 -0.275 0.235 (Corr) 

1 

1 

Reet 
-0.039 0.088 0.711* 0.07:3 0.195 -0.085 0.212 0.222 0.186 Flux 

..... t\:. 
0.074 -0.159 0.101 -0.342 -0.304 -0.009 -0.301 0.1)1 Flux j . 

HMS 1 

-0.427* 0.797"- 0.354 -0.095 0.44h* -0.715* o • f::J!,.,. 002 

0.671* -0.136 
&MS 

-0.357 0.2;A> -0.070 -0.002 w 
&MS 

0.008 -0.066 0.268 -0.747* O.5t,o. T 

lI4S 

* Denotes significance at the 0.10 level. 0.197 0.2(:() 0.145 0.31.0 U 

Mean 
-0.097 0.094 0.108 Wind 

~.113 0.037 'l'AS 

-0.459* Z 
'----

~ 
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APPIHDIX A.5 
Correlation Coefficients: Fifteen Runa over Larose Forest, August 18, 1960 (B10-002). 

002 002 Heat lMomentum llMS &MS am RMS Mean TAS 
Flux Flux Flux Flux 002 li T U lIind 

(Corr) 

" 
0.963* -O.75(;Jft 0.697* -0.084 -0.575* -0.535* -0.463* -0.,45 -0.152 

-0.553* _ 0.594* -0.230 -0.52,. -0.329 -0.494* -0.218 -0.046 

. 
-O.72û* -0.299 0.51Qlt 0.849* 0.229 0.5J?'t 0.348 

-
0.071 -0.746-- -O.539tt -0.605- -0.368 -0.179 

-{).219 -{).455* -{).221 -{).080 -{).29Q 

0.219 0.71bt1 0.086 0.266 

0.165 0.575* 0.,(!63 

* Denotes significance at the 0.10 level. 
-0.044 -0.036 

0.183 

. 

r iBn trI 7.m 1 $ r 1 i' Mt' e ! " ... __ .Ml*" ~ ........ ", ... e.""""","_"",,_~'-r --,-," , 
1. 

Z 9CC 

0.028 -0.173 

0.042 -0.164 

0.018 0.126 

-0.066 -0.239 

0.124 -{).3tD 

-0.235 0.551* 

0.105 0.025 

-0.356 0.422 

0.184 -0.418 

-0.172 0.446a-

-0.008 

........ , , 

002 
Flux 

002 Flux 
(Corr) 

R •• t 
Flux 

Hoaentua 
Flux 

RMS 
002 

RMS 
V 

RMS 
T 

lI4S 
u 

Mean 
Vind 

TAS 

Z 

. " 

1 

CD 
'-D . 
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AP_II A.6 
Correlation Coefficients: Nine Runa over Lac Deachenes, August 28, 1980 (AGR-OPA). 

002 002 Heat ~entum RMS RMS RMS liMS Mean TAS Z SKC 
Flux Flux Flux Flux 002 W T U Wind 

(Corr) 

C02 
0.994.· 0.257't -0.251 -0.337 0.416 0.019 0.656* -0.051 -0.402 0.258 -0.113 Flux ... 

002 Flux 
0.)6) -0.252 0.281 0.390 0.112 0.704* -0.051 -0.346 0.24h -0.092 (Corr) j 

-0.095 0.389 -0.009 0.003* 0.608* -0.014 
Heat 1 

0.372. -0.057 0.156 Flux ! 

Momentum 
0.413 -0.599* -0.142 0.273 -0.460 0.2)S 0.0)6 -0.063 Flux 

RMS • 

-0.2)7 O.4S3 0.213 -0.147 0.914* -0.315 0.623* 002 

RMS 
-0.231 0.10..2 0.790* 0.059 -0.223 0.234 w 

" RMS 
0.409 -0 • .201 0.419 0.206 0.2.70 T 

nMS 

• Denotes significance at the 0.10 level • -O.OM 0.1)1 0.163 0.149 U 

Mean 
0.222 -0.513 00337 Wind 

-0.431 0.673* TAS 

-0.647* Z 

s 
III il 1 q,." •• ' '7 tt Il'. toa •• ' III z, ft •• F iJlllllt'rIIIk_-.... ..,..""',.· .. -., "'" r. -- , 
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APPENDIX B: Tables of Values for Root Mean Square and Skewness. , 
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APPENDIX B.1 

, August 28, 1980, Embrun Corn. Values for Root Mean Square and Skewness. 

Run RMS Skewness RMS Skewness RMS Skewness RMS Skewness 
No. 002 002 W W T T U U 

(raw) 

l 3.06 -0.56 0.42 0.15 0.17 1.36 1.19 0.19 
'2 ).09 1.21 0.)9 -D.27 0.18 1.73 1.44 -D.04 1-' 

3 3.30 0.40 0.42 -D.41 0.17 0.99 0.83 0.09 

4 2.97 -0.84 0.51 -0.0<; 0.16 1.88 0.78 0.04 

5 2.22 -0.16 0.42 0.25 0.13 1.73 0.55 -D.25 
6 3.31 -0.00 0.48 0.63 0.18 1.39 0.66 -0.02 

7 2.79 -0.75 0.62 0.04 0.15 1.48 0.59 0.13 
8 3.81 -0.14 0.63 -0.10 0.13 0.97 0.84 0.14 

9 2.71 -O. JI) 0.65 0.17 0.14 1.12 O.f:./, 0.09 
+ 

!' 

( 



_ .. ------...... 

APPENDIX B.2 , August 18, 1980, Embrun Corn. Values for Hoot Mean Square and Skewness. 

Run RMS Skewness RMS Skewness RMS Skewness RMS Skewness 
No. 002 002 W W T T U U 

(raw) 

l 3.li -1.18 0.51 0.66 0.14 -0.)8 0.97 -0.13 
2 1.03 0.79 0.71 0.59 0.12 0.83 1.00 -0.28 
3 0.35 -3.13 0.62 0.10 0.12 0.07 0.76 -0.92 
4 1.02 1.21 0.65 0.07 0.18 0.13 1.14 -0.14 
5 1.56 -0.61 0.46 0.30 0.13 O.li 1.04 0.55 
6 1.21 0.39 0.47 0.07 0.12 -0.04 1.06 0.19 
7 5.58 -0.51 0.55 0.15 0.10 0.67 0.92 -0.09 
8 0.72 -0.71 0.44 0.22 0.06 0.09 0.99 -0.62 
9 0.76 -1.49 0.42 0.29 0.04 0.14 0.91 -0.58 

( 
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1 
APfPDIX B.4 
J.u&ust 18, 1980, Larose Forest. Values for Root Mean Square and Ske",ness. 

Run RMS Skewnes5 11M3 S'l<ewness ~ Ske .. ness ~S Skeimess 
110. C02 002 101 " .. '" l' U li J. 

(raw) 
-~ 

l 3.75 1 , .......... 
~ .1.. 'J- U. " • ~3 -:;.2/. 0.5l 1.08 -0.21 

2 0.79 - ~fI L..'~ ü ",' . '. :.36 J .. 1t; 0.19 1.27 J.b5 

.1 J 5.18 ').Ol -L. "37 l~ .90 ~ .00 -J9.oo 3.&-:' 2.48 
4 1.81 -1.3'1 O.5B ~:.42 0.00 0.99 0.8C -0.51 

5 'J.59 -1.00 O.7i. ).65 0.22 1.12 1.08 0.09 

6 0.63 -0.44 0.72 0.12 0.2) 0.29 1.18 0.40 

7 J.82 0.07 0.91 -6.20 0.14 0.32 1.41. 0.63 

( 8 ~-'. 56 -0.14 1.02 -1..14 0.19 0.74 1.21 0.31 

9 0.71 0.0, 0.77 0.26 0.29 0.91 1.29 -0.15 

10 1.15 -1.26 0.$1 0.21 0.39 0.27 1.20 0.56 

il 0.47 -l.83 0.74 0.48 0.24 0.56 1.17 0.39 

12 0.47 -1.26 0.69 0.53 0.24 1.20 1.10 0.58 

IJ 1.30 -2.88 0.68 0.42- 0.23 1.09 1.15 0.62 

1.4 0.85 0.46 1.00 0.16 0.24 0.13 1.40 -0.05 

15 0.53 -0.42 O.éD 0.71 0.24 1.17 0.82 0.38 

16 3.04 -2.38 0.55 0.57 0.27 1.65 1.00 0.29 

17 0.74 -0.46 0.93 0.)0 0.28 0.63 1.33 0.14 

lB 0.55 -0.81 0.66 -0.03 0.18 0.01 1.30 0.)0 
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APP»lDI X B. 5 
August 28, 1960, Lac Deschenes. Values for Reot Mean Square and Skewness. 

Run RMS Skewness RMS Ske ... ness RMS Skewness RMS Skewness 
No. 002 C02 W W T T U U 

(ra",) 

l 1.68 -4.71 0.41 -0.04 0.10 1.20 1.35 0.34 

'2 2.09 -0.47 0.64 ..:0./.1) 0.09 0.00 1.39 -0.30 

3 1.32 , -1.88 0.51 -0.33 0.09 0.49 1.31 -0.41 

4 2.22 -0.96 1.21 -9.70 0.00 0.47 1. 55 -0.16 

5 2.03 -0.27 2.01 -16.00 0.10 0.82 1.41 0.46 

6 2.18 -1.27 0.83 -S.f:JJ 0.09 0.41 1.U -0.54 

7 4·07 -0.08 0.68 -0.37 0.08 0.78 1.78 0.23 

8 3.88 0.07 0.52 -0.14 0.27 --.26.00 1.90 14.{fJ 

9 3.90 -0.01 0.46 -0.10 0.12 O.ll 0.77 0.48 

'" 

i , 
" 
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A.PP!NDIX C: Plots of Cumulative Fluxes of 002, Sensible Heat and Momenturn 

for Individua:! Runs. 
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